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ABSTRACT: A mathematical model for treating multicomponent equilibrium in polymer networks is developed
and tested against experimental data. Equations and numerical solution procedures for treating the full equilibrium
problem of a binary mixed solvent in contact with a cross-linked polymeric network are provided. Case studies
are presented for different values of the cross-link dengidyand Flory-Huggins interaction parameters (solute-
1/solute-2 f1,), solute-1/network-3x;3), and solute-2/network-J3s)). Novel phenomena are observed in certain
cases includingdecreasingconcentration in the membrane withcreasingcomponent concentration in the
contacting mixture. A simple renormalization procedure for capturing concentration dependence of the solute
network interaction parameters is proposed. Experiments on the swelling of poly(acrylauthigadiene) (NBR

rubber) by benzenecyclohexane mixtures are also presented. Data obtained include cross-link densities from
modulus measurements and interaction parametgrand y,3 from pure component swelling. On the basis of
these pure component data, no adjustable parameters are needed to predict the equilibrium swelling for the six
different films studied. Model predictions based on pure component data using the renormalization approach
show better agreement than the predictions based on constant interaction parameters.

Introduction On the basis of these results, the interaction parameter is found

Swelling of polymer networks is an important technical topic {0 P€ concentratioh? temperaturé?** and also cross-link
in a wide variety of technologies including, but not limited to, density dependerit:12In other swelling studies, the specific
membrane science, biochemical protective clothing, and hy- form of the ru_bber elasticity term in the free energy has also
drogels for the controlled release of drugs and other agents.Peen the subject of several studiés? 1> Also, considerable
Despite this technological importance, relatively little theoretical €fforts have been putinto understanding swelling in electrolytes
attention has been placed on understanding multicomponentand hydrogen bonding solverifsi” From a more fundamental
effects in cross-linked polymers. perspective, it r_las been recognlz_ed tha; tht_a_separatlon of the
In membrane separations of binary liquid mixtures, solubility €lastic and mixing free energies is not justified, and a more
data are used to characterize the suitability of the membranecomprehensive theory must start with a fundamentally different
for the intended separation; typically, dense polymeric films Partition function318
are immersed in pure components and their mixtures to obtain  The extension of the FloryRehner theory to ternary systems
solubility data. For example, Park et al. studied the sorption of was considered as early as the mid-1950s by Krigbaum and
alcohot-toluene mixtures in poly(acrylic aciehpoly(vinyl Carpentet® These researchers developed approximate solutions
alcohol) blends, Wang and co-workers have investigated in terms of the ratios of component concentrations present in
hexane, cyclohexane, and benzene in segmented poly(ethylenghe network phase. The first experimental study aimed at testing
oxide imide)s? and Meuleman has studied mixtures of toluene these expressions appears to be that of BrigftExperimental
and water in EPDM membrané<f these, only the study of  and theoretical predictions were reported to be in reasonable
Meuleman presents a bona fide mathematical treatment ofaccord for nonpolar mixtures but less satisfactory for mixtures
ternary phase equilibria using experimental values for the of nonpolar and polar solutes; the lack of knowledge on the
activity of toluene in water. solute-solute interaction parameter was suggested to be re-
Swollen networks also find significant use as hydrogels for sponsible for the latte¥2 Developments in treating the thermo-
biological applications.For example, so-called “smart hydro-  gynamics of the ternary system consisting of two solutes in
gels” useful for bioseparations have been discussed by Kl_m a”dequilibrium with a swollen polymer network are most prevalent
Parl® and Wang and co-workefdVicKenna and Horkey studied i the literature on permselective membranes: these develop-
poly(vinyl alcohol) hydrogels to determine the dependence of ments include the introduction of an empirical correction term
the watet-matrix interaction parameter on cross-llnk_densny_. to capture concentration dependence of the interaction param-
For such binary systems, a linear dependence of the interactiongerg1 and the use of a nonlinear concentration-dependent form
parameter as a function of cross-link density was previously o the interaction parametéfsbased on an earlier treatment
established by McKenna et al. for nonaqueous systems. using a linear functional form in un-cross-linked ternary
The thgoretlcal urjderstarjdlng of swelling has a long history. system3 The constany parameter model has been applied to
The seminal work in the field was completed by Flory and yo,;0ne cyclohexane in polyisoprene systéfand the linear
Rehner in 1943 Since then, a large number of researchers have ¢, centration dependent model has been applied to the tetuene
applied this theory to various cases to describe the sorption  ~ter in ethylene propylene rubber (EPR)lwatsubo and co-
equilibrium of cross-linked polymers exposed to single solute. workerg526 calculated phase diagrams for the swelling equi-
librium of an ionic polymer gel soaked in a solution of two

*To \évhom correspondence should be addressed. E-mail: jdorgan@ mixtures, using a modified FloryHuggins model. Jonquieres
mines.edu.

