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ABSTRACT: In this work, the effect of cononsolvency on
the phase transition and preferential adsorption phenom-
enon behaviors of poly(N-isopropylacrylamide)/methanol/
water ternary solutions was studied. In this cononsolvent
system, the DVE

, DG
m
, and v12 values show a nonlinear

behavior and the minimum values of DVE
and DG

m
, while

the maximum value of v12 at /2 is around 0.7. These facts
indicated that one water molecule could directly bond
with one methanol molecule to form the H2O��MeOH
complex. The H2O��MeOH complex structure was found
to remarkably affect the phase transition of poly(N-isopro-
pylacrylamide) (PNIPAM) in ternary solution. However, at
the composition of mixed cononsolvent, /2 < 0.2, the
PNIPAM molecules may preferentially adsorbed pure
water molecules; therefore, the LCST decreases slightly
with composition of mixed cosolvent and this may be
because of the small amount of H2O��MeOH complexes in
the mixed cononsolvent. While, at /2 > 0.7, the PNIPAM
molecules may preferentially adsorbed pure methanol

molecules. PNIPAM ternary solutions were transparent
and no transition occurred in this region. This indicates
that the PNIPAM coils exhibited a much-extended confor-
mation in solutions. In contrast, at 0.2 < /2 < 0.4 and 0.4
< /2 < 0.7, PNIPAM molecules preferentially adsorbed
water and methanol molecules, respectively, and also
adsorbed large amount of H2O��MeOH complexes. In
these regions, the clathrate-like structure around the side
chain of PNIPAM molecule became more defected with
adsorbing H2O��MeOH complex. Therefore, we consid-
ered that the various thermodynamic behaviors between
PNIPAM and mixture solvents must be related different
preferential adsorption phenomena, which were mainly
related to different degrees of polymer–solvent interaction
and structures of solvent used. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 107: 2732–2742, 2008
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INTRODUCTION

The microstructure and conformation of polymer
chains in polymer solutions have been extensively
studied for the several decades. The main progress
has been investigated in the equilibrium issues of
the fundamental of polymer binary solution, as
reported recently.1–4 Poly(N-isopropylacrylamide)
(PNIPAM) could be soluble in aqueous and in many
organic solvents as long as the PNIPAM attracts sol-
vents with hydrogen bonding or with hydrophobic
force.5–12 These phenomena indicated that the inter-
action force can classify mechanisms of polymers

binding together, interaction between polymer and
solvent, and that between solvents. However, the
temperature-induced phase transition of PNIPAM in
ternary solution is same as the lower critical solution
temperature (LCST) behavior that occurred in PNI-
PAM aqueous solution.13,14 In our previous study,
we reported that the PNIPAM molecules undergo a
simultaneous intermolecular aggregation and intra-
molecular coil-to-globule transition to form a dynam-
ically mesostable globule particle in PNIPAM/water
solution. However, for the PNIPAM/methanol solu-
tion, no transition occurred at measurement range.
The different thermodynamic behaviors between
PNIPAM/water and PNIPAM/methanol solutions
must be related to different degrees of polymer–sol-
vent interaction that mainly related to the structure
of PNIPAM molecule and the different structures of
solvent used.15

The thermodynamic behavior of polymer ternary
solutions reflected the balance of the interactions
between polymer and the mixed cosolvent mole-
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cules. Compared with the polymer–solvent inter-
action in the binary solutions, the interactions
undoubtedly become more complicated in the ternary
solutions. For example, the composition of mixed
cosolvent was related to the polarity of the solvent me-
dium, which plays a significant role in changing the
degree of the affinity between polymer and cosolvent.
It is interesting that the PNIPAM in mixed solvent
system, mixture water with those organic solvents,
was occurred the cononsolvency phenomenon has
been reported in recent.14,16–18 Cononsolvency was an
extraordinary phenomenon, which described the sit-
uation of polymers soluble in two pure solvents but
insoluble in their mixtures. In a ternary solution sys-
tem, the affinity between the polymer and cononsol-
vents must directly affect the composition and density
fluctuation of the solutions. Therefore, the chemical
structure of solvent, the dipole moment, and the do-
nor–acceptor electron property of each solvent should
be primarily considered to impact the affinity between
the polymer and cononsolvent. Recently, Hong and
Huang reported the effect of cosolvent complex on
preferential adsorption phenomenon in PVA/NMP/
water ternary solutions.19 They indicated that the
cosolvents from the NMP and water mixtures were
used to dissolve PVA chain. In the ternary system, the
NMP molecule, which was a typical dipolar solvent,
could particularly bound with two water molecules to
form a NMP(H2O)2 complex. Therefore, the formation
of NMP(H2O)2 complex may affect the preferential
adsorption phenomenon and the thermodynamic
properties of PVA solutions.

