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Abstract

In this work, the effect of co-solvent complex on preferential adsorption phenomenon in polyvinyl alcohol KPviadtyl-2-pyrrolidone
(NMP)/water ternary solutions was studied. It should be noticed that in this system one NMP molecule could bind with two water molecules
to form NMP(water) ter-solvency complex. The formation of the NMP(watasdpmplex is found to significantly affect the preferential
adsorption phenomenon. At the NMP volume fractionpef< 0.73 in co-solvent mixture, the PVA chains preferentially adsorb the water
molecule. Owing to the poorer affinity of water compared with that of NMP to PVA, contracted PVA coils are formed at this condition. At
¢, > 0.73, the PVA chains preferentially adsorb the NMP molecule, which is a better solvent for PVA, induciigvaiue that rapidly
increases. The PVA coil exhibits a much-extended conformation. Moreover, the theoretical values of preferential adsorption cegfficient,
obtained from two Read formalisms are in poor agreement with the experimental results. This is due, considerably, to the effect of the
NMP(water) complex formation in this co-solvent syste®.2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction complicated in the ternary system. For example, the compo-
sition of co-solvent, concerned with the polarity of the
In polymer/co-solvent ternary solutions, the affinity solvent medium, plays a significant role in changing the
between the polymer and co-solvent must directly affect degree of the affinity between polymer and co-solvent. In
the concentration and density fluctuations of the solutions. this study, the apparent affinity between polyvinyl alcohol
Generally, the enhancement of the polymer—solvent affinity (PVA) and co-solventN-methyl-2-pyrrolidone (NMP)/
directly reflects on the reduction of the free volume avail- water at a particular co-solvent composition is quite
able for fluctuations and the diminishing of the Rayleigh different from the average affinity of the two pure solvent
scattering [1]. On the other hand, the chemical structures, components. This fact may be mainly because of the forma-
the dipole moments and the donor—acceptor electrontion of a third component (co-solvent complex), resulting in
properties of each component should be primarily con- the various phenomena of preferential adsorption for PVA
sidered to affect the affinity. In our previous study [2,3], chains.
the interaction between polyvinyl chloride and organic It is well known that the insight into the preferential
solvents has been discussed, indicating that the incrementadsorption phenomenon is very sophisticated. Many para-
of the donor—acceptor electron property and the charge-meters [4-15], such as the binary interaction paramegigrs
density rearrangement directly generate the attractivethe ternary interaction parametgf, the molar volumes of
interaction between PVC and the solvent. The effect of two solvents [4,5], the molar volume of the side group of
polymer—solvent interaction on the conformational change polymer [5], the molecular weight of polymer [6] and
and the aggregation behavior of PVC chains were investi- temperature [7—-9], fundamentally dominate the preferential
gated from dilute solution to semi-dilute solution. adsorption of solvents on polymer chains in solution state.
Compared with the polymer—solvent interaction in the Katime et al. [6] have already verified that the increase in
binary system, the interactions undoubtedly become morethe molecular weight of polymer causes the lowering of the
preferential adsorption coefficient. Horta et al. [10] also
mpondmg author. Tel+886-2-2737-6539; fax:+886-2-2737- pointed out that the solvent with small molgcular volume
6544. is preferentially adsorbed because the combinatorial entropy
E-mail addressphong@hp730.tx.ntust.edu.tw (P.-D. Hong). is favourable to the entrance of small molecules into the
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Table 1
The refractive index incrementpdiC, the densities of the solvent mixturgs, the densities of the PVA solutiong, the excess volumeAVE and the partial
specific volumes of PVAy;, in the PVA/NMP/water solutions

b1 drvdC (cm*g™) ps(gcm’) p(gem™) AVE (em ™~ mol™) Vs (em®g™)
0 0.162 0.9954 0.9971 - 0.835