27 — b ; ;
* Present address: Chevron Energy Technology Company, 100 Chevron€t alZ” used a power law(= a¢") for the Interaction parameter
Way, Richmond, CA 94802, to account for the dependence of the FleHuggins interaction

10.1021/ma0618124 CCC: $33.50 © 2006 American Chemical Society

Published on Web 10/20/2006
ublished on We CDV



8194 Okeowo and Dorgan Macromolecules, Vol. 39, No. 23, 2006

parameter on penetrant concentration in the case of vaporFor a ternary system consisting of two solutes and a polymer,
sorption of pure solutes in polyurethaneimide, a physically cross- the free energy of mixing can be writtéras

linked material. This latter approach was based on earlier work

by Koningsveld and Kleintjed8that uses a three-parameter law AGy, = KT[n, In ¢, + n, In ¢, + n; In @5 + x,0 0, +

for the interaction parameter to describe the concentration X13MPs T X2sno®sl (2)
dependence of the interaction parameter in multicomponent

polymer solutions. Nandi and Winter in 208%xtended the wheren; is the number of molecules of componén; is the
Flory—Rehner theory to study the swelling behavior of partially yglume fraction of component in the network,y; is the
cross-linked polymers. In their study, they assumed that a jnteraction parameter between spediaadj, k is Boltzmann'’s
partially cross-linked polymer in contact with a solvent constitute constant, and is temperature. As discussed in the Introduction,
a ternary system comprising of a polymer network, an un- gitferent forms for the elastic free energy can be adopted:; here

attached polymer (sol macromolecules), and solvent. By ne-the original Flory-Rehner form is used as expressed in eq 3.
glecting the interaction between sol macromolecules and

network strands and also by assuming that the sol macromol- KTvg) 5 5
ecules and the network polymer are chemically similar, they AGg = o (0" +o,” + a,” = 3= In(a,0y0,)) (3)
were able to describe the ternary system using a single

interaction parameter; that is, as a pseudobinary system. In eq 3,0, is the deformation factor in the-direction andve is

Itis apparent that many modifications to the multicomponent he effective number of chains between cross-links.
Flory—Rehner theqry attempt to describe the concentration  pifferentiation of the free energy with respect to the
dependence of the interaction parameters. However, this use oomponent mole number provides expressions for the chemical

an experimentally determined fitting parameter complicates the potentials of the two solute species. These formulas are given
task ofpredictingpreferential sorptiof? In this paper a simple by egs 4 and 5.

renormalization scheme is proposed that obviates the need for
adJTuhstabIe parameters. _ o p U Augy, \Z1
e renormalization is based on a simple volume fraction = =IN@,+ 1= @y— FPom T+
weighted mixing rule involving solutesolute and solute RT \Z
network interaction parameters. This renormalization better V,
describes cosolvency effects observed in multicomponent — X122m(l = @1m) T x13P5(1 = P1m) = Yoy Pan®Ps T
systems when compared to the constant interaction parameters 1,32
treatment; supporting data on the benzetyclohexane in poly- pVi(@s " — 0.5p3) (4)
(acylonitrilebutadiene) system are presented. Of utmost impor-

tance here is the fact that no adjustable parameters were use@f, — M(z) Aty 2

in the model to predict the equilibrium swelling of six network ~— RT ~ RT N @om+ 1= @om— Vlwlm +
films—data on the binary systems are collected and used to v, v,

predict the ternary behavior. It is demonstrated that the 212y Pim ~ X1z Pin®3 T Z2s(Pim T Pamds
renormalization of the interaction parameters improves the 1 1

predictive power of the theory when compared to the case when pVao(@s — 0.5p5) (5)