According to the aforementioned discussion, in
the PNIPAM ternary solution system, the mixed
cosolvent was complicated by the possibility that
one or other of the liquid components may be pref-
erentially adsorbed by the PNIPAM molecules. The
preferentially adsorbed parameter, aa, in ternary so-
lution system can be predicted from Read theory.20

This expression has been derived from the Flory–
Huggins and Flory–Patterson–Prigogine theories. In
these theories, the preferential adsorption of solvents
on polymer chains in solution state is fundamentally
dominated by many parameters,21–30 such as the bi-
nary interaction parameters vij, the ternary interac-
tion parameter vT, the molar volumes of two sol-
vents,21,22 the molar volume and structure of the
side group of polymer,22 the molecular weight of
polymer,23 and temperature.24–26 Katime has already
verified that the increase in the molecular weight of
polymer resulted in the decrease of the preferential
adsorption coefficient.22 Horta also pointed out that
the solvent with small molecular volume was prefer-
entially adsorbed because the combinatorial entropy
is favorable to the entrance of small molecules into
the polymer domain.27 Generally, the theoretical aa

values could be evaluated from Read formalisms,

considering vij, vT, and the effect of solvent vol-
ume,20,28–29 according to the Gibbs free energy of
mixing in the ternary system. The Gibbs free energy
of mixing in the ternary system, DGm

T , could be gen-
erally expressed as follows.

DGm
T =RT ¼ n1 ln/1 þ n2 ln/2 þ n3 ln/3 þ g12ðu1Þn1/2

þ g13ð/3Þn1/3 þ g23ð/3Þn2/3 þ gTn1/2/3 ð1Þ

where ni is the number of moles of the ith compo-
nent, gij the binary interaction potentials, gT the ter-
nary interaction potential, and u1 5 /1/(/11/2).
Then, the preferential adsorption coefficient aa was
derived from the second derivation of DGm

T , (qli/
qmj)P,T,mk=j, as given below.

aa ¼ V2v3/1

V3

ð@l2=@m3Þm2m3!0

ð@l2=@m2Þm3!0

(2)

where v3 is the partial specific volume of polymer
that could be derived from eq. (3), Vi is the molar
volume of the ith component, li the chemical poten-
tial of the ith component, and mi the molality of the
ith component.30 The second derivations of DGm

T and
(qli/qmj)P,T,mk=j 5 aij could be derived in eq. (4) as
follows:

v3 ¼ ½1� ðq� qsÞ=C�=qs (3)

a22 ¼ n1
n2

V2RT

Vm
b22 or a23 ¼ n1V2V3RT

V2
m

b23

� �
(4)

where Vm is total volume and l is the ratio of molar
volumes V1/V2.

Here,

b22 ¼ /1lþ /2 � /1/2

�
2 g12 þ ð/1 � /2Þ

@g12
@u1

� �

� /1/2

@2g12
@u21

�
ð5Þ

b23 ¼ g23l� g13 þ 1� l� ð/1 � /2Þðg12 � gTÞ

þ /1/2

@g12
@u1

� @gT
@u1

� �
ð6Þ

The binary interaction parameters vi3 and the ter-
nary interaction parameter vT, respectively, relate to
the gi3 and gT values, as given in eqs. (7) and (8).

vi3 ¼ gi3 � ð@gi3=@/3Þ (7)

vT ¼ gT � ð@gT=@/3Þ (8)

Read20 has derived a formalism for determining
the theoretical aa value for a special case in eq. (1),
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where all gij values are independent of composition
(i.e., gij 5 vij) and the gT value is equal to zero, as
shown in eq. (9).

aa ¼ �v3/1/2

l� 1þ v13 � lv23 þ v12ð/1 � /2Þ
l/1 þ /2 � 2v12/1/2

(9)

On the other hand, Chu et al.31 and Aminabhavi
et al.32 also developed a more complete formalism,
as presented in eq. (10), to derive aa by considering
the vT parameter that could be calculated through
eqs. (11) and (12).

aa ¼ �v3/1/2

l� 1þ v13 � lv23 þ ðv12 � vTÞð/1 � /2Þ
l/1 þ /2 � 2v12/1/2

(10)

vTð/1Þ ¼ � 1

/2

Z 1

/1

Lð/1Þb22d/1

þ 1

/1

Z /1

0

Lð/1Þb22d/1 þ
0:5� v13

/2

þ lð0:5� v23Þ
/1

� V1A2

v3/1/2

� L2b22
2

ð11Þ

Lð/1Þ ¼
aa

/1/2v3
(12)

The v13 and v23 values in this system, respectively,
could be actually calculated from the A2i values with
SLS measurement in this study.

vi3 ¼
1

2
� A2iVi

v23
(13)

Regarding the thermodynamic properties of the
water/methanol cononsolvent system, the activity
coefficients of water and methanol, g1 and g2, for
water/methanol mixtures through the vapor–liquid
phase equilibrium method at various pressures and
temperatures33 indicate g1 5 P1/P

0
1 and g2 5 P2/P

0
2.