0.2 0.141 1.0121 1.0139 -0.211 0.815

0.4 0.119 1.0268 1.0287 -0.470 0.789

0.6 0.098 1.0386 1.0404 -0.790 0.785

0.7 0.087 1.0404 1.0422 -0.877 0.790

0.8 0.077 1.0403 1.0420 -0.913 0.798

0.9 0.065 1.0349 1.0365 -0.630 0.815

1.0 0.055 1.0285 1.0298 - 0.845

polymer domain. Generally, the theoretieglvalues could intensity, KC/AR,, was derived, wher€ is the concentra-
be evaluated from Read formalisms, considenpgy and tion of polymer andARy is the difference of the Rayleigh
the effect of solvent volume [11-13]. Unfortunately, the ratio of the solution to the solvent obtained through the
application of these formalisms has a restriction, i.e. the calibration of toluene Rygoiuene= 18X 10 %cm™t. The
experimental systems must only contain weak interactions optical constant for vertically polarized lighK =
between each component. For example, the J84&0H 47’n3(dn/dC)?/NAA* was derived, wherg, is the refractive
mixture is a weak co-solvent for PMMA; then, the prefer- index of solvent, d/dC, the refractive index incremeniy,
ential adsorption phenomenon could be interpreted perfectlythe wavelength of light in vacuum, {\ the Avogadro’s
using the Read formalisms [14,15]. In this study, the constant and, the scattering angle. Thereafter, the second
co-solvents from the NMP (component 1) and water virial coefficient, A,, the z-average radius of gyratiolRg
(component 2) mixtures were used to dissolve PVA and the weight-average molecular weight,,, could be
(component 3). In this ternary system, the NMP molecule, directly achieved using the well-known Zimm equation.
which is a typical dipolar aprotic solvent, could particularly
bind with two water molecules to form a NMP(water) ke _ 1 14 1_6172_ LR 2A,C + -
complex (1-2-2 contact). Therefore, the formation of AR, M, 3 A 2
NMP(water) complex may affect the preferential adsorp- 1)
tion phenomenon and the thermodynamic properties of
PVA solutions. In addition, the discrepancy between the The values of the refractive index increment/dC, for the
experimental and the theoretical preferential adsorption PVA solutions at 38C were obtained by operating the Opti-
coefficients are also discussed in this work. lab DSP interferometic refractometer with wavelength
514.5nm (Wyatt Tech. Co.). Thedn/dC),, values, as

) given in Table 1, decrease with increasing volume fraction
2. Experimental of NMP, ¢,.

The viscosities of the co-solvents and the polymer solu-
tions were determined using an Ubbelohde viscometer
immersed in a thermostatic water bath held atG30The
intrinsic viscosity [n] and the Huggins constarit were
obtained through the classical Huggins equation, where
is the flowing time of polymer solutionty, the flowing
time of solvent and,, is the specific viscosity [16].

2.1. Sample preparation

A PVA powder (Aldrich Chemical Co. Ltd, USA) with a
high degree of hydrolysis (about 99.8%) was used in this
work. The distilled water and analytical grade solvent NMP
were repeatedly filtered using a 0.@gn Teflon filter for
removing dust. The PVA solutions were prepared in a
precleaned wide mouth bottle, with stirring at°’@5for 2 h (t —to/ty 2
until they dissolved into homogeneous solutions. The PVA — ¢~ (d/C) = [nl T KImI"C 2
solutions with concentrations 0.1-1g) were filtered
using a 0.45.m Teflon filter, then cooled into a thermostat
oven at constant temperature®G0for one day to stabilize
the solutions before the measurements.

The densities of the co-solvent mixturgg,and the PVA/
co-solvent solutionsp, with concentration 0.01 g cm
were measured using a digital precision density meter at
30°C. The values ofp; and p are also listed in Table 1.
2.2 Measurements The excess volumed\VF, in the solvent mixtures could,

consequently, be computed using Eq. (3), whdfeandM,

Light scattering measurements were carried out using aare the molecular weightg; and p,, the densities and;
Malvern series 4700 apparatus with an argon ion laser of andx,, the mole fractions of solvent 1 and solvent 2, respec-
vertical light 100: 1 (LICONiX 5302AH) operating at tively. The partial specific volume of PVAy,;, at PVA
wavelength 514.5 nm. The reciprocal reduced scattering concentration 0.01 g cii also could be computed using
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Fig. 1. The Zimm plots of: (a) PVA/NMP; and (b) PVA/water dilute solu-
tions at 30C.

Eq. (4) [17]. The values akVE andv; at a giveng, are also
presented in Table 1.

AVE — XM1 + XM XM XoM;
Ps P1 P2

)

_ [1—-(p— ps)/C]

gy = L= (= p)/C] @
Ps

3. Results and discussion

The A, values obtained from the Zimm double-extra-
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polymer—solvent interaction. The Zimm plots of PVA/NMP
and PVA/water solutions at 30 are shown in Fig. 1(a) and
(b), respectively. In PVA/NMP, a largé\, value (ca.