constant interaction parameters are used. In addition, several
case studies are presented to elucidate the effects of cross-linkingnare i and 2 are the chemical potentials in the membrane
I

densjty, molqr. volumes, and interaction parameters on the 5,4 at the reference state, respectively. Ajsois the cross-
relative solubility of the two solutes. link density (mol/cnd), andV; is the molar volume of component
i. The subscript “m” denotes that these concentrations are in
the network or membrane phase. In the derivation of egs 4 and
The Flory-Rehner theory is extended in this paper to describe 5 the following assumptions are implicitly made: (i) the network
multicomponent Sorption in cross-linked pOIymer films. The is amorphous and homogeneous and it swells isotropicauy(
theory is constructed, in the usual way, from a total free energy = oy = o), and (i) because the network is a single molecule
per unit volume COﬂSiSting of contributions due to the free (n3 = l) whereas there are |arge numbers of solute molecules,
energy of mixing and the free energy of elastic deformation. In ns is equated to zero. Equations 4 and 5 above have been
the present development, expressions are provided to describgyresented previously by Mueleman and co-workers in the
the ternary system consisting of solute-1, solute-2, and a cross-ontext of a model for membrane separatidns.
linked polymer network-3. The membrane is viewed as @  Chemical potentials for components 1 and 2 in the contacting
homogeneous network characterized by a cross-link density andiiquid phase are taken as being described by the equivalent of
mean-field interaction parameters with each of the two solutes. the above model but based only on a binary free energy of

The contacting binary liquid phase consisting of the two solutes mixing. The resulting forms are given by egs 6 and 7,
is treated in a consistent fashion; the free energy of this respectively.

contacting phase consists only of the usual free energy of mixing
terms. Apyg Vi 2

The free energy of the network is taken to be separable into RT M@t 1= 01—y @ast 11l — 91" (6)
terms associated with the free energy of mixing and of elastic 2
deformation as expressed in eq 1.

Theory and Calculations

Auy Va \z
== IN(1 — @1 + @ps— v1¢13+ XlZVlelsz (7)

AG = AG,, + AG, @) RT

whereAG is the total free energy change per unit volul&, The subscrip “s” in the above equations denotes compositions
is the free energy of mixing, amiGg is the elastic free energy.  in mixed solvent phase. CDV
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The condition for equilibrium is equality of the chemical \A
potentials in the two phases Aty =RTIng; +1— ¢, — AL + (a2 +
Vl
Aty = Aty (8) (A3 T D130 ) @) (1 — @1) — @19,03013— \72(323 +
Aty = Aty ©)

Vi 3 1
D3P 1) P23 + 72%(/33(% T @)D+ peVi| s — E(Ps

By substituting the expressiaps = 1 — @1m — @2m in €qgs 4 (12)
and 5 and eliminatingzs by usinggzs = 1 — ¢1sin egs 6 and v

7, the phase equilibrium problem becomes well posed. Namely, Aty =RT[IN @, + 1 — @, — _2(;01 4

egs 8 and 9 can be solved for the two unknown solute \Z

concentrations in the membrang,m — ¢@2m, as a function of (V

2
the specified solution concentratiopys v + (A + b23g01)q03)(1 — %) ~ P1PPaPrs—

The derivation of the chemical potentials above assumed V, V,
constant interaction parameters; but it is known that these Vl(a13+ b13¢2)§01(/)3+vl¢1¢3(§01+ @3)bi3+
parameters can be concentration dependent. An underappreciated
result from multiple component phase equilibria calculations PeVz(%l/S — %%)] (13)
involving small molecule system is that the interaction param-

eters are often rescaled to reflect the changing composition of Equations 12 and 13 can be used in place of eqgs 4 and 5 when
the phases at equilibriufit. The simplest way to do this is to  gojying the phase equilibrium problem governed by egs 8 and
take a weighted average. Therefore, a renormalizatiop9f 0.

and y23 is proposed in eqs 10 and 11 to give “effective”  The solution procedure for simultaneously solving egs 8 and
Interaction parameters. 9 is shown in the block diagram of Figure 1. The parameters of
the model include the two molar volumes, the various interaction
parameters, and the cross-link densWy, V2, x12, %13, X23, pe)-

e — 1 _ + — + - =
vZChal Pamiaat Pan12= Yaa F (a2 = %29 Pam The value ofgp;s is fixed, and initial trial values forp;, and