Here, the P0
i is the equilibrium vapor pressure of pure

solvents. Using a well-known equation, (d ln gi/d(1/
T)) 5 constant, the g1 and g2 values at 258C could be
achieved by extrapolating from the results. Then, the
Gibbs free energy of mixing of the cononsolvents,
DGm, directly relates to the activity coefficients of two
solvents, g1 and g2, as represented in eq. (14).

DGm ¼ RTðx1 ln x1g1 þ x2 ln x2g2Þ (14)

The excess volumes, DV
E
, and the interaction pa-

rameter, g12, of cononsolvent (methanol/water)
could be subsequently obtained using eqs. (15) and
(16). The values of qS, q, DV

E
, and v3 at a given /2

are presented in Table I.

DV
E ¼ x1M1 þ x2M2

qs
� x1M1

q1
� x2M2

q2
(15)

v12 ¼
ðDGm=RTÞ � ðx1 ln/1 þ x2 ln/2Þ

x1/2

(16)

In this study, the apparent affinity between the
PNIPAM and cononsolvent system (methanol/
water) at a particular composition of cononsolvent
mixture is quite different from the average affinity of
the two pure solvent components. This may be
mainly because of the formation of a third compo-
nent, which is complex or hydrate, resulting in the
various phenomena of preferential adsorption for
PNIPAM chains. In addition, the phase transition
and the LCST behaviors of PNIPAM molecule in ter-
nary solutions are also discussed in this work.

EXPERIMEMTAL

Materials and preparation

The PNIPAM powder used in this work was pur-
chased from Polymer Sciences Chemical, USA. The
average molecular weight was 4 3 104 g mol21. All
samples were used as received without any addi-
tional purification. The deionized water and HPLC
grade methanol were repeatedly filtered using a
0.02-lm Teflon filter for removing dust. The PNI-
PAM ternary solutions were prepared in a pre-
cleaned wide-mouth bottle, with stirring at 7 6 0.2
8C for 2 h until they dissolved into homogeneous
solutions. The concentration of the PNIPAM ternary
solutions studied was from 0.01 to 1.0 g L21; the so-
lution was filtered using a 0.45-lm Teflon filter, and
then cooled in a thermostat oven at constant temper-
ature of 78C for 1 week to stabilize the solutions
before the measurements.

Phase transition of PNIPAM solutions

Light scattering measurement were studied by using
a commercial light scattering spectrometer as the
light source (ALV/CGS-3 with an ALV/LSE-5003
light scattering electronics and multiple-tau digital
correlator), with a JDS-Uniphase solid-state He-Ne
laser output power ca. 22 mW and wavelength 632.8
nm. About 2 mL of PNINAM ternary solution was
directed into sealed glass tube; initially, the solutions
were immersed in a thermostatic equipped for 20
min at a temperature of 78C. The temperature de-
pendence of scattering intensity during the phase
separation was measured using the step scattering
measurement, with 240 s measurement time, scatter-
ing angle at 908, heating rate around 0.258C/min,
and the temperature at which the solution started to
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change the intensity. This was defined as the phase
transition of PNINAAM solutions.

Viscosity of PNIPAM solutions

Intrinsic viscosity, [h], and Huggins constant, k0, of
PNIPAM dilute ternary solutions were determined
with an Ubbelohde viscometer immersed in a tem-
perature-controlled water bath at 258C, where tem-
perature was controlled within 60.28C. The intrinsic
viscosity, [h], and Huggins constant, k0, were
obtained using Flory–Huggins equation:34

ðt� to=toÞ=c ¼ ðhsp=cÞ ¼ ½h� þ k0½h�2c (17)

where t is the time of flow of the dilute solution, t0
is the time of flow of the pure solvent, c is the con-
centration of polymer, hsp is specific viscosity, and k0

is the Huggins’ constant.

Static light scattering of PNIPAM solutions

Static light scattering measurement was carried out
by using a commercial light scattering spectrometer
as the light source (ALV/CGS-3 with an ALV/LSE-
5003 Light scattering electronics and multiple-tau
digital correlator), with a JDS-Uniphase solid-state
He-Ne laser output power ca. 22 mW and wave-
length 632.8 nm. The reciprocal reduced scattering
intensity, Kc/Rq was derived, where c is the concen-
tration of polymer and Rq is the reduced intensity
at scattering angle. The optical constant for verti-
cally polarized light K 5 4p2n0

2(dn/dc)2/NAk
4 was

derived, where n0 is the refractive index of solvent,
dn/dc is the rate of change of refractive index of the
solution with concentration, k is the wavelength of
light in vacuum, NA is the Avogadro’s constant, and
y is the scattering angle. Thereafter, the second virial
coefficient, A2, the z-average radius of gyration, Rg,
and the weight-average molecular weight, Mw could

be directly achieved using the well-known Zimm
equation.35,36

Kc

Ru
¼ 1

MW

1þ 16

3
p2

R2
g

k2
sin2ðu=2Þ þ . . .