A, = 233x 10 * ml mol g ?) indicates that there exists a
strongly attractive force between PVA chains and NMP
molecules. On the other hand, a sma&l} value (ca.

A, =18x10 *mlmol g ?) in the PVA/water solution
illustrates that the interaction between PVA and water is
much lower than the PVA/NMP solution. The results from
Zimm plots also show largeR; value (ca. 47.8 nm) in
PVA/NMP solution as comparison to that (ca. 21.3 nm) in
PVA/water solution. When PVA chains associate with a
good solvent, NMP, the intramolecular segments of PVA
exclude one another to extend the PVA chain, and reduce
the frequency of collision of the intramolecular segments.
On the other hand, comparatively contracted PVA coils are
formed in the PVA/water solution because of stronger intra-
molecular segment—segment interaction within the PVA
chains.

Fig. 2 shows the reduced viscosity,/C, as a function of
the PVA concentratiornC, consequently obtaining= 0.23
and[n] = 240 dlg’1 in PVA/NMP solution andk = 0.53
and [n] = 1.01 dIg’1 in PVA/water solution. It is well
known that the Huggins constark,value, could also be
used for predicting the degree of polymer—solvent inter-
action in the polymer/single solvent solution. #nsolvent
(k = 0.52), the polymer chains exhibit unperturbed coils. In
a good solvent(k < 0.52), the polymer chains should
exhibit relatively extended conformations, and in a poor
solvent (0.8 < k < 1.3) the polymer chains are collapsed
and the intramolecular aggregation occurs easily. Therefore,
final interpretations simultaneously manifest that NMP is a
good solventk = 0.23; A, = 233x 10 * ml mol g ?) for
PVA and that water is quite close to & solvent
(k=053 A, =18x10 *mlmolg? for PVA, at
30°C. The interaction between PVA and NMP (or water)
can be understood by the donor—acceptor electron proper-
ties. NMP, a typical dipolar aprotic solvent, could be either a
strong electron donor or a hydrogen acceptor for enhancing
the affinity between PVA and NMP. The doubly bound
oxygen of NMP could form more stable H-bonding with
the hydroxyl groups of PVA, and break the H-bonding
within the PVA hydroxyl groups. Therefore, the *©”
group of NMP is a “strong site” for PVA. On the other
hand, the “O—H" group of water is only a “weak site” for
PVA, producing only weak H-bonding between PVA and
water.

In the PVA/NMP/water ternary solution, we should not
only consider the properties of PVA/NMP and PVA/water
solutions but also the property between NMP and water.
Fig. 3 shows the excess volumaa/E (from Eq. (3)), excess
enthalpies of mixingAHF (from the results of Ryabtseva et
al. [18]) and the viscometric valueg, for the NMP/water
co-solvents at various NMP volume fractionfs,, at 30C.
The valuesAVE # 0 and AHE # 0 indicate that this

polation method could be regarded as the degree of theco-solvent system is a non-ideal system. From Fig. 3,
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4.0 mixtures. From the viewpoint of the molecular structures,
. the oxygen atom is more electronegative than nitrogen atom
3.5 and it could be expected that the negative charge on NMP
3.0 ] prefers to reside on oxygen atom. This resonance structure
. contains about 40% double bond character for the C—N
,; 2.5 - © PVANMP solution E)??nd of the_ amide group in NMP, evidencgd by the
= T O PVA/water solution C—H coupling constant for thil-methyl group in NMR
; 2.0 7] [19]. The partial positive charge on the nitrogen atom and
3 15 4 the partial negative charge on the oxygen atom could be an
€ _—-—M electron acceptor and a donor, respectively [19,20]. Hence,
1.0 = this resonance property gives rise to the enhanced stability
1 of the NMP(water) complex as shown in the following
0.5 “ scheme. Assarsson et al. [21] have also confirmed this ter-
0.0 — T solvency complex formation through the freezing-point
00 04 02 03 04 05 depression method.
C (gdL™) [;)é§> - [;2&.0
Fig. 2. The reduced viscosityy,/C, as a function ofC at 30C. C|H3 CIH3
minimum AVE (ca. AVE = —0.91 cn? mol™%), minimum
-E -E 1 . -0
AH" (ca. AH= = —2740 J mol ) and maximummnyg (ca. O_O;_——-H “H
ndmn, = 3.52) values appeared at arouggl = 0.7-0.8. A H_ N
co-solvent composition(¢; = 0.73) is quite particular /0 éHS
where the mole ratio of NMP to water is about 2, indi- H
cating that one NMP molecule could directly bind with two
water molecules to the build NMP(watgrjer-solvency Subsequently, we explored the physicochemical proper-