%3+ bigam (10) @om are assumed. Equation 8 is then solved to fing, and
R using this new value eq 9 is solved f@py,. These calculated
X23= (1= @1)tas + P1al12 = 2oz + (12 — 429 P1m = values are compared against the trial values for convergence;
Ays 1+ bys, (11) if they have changed since the prior iteration, they are adopted

as the new trial values and the procedure is repeated. Once both
concentrations within the membrane are converged, the con-
centration of the solventy,s, is incremented, and the whole
procedure is repeated so that the membrane concentrations can
be calculated as a function of the solvent concentration.

In these equationsas = yis (the constant solutepolymer
interaction parameter determined from pure component swelling)
and bz = y12 — x3, wherei = 1, 2. The idea of the
renormalization is to account for the effect of the third
component on the usual binary interaction parameter; in essencepaterials and Methods

the mean field of interaction between two components is |\ gg (DN0O3 a poly(acrylonitrileso-butadiene) random copoly-

modified depending on the overall composition. Consider the mer having 50 mol % acrylonitrile, a Mooney viscosity70—85,
limits bounding ¢2m; When ¢2m goes to zero, the effective  andp = 1.02 g/crl) was obtained from Zeon Chemicals. The

interaction paramete{(ﬁ3 is equal to the usual binary valyegs trifunctional acrylic ester coagent SR517 was obtained from
whereas in the limit thap,m approaches unity (thereby meaning
that component 1 is necessarily interacting only with species | Read V., V,, P,/ X150 X130 X23 |

2), the effective interaction paramegr, approaches the value

of y12. The same interpretation holds fgk, as gim varies
between its own bounds. The form of eqs 10 and 11 are similar
to the one proposed by Mulder et?dThe distinction between
Mulder et al.’s definition and the form proposed here is that .

the former was defined by two unknown adjustable coefficients ’S"l"e Ay~ A, =0 by root bisection for @, }‘7
(a1z andby3). As shown below, this renormalization scheme has !

reasonable predictive capabilities. To the authors’ knowledge, |S°1"e At~ Al,,=0 by root bisection for @, I

the concept of rescaling the interaction parameters in this simple !

way for multicomponent swelling of networks does not appear [_check for convergence |———f No ]
elsewhere in the literature.

‘Set initial guess for Q. ,.4 Pom ‘

‘ Start loop over @,

Yes
Substituting the definition of the solutgolymer interaction

parameters given by eqs 10 and 11 in eq 2 to account for the IWrite result to filel
renormalization of the interaction parameters and differentiating !
the resulting free energy expression with respect to the ’ End loop over @, ‘
component mole number provides expressions for the chemical
potentials of the two solute species. The chemical potentials END
for components 1 and 2 become Figure 1. Numerical solution flow diagram.

Ccbv
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Figure 2. Chemical structure of trifunctional acrylic ester (2-ethyl-2- 025 B 1" °
hydroxymethyl-1,3-propanediol trimethacrylate) determined from NMR 020 | — Jo20
spectral analysis. A ]
0.15 | A__ \D\D\ —@& 015
. . . . - O—pg
Sartomer Co. The chemical structure of the trifunctional acrylic 010F 4 =y =y =0 A\A\A B oo
ester determined from NMR spectroscopy is given in Figure 2. P e TA—A__. 1
Dicumyl peroxide, benzene, cyclohexane, and cyclohexanone were %% [ ¢,,0.5,V, =80 (cm/mol) "% 4005
analytical grade chemicals obtained from Aldrich-Sigma. 0000  0.002 0.004 0.006 0008  0.010

To form cross-linked networks, a 12 wt % solution of un-cross- Pe

linked NBR in cyclohexanone was prepared, and a fixed amount gig e 3. Effects of cross-link density and molecular volumes on solute

of co-agent was added followed by a known amount of dicumyl gojupilities in an athermal system. Open symbols refer to component
peroxide. The resulting solution was well mixed. Nine stock 1 (¢;,) and shaded symbols to componenty2.).