" #
þ 2A2cþ . . .

(18)

The values of dn/dc for the PNIPAM/water and
PNIPAM/methanol solutions at 208C were 0.169 and
0.134 mL g21, respectively, which was obtained by
operating the Optilab DSP interferometic refractome-
ter with wavelength 632.8 nm (Wyatt Tech.).

RESULTS AND DISCUSSION

Figure 1(a,b) shows the phase transition of
PNIPAAM/water/methanol ternary solutions as a
function of composition of mixed cononsolvent at
water-rich and methanol-rich regions, respectively.
The composition of the mixed cononsolvent is
reported as the volume fraction of methanol, /2,
used for the preparation of the solvent mixtures. As
demonstrated in Figure 1, the PNIPAM ternary solu-
tions in the pure water show a phase transition/
LCST at � 348C, and appearance of the LCST
decreases remarkably with increasing composition of
methanol at water-rich region. In the pure methanol
and methanol-rich region, PNIPAM ternary solutions
are transparent and the transition does not occur in
the temperature range studied. The phase transition
behavior is very sensitive to the composition of the
mixed cononsolvent at water-rich region. The phase
transition phenomenon of PNIPAM aqueous was
earlier reported by Scarpa et al.13 They have
reported that the reversible behavior of soluble and
precipitation of PNIPAM solution may be due to the
PNIPAM chains collapsed to be a contracted globule
at temperature higher than the LCST. The phase
transition behavior of PNIPAM in aqueous solution

TABLE I
Thermodynamic Properties of the Composition of Mixture Solvents

/2MeOH
a xMeOH

b qS (g cm23) q (g cm23) v3 (g cm23) hs (mPa s21) DVE (cm3 mol21) DGM
(J mol21) v12

0 0.000 0.9948 0.9964 0.8443 0.89 0 0 –
0.1 0.047 0.9826 0.9842 0.8549 1.16 20.128 2760 1.128
0.2 0.100 0.9693 0.9709 0.8666 1.38 20.315 21021 1.203
0.3 0.160 0.9548 0.9564 0.8798 1.46 20.509 21199 1.284
0.4 0.229 0.9388 0.9403 0.9054 1.52 20.702 21347 1.313
0.5 0.308 0.9209 0.9224 0.9230 1.58 20.856 21377 1.358
0.6 0.400 0.9008 0.9023 0.9436 1.56 20.973 21393 1.408
0.7 0.509 0.8780 0.8795 0.9681 1.34 20.988 21271 1.430
0.8 0.640 0.8518 0.8532 1.0096 1.12 20.887 21063 1.417
0.9 0.800 0.8216 0.8230 1.0467 0.84 20.621 2902 1.392
1.0 1.000 0.7870 0.7885 1.0801 0.55 0 0 –

a All percentage in volume.
b Partial molar volume of methanol calculated by xMeOH 5 /2MeOH/[/2MeOH 1 2.25(1.0 2 /2MeOH)].
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may lead to form a specific orientation required for
hydrogen bonding with the arranged water mole-
cules. This phase is especially important when water
molecules must reorient around the hydrophobic iso-
propyl group of PNIPAM, being unable to hydrogen
bond with them. This phenomenon has also been
claimed to be a clathrate-like structure of water mol-
ecules around the hydrophobic group of PNIPAM as
reported by Franks and Eagland.37 The various
behaviors of phase transition for PNIPAM molecules
at water-rich and methanol-rich regions may be due
to the different polymer–solvent interactions bet-
ween PNIPAM and these solvents.