complex. Complex formation, therefore, understandably ties of PVA chains in NMP/water co-solvent by light
induces the exothermic mixing process, increases the pack-scattering measurement. Two experimental procedures,
ing density of the solvent molecules, reduces the movementincluding constant solvent composition and constant
of the solvent molecules and increases the friction force of chemical potential of the solvents, could be generally
flowing. Typically at ¢, = 0.7-0.8, large amount of selected to operate. The refractive index increment at
NMP(water) complexes could be formed to change remark- constant chemical potentialdr/dC),,, could be measured
ably the physicochemical properties of the co-solvent through a semi-permeable membrane, where the co-solvent

n
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Fig. 3. The excess enthalpiesiF, the excess volumedVE and the relative viscosity valuesy/n,, as a function ofp; at 30C, wheren;, is the viscosity of
water.
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Table 2 exists. In this system, the difference in the refractive index
The M,/M,, values, the preferential adsorption coefficienig, the excess between the two solvent&n = nyyp — Nyater = 0.152>>

number of water or NMP moleculest ., or nEyp and the excess number o . . ) .
per repeat unit of PVANE e and Mpan, In the PVA/NMP/water 0.025 indicates that this system is a non-isorefractive

solutions system. Moreover, the apparent molecular weight in this
system is far from the true molecular weight6®<

b1 Mo/M,, Qq (Cmsgil) n\EVater (n\EVatetunit) nElMP (nEMPﬁunit) Ma/MW <142 (||Sted in Table 2), Wher(-ﬂlw of PVA

02 0697 0151 712 (0.37) B approximates to 85470.8 gmd| which was obtained

04 0631 —0.159 751 (0.39) _ from the Zimm plot in the PVA/water solution at 3D

06 0709 —0.101 472 (0.24) - (close to#-condition). This result indicates that the prefer-

0.7 0915 —0.025 116 (0.06) - ential adsorption phenomenon in this system is, in fact, very

0.8 1124 0.030 - 26 (0.01)

remarkable. Therefore, the preferential adsorption coeffi-
cient, a,, Obtained through the Strazielle—Benoit equation
[22], could be used to understand the preferential adsorption
mixture and the polymer solution must be at dialysis property in this system:
equilibrium. The chemical potential of either solvent

component (solvent 1 or solvent 2) in solution and _ M, v2 (dn/dC)g,
co-solvent must be equal, i.6u;soution= M1.solvent aNd a= ( ) “dny/de;
H2.solution = M2.sovent YWhen the avdC factor in Eq. (1) is

substituted by(dn/dC),, the formula of Eq. (1) remains  \here, the refractive index increments of the solution,
applicable, and the true molecular weighty, could still  (gr/dC),, , at variousp, are obtained easily using a refracto-
be achieved. On the other hand, if we select the refractive meter, as shown in Table 1. The variations of the solvent
index increment at a constant solvent composition, refractive index with various co-solvent compositions,
(dr/dC),,, the Zimm equation must be altered to Eq. (5) dny/dg,, could be obtained using the Gladstone—Dale
because the polymer chains preferentially adsorb one ofequation [23] wherep(p,), ny(ny) andw;(w,) denote the
the two_solvents. Thereafter, only the apparent molecular gensities, the refractive indices and the weight fractions of

09 1421 0.081 - 72 (0.04)

(6)

My,

weightM, can be achieved. component 1 and 2, respectively. Theilp, factor in this
R system is 0.154.
KC 1 [ 16 0 ]
— = |1+ =mP-Z st = + -
2
AR, M7 3T R 2 o= (%) - n+ (22 ) - 1 @)
a P P P2
w
+ Z(M_a)AZC to ©) According to Eqg. (6), then, values could be calculated

without any difficulty. We must first mention that the
Generally, the apparent molecular weight never shifts when positive o, values in this system virtually indicate the
the refractive indices), of two solvents are identicaAn < preferential adsorption of the better solvent, NMP and
0.025), whether or not the preferential adsorption phenomenon negativea, values indicate the preferential adsorption of
solvent 2, water.
0.25 Fig. 4 shows a continuous curve @f againste,, repre-