solutions of the NBR were prepared with different amounts of

coagent and peroxide in order to obtain films with different degrees the completed transition. In all cases, only a siriglevas observed,

of cross-linking. The samples were prepared by solution-casting implying a homogeneous morphology.

onto float glass plates surrounded by masking tape and formed under Dry films having a dimension of 30 mm in length and breadth

controlled solute evaporation conditions by covering with aluminum were cut from nine membrane samples each having different

pans. This minimized variation in film thickness, and importantly, coagent and peroxide concentrations. Film thickness was measured

eliminates preferential loss of curing agents in regions of high using a micrometer caliper. Films were weighed before they were

evaporation. The formed films were then thermally treated at 162 immersed in a closed bottle containing benzene, cyclohexane, or a

°C for 30 min in a vacuum oven. mixture of both. The density of the dried films was averaged over
An ARES 605 (TA Instruments) having a thin film fixture was  the number of films taken from the “parent” sample. Films were

used to determine the storage modulus of the membrane. Theremoved from the bottle at certain time intervals and blotted dry

dimensions of the samples used were 5 mm wide and 60 mm longWwith a Kimwipe. The films were weighed until no change in weight

with typical thicknesses of several hundred microns. To avoid rough was observed over several hours of immersion time.

edges on the sides of the samples, a single stroke with a sharp Flory—Huggins interaction parameters were determined from the

razor blade was applied when cutting samples. A micrometer caliper pure component equilibrium swelling of the membrane films. The

was used to measure exact sample thickness. The film to be testedlegree of swelling, DS, was determined using eq 15

was mounted onto the thin film fixture and allowed to equilibrate

to the testing temperature fer30 min before beginning the test; DS (Wf - W

a slight pretension was applied to the sample. Dynamic frequency W,

sweeps (10°—1(? Hz) were performed at constant temperatures

between 30 and 195C. The temperature and frequency ranges whereW is the final weight of swollen polymer film at equilibrium

chosen resulted in well-defined curves, showing a storage modulusand\ is the initial weight of polymer film before exposure to the
plateau at low frequencies. Prior to performing the dynamic sglvent mixtures.

frequency sweeps, dynamic strain sweeps were conducted in order

to determine appropriate strains to ensure that all measurementResults and Discussion
were within the linear viscoelastic region. Timgmperature . . . . .
superposition of the data obtained was performed to create a master Theory. In this se_ctlon, various case st_udles are dlscuss_ed _to
curve shifted to a reference temperature of €0 The storage  elucidate the physical effects present in the model. This is

modulus obtained from the plateau region of the master curve wasfollowed by a direct comparison with experimental data.
used to determine the cross-linking density by applying the theory ~ For constant interaction parameters Figure 3 shows that, as
of rubber elasticity (i.e.pe = E/3RT). To obtain the value of the  expected, increasing the cross-linking density leads to a decrease
modulus in the plateau region, experimental data were fit to a seriesin solubility for both components. In addition, the ratio of molar
of exponential function of the form shown in eq 14, and the function yolumes has been changed while keeping the molar volume of
evaluated at = 0 is taken to be the approximated modulus value. gpecies 1 fixed at 80 cimol (roughly the size of benzene): it
is clear that the model always predicts a greater solubility for
E' = A, exp(-olt) + Ay expC-olty) + AgexpC-wlty) Ty, (14) the species with the smaller molar volume.
Figures 4 and 5 demonstrate the effect of changindn an

In eq 14,0 denotes the frequency; the terlst; (i = 1, 2, 3), and otherwise athermal systemm§ = y23 = 0); Figure 4 corresponds
Yo are constants and have values that depend on the specific systento the case of constants, and Figure 5 corresponds to the
being evaluated. case of renormalizeg’s according to eqs 10 and 11. In both

DSC experiments were performed on the dry membrane samplesfigures, the molar volumes for the solutes are assumed to be
Bs'sirc‘:g;_zotmg of rtnass, sea(;edsin aI:Jminum panfj.'tA Pe(;kti)n'ﬁlmf_’r equal {1 = V, = 80 cn®/mol), and the cross-link density is set

instrument was used. Samples were conditione eatin ; ; ;

from —80 to 140°C at 20°C/min; sgmples were then held )i;.t 140 gzzea:vgl.lé%;yﬂgsé%.the experimental results described below