The phase transition of PNIPAM ternary solutions
as a function of composition of mixed cosolvent is
presented in Figure 2. However, for the PNIPAM
ternary solutions, the phase transition phenomenon
observed at water-rich region, while the transition
does not occur at methanol-rich region as shown in
Figure 1(b). This phase indicates that the PNIPAM
ternary solution in composition of mixed cosolvent
lower then 0.7 shows LCST phenomenon. Although
PNIPAM ternary solutions are homogeneous and
transparent at temperature lower than LCST, they
undergo phase transition at temperature above
LCST. This behavior is very sensitive to the composi-
tion of the mixed cosolvent as shown in Figure 2.
Thus, it indicates that, as a small amount of metha-

nol added in pure water for /2 to be 0.2, the LCST/
phase transition of the PNIPAM ternary solution
decreases slightly from 34 to 248C. On the contrary,
an increase in the /2 from 0.2 to 0.55, the LCST/
phase transition of the PNIPAM ternary solution
decreases remarkably from 24 to 278C. However, at
/2 between 0.55 and 0.7, the LCST/phase transition
of PNIPAM ternary solution increases remarkably
from 278C to over the measurement temperature. It
is also noticed that water and methanol were the
poorer and good solvents for PNIPAM molecules,
respectively. Nevertheless, in the case of PNIPAM
ternary solutions, a very wide quantity of water
(/2 < 0.7) suffices to turn the mixture solvent to a
cononsolvent at a certain temperature. However,
addition of dioxane solvent to a PNIPAM aqueous
solution slightly influences the LCST of PNIPAM ter-
nary solution. The addition of methanol to the PNI-
PAM aqueous solution leads to a remarkable depres-
sion of its LCST.

Additional information for effect the composition
of mixed cosolvent on the polymer–solvent interac-
tion of PNIPAM polymer ternary solution can be
obtained with Huggins equation. Figure 3(a,b) shows
the plot of the reduced viscosity, hsp/c as a function
of composition of mixed cosolvent for PNIPAM
dilute ternary solutions at water-rich and methanol-
rich regions at 258C, respectively. From the linear
relationship in Figure 3, the intrinsic viscosity, [h],
and the Huggins constants, k0, could be estimated
through Huggins equation. The values of k0 and [h],
respectively, of PNIPAM dilute ternary solutions are
shown in Figures 4 and 5. Generally, the k0 value can

Figure 1 Plots of the phase separation/LCST transition of
PNIPAAM ternary solutions as a function of composition
of mixture solvent at concentration 1 g L21: (a) water-rich
region; (b) methanol-rich region.

Figure 2 Plots of the LCST transition of PNIPAAM ter-
nary solutions of various composition of methanol, /2, at
concentration is 1 g L21.
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be used to predict the degree of the polymer–solvent
interaction in a polymer dilute solution. In a good
solvent condition, k0 < 0.52, the polymer chains ex-
hibit relatively extended conformations. In a theta
solvent condition, k0 5 0.52, the polymer chains are
unperturbed coils. In a poor solvent condition, k0 >
0.8, the polymer chains collapsed and intramolecular
aggregation occurred easily. However, Figure 4
shows that the k0 value of PNIPAM ternary solutions
at water-rich region is from 0.73 to 0.94; in contrary,
at methanol-rich region, the k0 value of PNIPAM ter-
nary solutions is about 0.2. Therefore, this result
proves that, at methanol-rich region, the mixed
cosolvent presents a good solvent for PNIPAM mole-
cule because the k0 is about 0.2, while this is quite
close to a poor solvent, at k0 about 0.8, for PNIPAM
at water-rich region and 258C. Moreover, Figure 5
illustrates that the [h] of PNIPAM dilute ternary sol-
utions at methanol-rich region, � 0.36 dL g21, is
larger than that at water-rich region, � 0.33 dL g21.
The result also indicates that, at water-rich region,

the [h] of PNIPAM aqueous solution decreases,
while that of PNIPAM decreases remarkably with
composition of mixed solvent at methanol-rich
region. Unfortunately, the intrinsic viscosity is
decreased at the composition of mixed solvent
between 0.2 and 0.7 at 258C. In this state, however,
the PNIPAM ternary solutions occur the serious
phase separation at temperatures below 258C. This
indicates that the PNIPAM ternary solutions are in
poor agreement with the viscometer experimental

Figure 3 Plots of the hsp/C versus C for PNIPAAM ter-
nary solutions as a function of composition of mixture sol-
vent: (a) water-rich region; (b) methanol-rich region at
258C.

Figure 4 Plots of the Huggins constant, k0 of PNIPAAM
ternary solutions as a function of composition of methanol,
/2 at 258C.