0.20 senting the negative, values atp, < 0.73, the positivea,
0.5 values alp; > 0.73 anda, = 0 atp; = 0.73. These results
1 illustrate that the water molecules are adsorbed preferen-
0.10 7 tially by PVA chains atp; < 0.73 and that the NMP mole-
— 0.05 -

cules are adsorbed preferentially by PVA chains at
© 0.00 ¢1 > 0.73. Particularly, we could observed an inversion

E 0.05 -] of the preferential adsorption coefficient @i = 0.73,
5° 040 - while the mole ratio of NMP to water at this co-solvent
015 ] composition is exactly equal to :12. This composition,
R ¢, = 0.73, could be painstakingly selected to carry out
-0.20 - the static light scattering measurement for obtaining the
-0.25

true molecular weight of polymer. Actually, the, values
-0.30 —r—— 7T mainly depend on the excess numbers of bonding solvents,
NMP (or water),nt andn5 (Eq. (8)), and on the arbitrary
volume surrounding the PVA chains compared with the
¢, solvent comppsition i_n the bulk solvent [24]. Here,,
(and agp) andV, (andV,) denote, respectively, the prefer-
Fig. 4. The preferential adsorption coefficients as a functiog;of ential adsorption coefficients and the partial molar volumes

o
o
o
o
<
S
o
o
o
®
-
o
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@ NMP eWater

Fig. 5. Microphase equilibrium models in PVA/NMP/water solutions at: (a)
¢, < 0.73; and (b) at¢p, > 0.73 the dashed lines represent a fictitious
phase-boundary that delimits the dilute PVA solution into two phases.

30

A (10 molem®g™?)

Fig. 6. The second virial coefficient8y, as a function ofp;.

of the two solvents.

®)

E aalmw (nE _ aaZMw)
= y = —=———
Vs

n1= V
1

Table 2 lists the numbers of excess NMP or water mole-
cules,n§yp andnk,., and the numbers of excess NMP or
water molecules per repeat unit of PVARyupuit and
nvaate;unn, at various co-solvent compositions. At lowey,

one repeat unit of PVA preferentially adsorbs an average of
0.06-0.39 excess water molecules, but only an average
of 0.01-0.04 excess NMP molecules is preferentially
adsorbed by one repeat unit of PVA at higlgr It might

be due to the fact that in the limited space of the solvation
shell of PVA chain, it is harder to pack a solvent like NMP
that has a larger size, but water molecules with smaller
molar volume are possibly packed more in the limited
space.

In fact, the preferential adsorption phenomenon in this
system is very special and very dissimilar to other systems.
In several polymer/solvent/non-solvent systems, one of the
solvents can break down the association (clustering) of
another solvent and the polymer chains preferentially
adsorb the broken solvents in order to make better affinity
properties. The maximum®, value was found at the
co-solvent composition with an inversion of the preferential
adsorption coefficient [25—28]. Besides, in polystyrene/
benzene (good solvent)/alcohol or paraffin (precipitant)
systems, a good solvent is always preferentially adsorbed
as the precipitant is added [7,29]. In the polyvinyl pyrroli-
done (PVP)/water/THF and PVP/ethamehiexane systems,
water and ethanol (good solvents) are always preferentially
adsorbed, when THF andhexane are precipitants for PVP
[30]. However, in this PVA/NMP/water system, the forma-
tion of the NMP(water) complex significantly affects the
preferential adsorption phenomenon of PVA chains. At
¢, < 0.73, it could be considered that almost whole NMP
molecules should be associated with water molecules to
form NMP(water) complexes, then the free water mole-
cules in co-solvent are adsorbed preferentially onto the
PVA chains. On the other hand, almost whole water mole-
cules are supposed to form NMP(watedmplexes ah,; >
0.73, then the free NMP molecules are preferentially
adsorbed. At¢, = 0.73, almost whole solvent molecules
form NMP(water) complexes, inducing PVA chains with-
out preferential adsorption phenomenon at this co-solvent
composition. Fig. 5(a) and (b) describes the outcome of the
preferential adsorption phenomena in this system. The
dashed lines in Fig. 5 represent a fictitious phase-boundary
that delimits the diluted polymer solution into two-phase
systems, one phase is the swollen polymer coil and the
other phase is the bulk solvent. As PVA chains preferen-
tially adsorb water molecules (Fig. 5(a)), the phase in the
inner boundary domain has a higher water fraction as
compared with that in the bulk solvent. On the other hand,
when the NMP molecules are preferentially adsorbed onto
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Fig. 7. Thez-average radius of gyratioRg, the intrinsic viscosity ] and the equivalent hydrodynamic radi&;, in the PVA/NMP/water solutions.