°C for 5 min and subsequently cooled+®0 °C and held at this Considerina th tantint " t fEi
temperature for 5 min. Thermograms were recorded on the second  ~ONSIG€riNg the constantintéraction parameter case ot Figure

heating from—80 to 140°C at 20°C/min. TheT, for each of the 4 When the system is completely athermak(= O, triangles
blends was determined using the h@jf-method for calculating  in the figure), the expected linear relationship between concen-
T, This method estimates tfig by reporting the point on the heat ~ tration in the network and concentration in the contacting
flow curve where the specific heat change is half of the change in solution is observed. That is, in thsgular casehe equilibriumCDV

)100 (15)



Macromolecules, Vol. 39, No. 23, 2006 Multicomponent Swelling of Polymer Networks3197

T T T T T T T

06 O /=y, =15 06 osl T s
-0 3 =0.003 5 =y =0.0 =0
—/ x,=0.0 Pe XKy / " os
— /—e— X12= 15 '
0.6 o
o 0.4
(p1m (pzm (P1m (p2m
: : 0.4 .
0.2 o
0.2 0.2
P )
0.0 %15™%=0-0, p,=0.003 molicm®. "E oo
0.0 0.2 0.4 0.6 0.8 10 . 80

(p1s

Figure 4. Effect of y12 in an otherwise athermal system{= y23 = ) )

0) on the volume fractions of components 1 and 2 in the swollen Figure 6. Effects ofy,s on the volume fractions of components 1 and

polymer without renormalization gfi3 andyzs. Open symbols referto 2 (x12= x13= 0) dissolved in the network without interaction parameter

Component 1¢1m) and shaded Symbols to Componentqznol renormallzat|0n. Open Symb0|S refel’ to Componenﬁﬂmxand shaded
symbols to component 2pgn).

0'6L bR~ 1.5 06 because moving one of the dilute species molecules into the
L A= y,= 00 network eliminates unfavorable soluteolute interactions in the
OO x,= 15 solvent phase, the net effect is to haveereased solubility at
high concentrationselative to the athermal case fanfavorable
solute-solute interactionsThis counter-intuitive result is easily
Pim I Pom understood within the context of the present model and
: : demonstrates the importance of understanding sekfute
0.2 AT NN ] 0.2 coupling effects when designing elastomeric networks for a wide
: : range of applications.
When the interaction parameters undergo renormalization, the
%,71,= 0.0, p,=0.003 mol/em’ results are significantly affected as illustrated in Figure 5. Again
005 02 o4 06 08 100 in the athermal case, the simple linear relationship between
(O concentration in the contacting mixture and concentration in
Figure 5. Effect of y1, with renormalization in an otherwise athermal .the .networlf IS observed. Eﬁects assoglated Wl.th. the renormal-
system f13 = 723 = 0) on the volume fractions of components 1 and ization are immediately evident by again examining the results
2 in the polymer network. Open symbols refer to componenpd)( for a 50:50 mixture ¢1s = 0.5). In this case, the rankings of
and shaded symbols to componentyy). the solubility are reversed relative to the constant interaction
parameter case. For favorable sotuselute interactionsyf.
may be described in terms of a simple partition coefficiént, ~— —1-), the concentrations of both solutes are iegherthan
= gi@1s In any case for which either molar volumes are in the athermal case, and this is independent of the concentration

unequal or interactions exists, such a constant partition coef- of the mixed solvent. This seemingly counter-intuitive result .
ficient model is erroneous. comes from the fact that the membrane phase becomes energeti-

Figure 4 also shows the cases where the two solutes havecally more favorable as the_ solutes_ dissolve into it; that is, the
very favorable interactiong/(> = —1.5) and very unfavorable effective membrane squ'Fe interaction parameters are no longer
interactions f1» = 1.5). Effects associated with changing this 2€ro bu.t arein fact negative. In the case of unfavorable selute
interaction are immediately evident by examining the results solute interactions the solutes are now_le_ss soluble. These
for a 50:50 mixture 15 = 0.5). As the solutesolute interaction ~ Phenomena can be understood by examining egs 10 and 11;
parameter becomes more favorable, the solubility of both solutesth€ Solute-membrane interaction parameter is renormalized to
in the network decreases. In the case of favorable soldfite include a contribution fromy:, thus altering the effective
interactions f1. = —1.5), the concentrations of both species ©€nergetics.
are always lower than in the athermal case independent of the In all cases exhibited in Figures 4 and 5, it is observed that
concentration of the mixed solvent. This is intuitively understeod ~ the volume fraction of a given component in the network
favorable solventsolvent interaction provides a driving force  increases monotonically as the volume fraction of the corre-
for retention of solutes in the solvent phase. However, in the sponding component increases in the mixed solvent contacting
case of unfavorable interactions, an interesting transition occursthe network. Interestingly, this is not always necessarily true
at feed compositions of approximately 30 and 70 vol@gsE as demonstrated next.