Figure 5 Plots of the intrinsic viscosity, [h] of PNIPAAM
ternary solutions as a function of composition of methanol,
/2 at 258C.
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dates at the /2 between 0.2 and 0.7 at 258C. These
results indicate that the polymer–solvent interaction
between PNIPAM and cosolvent decreases as the
methanol was increased, implying that the confor-
mation of PNIPAM chains in ternary solution con-
stricts gradually with increasing methanol at water-
rich region, whereas the polymer–solvent interaction
between PNIPAM and cosolvent are almost the
same at methanol-rich region, implying that the con-
formation of PNIPAM chains in ternary solution
presents more extended conformation at this region.
Figure 6(a,b) shows the Zimm plots of PNIPAM/
water and PNIPAM/methanol solutions, respec-
tively, at temperature is 20 6 0.18C. The result in
Figure 6 shows the different Zimm plots that exhibit
a linear-shaped Zimm plot for PNIPAM/water solu-
tion and a hook-shaped Zimm plot for PNIPAM/
methanol solution, respectively. In our previous
study, we discussed that the hook-shaped Zimm
plot of dilute PNIPAM/methanol solutions might be
due to the more extended conformation and lower
thermodynamic properties in PNIPAM/methanol in-
finite dilute solutions, because the PNIPAM chains
in a very good solvent, methanol must be more
extended than those in a poor solvent.15 However, a
linear-shaped Zimm plot of PNIPAM/water diluted
solutions was observed, that is, the PNIPAM chains
are isolated random coils and larger thermodynamic
properties in PNIPAM/water solutions at the same
temperature. The A2 values obtained from the Zimm
plot could also be regarded as the degree of the
polymer–solvent interaction. In PNIPAM/methanol
solution, the largeA2 value,� 1.133 1024 mol cm3 g22,
was observed at 208C. This indicates that there exists
a strong attractive force between PNIPAM and meth-
anol molecules. While a smaller A2 value, � 2.27 3
1025 mol cm3 g22, is observed in the PNIPAM/water
solution at the same temperature. Moreover, the
Zimm plots also show a larger Rg value, � 18.5 nm,
in PNIPAM/methanol solution in comparison with
that, � 15.6 nm, in PNIPAM/water solution at the
same temperature. However, in the PNIPAM/water/
methanol ternary solution, we should not only con-
sider the properties of PNIPAM/water and PNI-
PAM/methanol solutions but also the property
between methanol and water. In this system, the v13
(water-PNIPAM) and v23 (methanol-PNIPAM) values
in the PNIPAM binary solution are about 0.499 and
0.496, respectively, calculated from eq. (13) in this
work. The aforementioned results indicate that the
interaction between PNIPAM and water is lower
than that between PNIPAM and methanol. These
facts let us to consider that the polymer–solvent
interaction must play an important role on the ther-
modynamic behavior of PNIPAM chains in binary
and also in ternary solutions. The apparent affinity
between the PNIPAM and cosolvent system at a par-

ticular cononsolvent composition is quite different
from the average affinity of the two pure solvent
components. This may be mainly because of the for-
mation of a third component, which is complex or
hydration, resulting in the various phenomena of
preferential adsorption for PNIPAM chains.

In the PNIPAM ternary solutions, we should not
only consider the thermodynamic properties of PNI-
PAM/water and PNIPAM/methanol solutions but
also consider the properties between water and
methanol. The system is not really a binary system
because the water and methanol interact by hydro-
gen bonding to form a complex structure, which is
different structure for pure water or methanol.
Therefore, this system must be considering a ternary
solvent (pure water, pure methanol, and water-meth-
anol complex). Figure 7 shows the viscosity values,
hs, of mixture cosolvent as a function of composition
of mixed solvent at 258C. It indicates that the hs

value expresses a nonlinear behavior and presents a
maximum hs value, � 1.58 mPa s21, at /2 around
0.5–0.6. A composition of methanol mixture, /2 5
0.65, is quite particular where the mole ratio of water
to methanol is about 1 : 1, indicating that one water
molecule could directly bonded with one methanol
molecule to from H2O��MeOH complex structure as
given in Table I. Recently, Bosch et al. reported an
interaction model to interpret the water-methanol

Figure 6 The Zimm plots of PNIPAM solutions at 208C:
(a) PNIPAM/water solutions; and (b) PNIPAM/methanol
solutions.
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mixtures cosolvent system.38 They indicated that the
water-methanol mixed solvent, represented by S1
(water) and S2 (methanol), interacted to form a com-
plex structure S12 (water-methanol) and presented a
maximum S12 (water-methanol) as methanol volume
content was about 60%. Thus, the water-methanol
mixed solvent is composed of clusters of water,
methanol, and water-methanol complex in equilib-
rium state. The water and methanol clusters have
molecular properties equal to those of pure water
and methanol, respectively. But water interacted
with methanol through the hydrogen bonding form-
ing a new complex structure, S12, which was differ-
ent property from those of water or methanol. From
the aforementioned discussion, the water/methanol
mixed solvent system, one water molecule can
directly bond with one methanol molecule to form
the H2O��MeOH complex structure. Moreover, Fig-
ure 8 shows the excess volumes, DV

E
, excess enthal-

pies of mixing, DG
m
, and the interaction parameter,

v12, of the mixture cosolvent as a function of compo-
sition of mixed solvent at 258C. The DV

E
, DG

m
, and

v12 values are calculated with eqs. (14)–(16), where
the xi and /i are molar fraction and volume fraction
of the ith component, respectively, also listed in Ta-
ble I. The result in Figure 8 shows that the DV