the PVA chains (Fig. 5(b)), the solvent composition
contains less NMP fraction in the bulk solvent phase.

0.06-0.39), only a “weak site” exists for PVA. It is of no
value to enhance the affinity between PVA and co-solvent.

The interaction between PVA and co-solvent could be On the other hand, although the PVA chain preferentially
better discussed as soon as the preferential adsorptioradsorb few “strong site” NMP moleculeenﬁMp,unnz

phenomena have definite outcomes. Fig. 6 showsAthe
values as a function of¢,. The A, values only
slightly increase at¢, < 0.73 but rapidly increase at
¢1>073 The A, values at ¢ >073 (ca
10-25%x 10 *mImol g ?) are several times larger than
those (ca. 35x 10 * ml mol g~2) at ¢; < 0.73, implying
that the affinity between PVA and co-solvent is hard to
increase at lower NMP content. Ab; < 0.73 the PVA
chains preferentially adsorb water molecut«a&mewmt =

2.0

1.8

1.6

1.4

Re /R,

1.2

1.0

0.8 T T T T T T T T T
0.0

Fig. 8. TheRs/Ry values as a function ap;.

0.01-0.04), it is sufficient to increase the affinity.

Moreover, thez-average radius of gyratioR; and the
intrinsic viscosity ], also concern with the preferential
adsorption phenomena, as presented in Fig. 7. Focus on
the viewpoint of R;, a contracted coil-to-coil transition
was found at the critical solvent compositial = 0.73.

At ¢ < 0.73, the PVA chains exhibit a conformation of
contracted coil, since the PVA chains preferentially adsorb
the “weak site” water molecule that has smaller molecular
size (the molar volumeV, = 181 cn¥ mol), to induce
lower excluded-volume effect. On the other hand, immedi-
ately, the PVA chains preferentially adsorb the “strong site”
NMP molecule that has large molecular size (the molar
volume V; = 96.3 cn? mol), at ¢; > 0.73. The excluded-
volume effect is increased to exhibit more extended PVA
coils. The corresponding conformations and the dimensions
of PVA chains can be seen in Fig. 5(a) and (b). In addition,
the equivalent hydrodynamic radius of PVA chaiR,,
could be generally calculated from the][values using
the Debye—Bueche equation [31], considering the mutual
interaction among the spheres, whédeis the molecular
weight of polymer:

M[n])ﬂs

The Ry value, as shown in Fig. 7, only slightly increases
with ¢, and R; > Ry is always observed for the whole

23

RH:<§E 9
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0 1.6 Eq. (12), whereV,, is total volume and is the ratio of
-200 ~ molar volumesv,/V,.
- —400—- - 1.4 o — V2\_/3¢1 (6M2/6n"|3)mz’m3_,0 (ll)
g 60 ! 2 Vz  (Ipu2/dMp)m, o
S 1 - 1.2 =
S -800 < S
: ] n; V,RT n,V,VsRT
Q1000 1 o L 1.0 o = n—l v b,y (Orazs = 1sza) (12
-1200 e 2 'm m
-1400 o= ] 08 Here
1600 F——1———— ' D2 = il + &
0.0 0.2 0.4 0.6 0.8 1.0
9012 9012
b - ¢1¢2{2[912 +(dy — ¢2)a—ul] — 10 2
Fig. 9. TheAGM and i, values as a function ap,. ! 13)
P23 = o3l =913+ 1 =1 — (b1 — ¢2)(912 — Ir)
range of¢,. Actually, the R; and Ry values correspond,
respectively, to the radius of the actual space of PVA chains + ¢1¢2( 9912 _ aﬁ) (14)
and the radius of an equivalent hard sphere in solution. The Uy duy

PVA chains are contracted & < 0.73 and the solvent
molecules become less draining, inducing R that is
very close toRz. At ¢; > 0.73, the much extended PVA
coils induce the free draining of solvent molecules, resulting
in larger values oR;. Furthermore, the conformations of
PVA chains depend much on the molecular interaction that
could be better viewed through ti /Ry values, as shown
in Fig. 8. At ¢; = 1, the Rz/Ry ~ 1.8 corresponds to the
conformation of the polymer chains in the good solvent.
This resu.It is in good agreement with FIﬁ%lRH(: 1,'86) where allg; values are independent of composition (i.e.
}[/r?lue derived by Akcagu [32] fr.‘”T‘ the K'rkWOOk_R'Se.ma.n gj = x;j) and thegr value is equal to zero, as shown in

eory and the theoretical prediction of molecular motion in Eq. (17):
the good solvent. At & ¢; < 0.6, the Rg/Ry ~ 1.05
means that the conformation of the polymer chain is close
to that of the6-condition and the polymer conformation
within this composition should have no remarkable change
[33].

The Gibbs free energy of mixing in the ternary system,
AGY, could be generally expressed as Eq. (10), wineis
the number of moles of thigh componentg; the binary
interaction potentialsgr the ternary interaction potential

anduy = ¢i/(¢p1 + ¢y).

The binary interaction parameteys and the ternary inter-
action parameteys, respectively, relate to thg; and gr
values, as given in Egs. (15) and (16).

Xiz = Giz — (9Qi3/03) (15

Xt = Or — (007/9 ) (19

Read [11] has derived a formalism for determining the
theoretical o, value for a special case in Eg. (10),

— 1+ xi3— Ixos T x12(1 — o)
lp1 + o — 2x1001>

On the other hand, Read [35,36] also developed a more
complete formalism as presented in Eq. (18) to deriye

by considering they; parameter that could be calculated
through Egs. (19) and (20).

an

_ |
ag = —Vzd1¢py

— 1+ xi3— Ixas + (xa2 — xv)(d1 — &)
lp1 + o — 2x10016

|
ayg = —V3P1¢,
(18
AGY/RT =nyIn ¢, + Ny In ¢y + Nz In b3 + g1o(Up)Ng by

1 (L 1 (%
+ 013(¢a)Mips + Goa(P3)2 b3 + GrM o xrby == b2 Jdn HPubez Ay ¥ by J'o H(b1bzz A,

(10 2
n 0.5 — xi3 n (05— x230  ViAy  L7byp

Then, the preferential adsorption coefficientwas derived 2 $1 Vabrz 2
from the second derivation &fGY', (Omi/OM)p T m, ;- as Eq. 19
(11), wherevs is the partial specific volume of polyme, o

the molar volume of théth componenty; the chemical  L(¢y) = ¢1¢Z\_/3 (20)

potential of theith component anan, the molality of the
ith - component [34]. The second derivations of The y;3andy,svalues in this system, which are 0.186 and
AGM, (Omilomprm,, = & could be derived as given in  0.495, respectively, could be actually calculated from the



P.-D. Hong, H.-T. Huang / Polymer 41 (2000) 6195—-6204 6203

0.20 polyethersulfone (PES) membrane from PES/NMP/water
0.15 ternary solution.
0.10 The theoreticaky, values from the two Read formalisms
—~ 005 could be obtained using the above calculations, as shown in
o 0.0 Fig. 10. Unfortunately, the negative, values in the entire
E -0.05 ¢, range are in poor agreement with the experimental
go 010 values. This fact may be the reason that the Read formalisms
015 remain usable when the system contains only weak inter-
020 actions between each component. Owing to the strong
025 intermolecular H-bonding between NMP and water
030 molecules, the formation of NMP(waterfomplex could
affect the rationality of the two Read formalisms. It could
0, be established that NMP(watggomplexes are compara-
tively stable in the solutions, resulting in a large value of
Fig. 10. The experimentak, values W) and the theoreticak, values negative excess enthalpiAﬁE during the mixing process
calculated, respectively, from Eq. (17) (----), Eq. (18) (----) and Eq. at the co-solvent composition close ¢g = 0.73 (Fig. 3).
(@4) (). Therefore, the formation of the NMP(watgertomplex
should change the composition of the co-solvent mixture.
Ay values. At ¢, < 0.73 the co-solvent mixtures consist mainly of free
1 AyV, water molecules and the NMP(wateQomplexes, while
Xiz= 5 — % (21 there are only free NMP molecules and the NMP(water)
2 V3 complexes for the co-solvent mixtures a; > 0.73