E
,

DG
m
, and v12 values express a nonlinear behavior,

implying this system is a nonideal solution system.
This phase indicates that a complex hydrate between
water and methanol molecules must occur in the
cononsolvent system. Therefore, the interaction force
between water and methanol, v12 increases slightly
and then decreases with increasing /2, indicating
that the content of complex hydrate (H2O��MeOH

complex) increases slightly and then decreases; there-
fore, inducing the DVE and DG

m
decrease and then

increase as /2 increased. The complex formation
understandably induces the exothermic mixing pro-
cess, decreases the bonding length of the solvent mole-
cule and increases the friction force of flowing as
reported by Bai et al.39 From Figure 8, it is clear that
the minimum values of DV

E
is ca. 20.99 cm3 mol21,

and DG
m

is ca. 21393 J mol21, while the maximum
value of v12 is � 1.43 at around 0.7. These facts indi-
cate that one water molecule can directly bond with
one methanol molecule to form the H2O��MeOH
complex as discussed earlier. This result indicates that
the interaction force and structure of H2O��MeOH
complex slightly changes with composition of mixed
solvent.

According aforementioned discussion, we eluci-
dated the dynamic properties of PNIPAM chains in
methanol/water cononsolvent system with adsorbed
preferentially parameter, aa,theory. Figure 9 shows
the aa values against various composition of mixed
solvent, /2. The result in Figure 9 presents the nega-
tive aa values at /2 < 0.4, while the positive /a val-
ues at /2 > 0.4 and /a 5 0 at /2 5 0.4. These results
illustrate that the water molecules are adsorbed pref-
erentially by PNIPAM chains at /2 < 0.4 whereas
that the methanol molecules are adsorbed preferen-
tially by PNIPAM chains at /2 > 0.4. Particularly,
we observe two inversion of the preferential adsorp-
tion coefficient at about /2 5 0.2 and 0.55 in Figure
9. This result implies that the preferential adsorption
parameter at /2 between 0.2 and 0.55 may be due to
the PNIPAM molecules that not only adsorbed water
and methanol molecules but also adsorbed large
amount of H2O��MeOH complexes, which remark-

Figure 7 Plots of the viscosity, hs of mixture cosolvent as
a function of composition of methanol, /2 at 258C.

Figure 8 The DV
E
, DG

m
, and v12 values of mixture cosol-

vent as a function of composition of methanol, /2 at 258C.
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ably changed the phase transition of PNIPAM ter-
nary solution. The preferential adsorption phenom-
enon in this system is very special and dissimilar to
other polymer ternary solutions. In several polymer/
solvent/nonsolvent systems, one of the solvents can
break down the association (cluster) of another sol-
vent and the polymer chain, which preferentially
adsorbs the broken solvent to form better affinity
properties. However, in polystyrene/benzene/alco-
hol or paraffin systems, a good solvent, benzene, is
always preferentially adsorbed as the precipitant
was added.24,40 In the polyvinyl pyrrolidone (PVP)/
water/THF and PVP/ethanol/n-hexane systems,
water and ethanol (good solvents) were always pref-
erentially adsorbed, when THF and n-hexane were
precipitated for PVP.41 However, in the PNIPAM/
water/methanol system, the formation of the
H2O��MeOH complex significantly affects the pref-
erential adsorption phenomenon of PNIPAM chains
in the cononsolvent ternary solution. At this conon-
solvent system, the water is completely miscible
with methanol to form the H2O��MeOH complexes
that reduce the interaction force between PNIPAM
and the H2O��MeOH complexes. Therefore, at /2 <
0.2, it could be consider that almost whole methanol
molecules should be associate with water molecules
to form H2O��MeOH complexes; therefore, the free
water molecules are adsorbed preferentially by the
PNIPAM chains. On the other hand, almost whole
water molecules are suppose to form H2O��MeOH
complexes in the mixed cononsolvent; therefore, the
free methanol molecules are preferentially adsorbed
by the PNIPAM molecules at /2 > 0.55. On the other
hand, at 0.2 < /2 < 0.4, and 0.4 < /2 < 0.55 regimes,
the PNIPAM molecules not only preferentially
adsorb freely water and methanol molecules, respec-
tively, but also adsorb large amount of H2O��MeOH
complexes structures. In these states, the clathrate-

like structure around the side chain of PNIPAM mo-
lecular become more defect due to the H2O��MeOH
complexes are unable to from an order structure and
promote the phase transition of PNIPAM ternary
solutions decreasing remarkable.