Regarding the thermodynamic properties of the NMP/ Accordingly, the formalism for evaluating thg coefficient
water co-solvent mixtures, Pavlov et al. [37,38] obtained Should be concerned with not only the interaction para-
the activity coefficients of NMP and watey; and y,, for meters,x;3 and x,s, but also the interaction parametgg,
NMP/water mixtures through the vapor—liquid phase € the interaction between polymer chains and the

equilibrium method at various pressures and temperatures c0-Solvent  complex. — Under this circumstance, the
indicating y, = P,/P? and y, = P,/PJ. Here, theP® is the =~ complex-free NMR(x.,) and the complex-free watec)

equilibrium vapor pressure of pure solvent. Using a well- interaction parame?ers mu§t substitute, respectively, for the
known equation(d In y/d(L/T)) = constantthe y; and y, X12 parameter (the interaction between free NMP and water
values at 38C could be achieved by extrapolating from the Molecules) aiy, > 0.73 and¢, < 0.73

results. Then, the Gibbs free energy of mixing of the From the considerations stated above, we try to expand
co-solventsAG™, directly relates to the activity coefficients  the Read formalism by considering the formation of the
of two solvents,y; and y,, as represented in Eq. (22). NMP(water) complex, involving the xc, Xco. Xes
The NMP/water interaction parametey;, could be  Parameters and the volume fraction of the compiex;

subsequently obtained using Eq. (23). 14 i = lixes + ye(br — do)
[02 C C

lir + e — 2xc1016c

) I,
AGM = RT(X]_ In X1v1 + Xo In Xz’yz) (22) Ag = V3¢C|: ¢l

AGM/RT = %1 In ¢ — %o In ¢, + o lc =1+ xe3 = loxaz + Xeao(Pec — ¢2) 24
2= Xi b 23 ? lede + b2 — 2Xcobechs

Fig. 9 shows the calculated values®&" and y;, for the Thel. andl, factors denote the ratio of molar volumégV,
NMP/water mixtures as a function @f,. The AG™ values and V,/V,, respectively, whereV, is the partial molar
are negative, as expected, for a good miscibility between volume of the complex and about 131.5%tmol™* for
NMP and water at all co-solvent compositions. Minimum deducting the excess volume @&t = 0.73. The y; factor,
AGM value is found at aroun@; = 0.80. Although, this the interaction parameter between PVA chain and the
composition is slightly higher than that of the co-solvent NMP(water) complex, could be directly calculated from
complex formation(¢; = 0.73), it could be considered the A, value at ¢, =073 (y.3=0.387 obtained
that the NMP/water mixture becomes further miscible from Eq. (18)). Thed, values could be roughly estimated
because of the formation of the NMP(watechmplex. On from the viscometric results of the co-solvent mixtures as
the other hand, thg,, value varies from 0.75 ab; = 0.1 to shown in Fig. 3. As stated earlier, one NMP molecule could
1.13 at¢; = 0.9. Zeman and Tkacik [38] have reported a bind with two water molecules to form the maximum
similar result for NMP/water co-solvent system and taken a amount of NMP(watep) complexes(¢, = 1.0) at ¢; =
constant valuéy,, = 1.0) for NMP/water pair for calculat-  0.73, where the maximum viscosity of the NMP/water
ing some physical parameters in the formation of mixture is completely related to the co-solvent complexes.
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Table 3

The volume fraction of the complex,, the complex-free NMP interaction
parametery,.; and the complex-free water interaction parameggs,in the
PVA/NMP/water solutions

b1 e Xc1 Xc2
0.2 0.28 - 0.88
0.4 0.55 - 1.05
0.6 0.83 - 1.42
0.7 0.96 - 1.17
0.8 0.73 0.12 -
0.9 0.37 0.33 -

At ¢1 = 1.0 or ¢ = 0, the ¢ value is zero. Conveniently,
the viscosities of the co-solvent mixturesfgt<< 0.73 could

P.-D. Hong, H.-T. Huang / Polymer 41 (2000) 6195-6204
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