CONCLUSIONS

According to the aforementioned discussion, it is
indicated that PNIPAM molecules undergone phase
transition/LCST that may be due to the PNIPAM
molecules adsorbed preferentially behavior as a
function /2. Therefore, we combined the phase tran-
sition and the adsorbed preferred parameter, /a, of
PNIPAM ternary solution with various /2 as shown
in Figure 10. However, Figure 10 could be divided
into five regions. At region (I), /2 < 0.2, PNIPAM
molecules may be preferentially adsorbed pure water
molecules but decrease in the freely water molecules
with /2; therefore, the phase transition decreases
slightly /2 because of some the H2O��MeOH com-
plexes have be formed in the ternary solution. At
region (II), 0.2 < /2 < 0.4, and the region (III), 0.4 <
/2 < 0.55, the PNIPAM molecules not only preferen-
tially adsorbed freely water and methanol molecules,
respectively, but also adsorbed large amount of

Figure 10 Combination the phase transition and aa values
of PNIPAM ternary solutions as a function of composition
of methanol, /2 at 258C.

Figure 9 The adsorbed preferentially parameter, aa val-
ues against various composition of methanol, /2.
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H2O��MeOH complexes structures. In these states,
the clathrate-like structure around the side chain of
PNIPAM molecular became more defect due to the
H2O��MeOH complexes were unable to from an or-
dered structure and promoted the phase transition of
PNIPAM ternary solutions decreasing remarkable,
whereas, the region (IV), the PNIPAM molecules pref-
erentially adsorbed methanol molecules and decreas-
ing adsorbed H2O��MeOH complexes at /2 between
0.55 and 0.7. Thus, the interaction force between PNI-
PAM and H2O��MeOH complexes gradually took
place between PNIPAM and methanol; therefore, the
phase transition of PNIPAM ternary solutions
increased remarkably with /2. At /2 > 0.7, the region
(V), PNIPAM molecules preferentially adsorbed pure
methanol molecules, which was a better solvent than
water and H2O��MeOH complex, inducing the PNI-
PAM ternary solutions appear transparent and not
any transition occurred in this region.

From the viewpoint of the molecular structure of
PNIPAM, it was interposed a hydrophilic group
(CONH) between the hydrophobic backbone chain
and isopropyl group of PNIPAM; therefore the
hydrophilic and hydrophobic interactions between
PNIPAM molecules and mixture cononsolvent
(water, methanol, and H2O��MeOH complex) may
play a dominant role in the thermodynamic behavior
of PNIPAM solutions. Water was a typical hydro-
philic dipolar solvent, which is formed two strongly
hydrogen bonding with hydrophilic group (CONH)
of side chain of PNIPAM and other waters to form
the clathrate-like structure around the side chain of
PNIPAM. These clathrate-like structures/hydrophilic
interactions promoted the PNIPAM chains soluble in
aqueous solution at temperature below the LCST.
When temperature at the LCST, the clathrate-like
structure around the side chain of PNIPAM was col-
lapsed, inducing the hydrophobic interactions bet-
ween PNIPAM backbone chains and between hydro-
phobic groups and backbone chains of PNIPAM
took place a primary role, thus the phase transition/
LCST of PNIPAM was occurred in this state. On the
other hand, methanol was an amphiphilic solvent
that combines a hydrophilic group (hydroxide
group) and a hydrophobic group (methyl group) to-
gether. The hydroxide group of methanol could
build with a water molecule through hydrogen
bonding to form the H2O��MeOH complex. There-
fore, PNIPAM molecules not only preferentially
adsorbed water and methanol molecules, respec-
tively, but also adsorbed the H2O��MeOH com-
plexes structures at 0.2 < /2 < 0.4 and 0.4 < /2 <
0.55 regions. In these states, the clathrate-like struc-
ture became more defected with increasing adsorbed
content the H2O��MeOH complex. Because of the
H2O��MeOH complex in the clathrate-like structure
could not form the three dimensional ordered struc-

ture. The clathrate-like structure became more
defected as PNIPAM molecules adsorbed larger
amount of H2O��MeOH complexes inducing the
LCST of PNIPAM ternary solutions decreased
remarkably. While PNIPAM molecules preferentially
adsorbed pure methanol molecules at /2 > 0.7. It
indicates that the hydrogen bonding between hy-
droxide group of methanol and hydrophilic groups
of PNIPAM was broken instantly and became a
hydrophobic interaction between methyl group of
methanol and isopropyl group and backbone of PNI-
PAM as temperature was increased. Therefore, the
PNIPAM ternary solution without any transition
occurred at PNIPAM molecules preferentially
adsorbed pure methanol molecules region. There-
fore, these results show that the various thermody-
namic behaviors between PNIPAM and mixture sol-
vents (water, methanol, and water-methanol com-
plex) must be concerned with different preferential
adsorption phenomenon, which was mainly related
to different degrees of polymer–solvent interaction
and structures of solvent used.
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