0.3, ¢1s= 0.7); the dilute species is excluded from the solvent  In Figures 6 and 7 the effects of changing the interaction of
phase and pushed into the network phase while the concentratedolute-2 with the network-3ygs) is explored for the case of
species is retained. This can be understood by recognizing thatconstant and renormalized interactions, respectively. Examining
for the dilute species the interaction in the solvent phase (wherethe constant interaction parameter case of Figure 6, the results
x12 = 1.5) is unfavorable compared to its interaction with the show the expected trensy.s is made more favorable, greater
network phase (whergis = 0.0). These energetic interactions amounts of solute-2 are dissolved in the network. Interestingly,
favoring solubility in the membrane phase are balanced againstas the interaction is made highly unfavorable, a near plateau in
unfavorable chain stretching entropic effects so that not all of solute-2 solubility is observed; that is, the solubility of
the dilute species is pushed into the network. Interestingly, component 2 becomes neamdependenof its concentratiorbDV

0.4 | Y R n AL A ¢ Cm— J0.4
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(p1'"o.4 . 0.4P2m (p1"6.1o ] o.:p am

0.2 0.2 0.05 10.2
H Pe=°'°q3' xu=xu=~§0.0 H
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Figure 7. Effects ofy2; on the volume fractions of components 1 and
2 dissolved in the network with renormalization. Open symbols refer
to component 1¢1m) and shaded symbols to componenty2.f).

Figure 8. Effect of y»3 on the volume fractions of component 1 and

2 (y12=0.0,13= 2.0) in the swollen polymer, without renormalization

of y13 andy2s. Open symbols refer to volume fractions of component
1 (p1m) and shaded symbols to componenty@.f).

in the contacting mixed solvent. It is again worth emphasizing 0.20 0.8
that the solubility in the network cannot be related to the —O— /—@—4,=-05
concentration in the contacting phase through a simple partition p=0.003,%,%0.0.%,%20 _A_ a %= 0.5
coefficient in anything except the athermal case. Turning 0.15 - O /—8=%,~1540.6
attention to the effects of changings on the solubility of

component 1, very subtle effects are present. Because the @, O
athermal interaction of solute-1 with solute-2 in the mixed 0.10 0.4

solvent phase is equal to the interaction of solute-1 with
network-3 phaseyfs = y12), the observed changes in solubility : 1
in the network are not directly enthalpic in their origin and so 0.05 Iy T 0.2
must be due to entropic effects. These entropic effects give rise
to surprising and fascinating behavior; the solubility of solute-1 : :

is suppressed relate to the athermal casier unfavorable 23 0000 02 04 06 0.8 .90

> 1.5) solute-2 with network-3 interactions. In this case of Q.

unfavorable solute-2 interactions, species 2 is energetically Fi .

. igure 9. Effects ofy2; on the volume fractions of components 1 and
excluded from the network. In contrast, species 1 has the same; gissolved in the network with renormalization. Open symbols refer
energetic environment in the solvent and netwogls € y12); to volume fractions of component Ip{») and shaded symbols to
however, the entropy of mixing is maximized in the solvent component 2 gom).

phase. That is, the lack of another low molecular weight species Figures 8 and 9 illustrate the effect of changjpg for the

in the network phase to mix with means that from an entropic al h lute-1 h diff N i . i
perspective the solvent phase is preferred. This interpretation.SpeCIa case where solute-2 has a difierent energetic environmen

is supported by noting that the maximum suppression of species' the solvent and networl{, = y13); this is unlike the previous

1 in the network phase (greatest deviation from the athermal fﬁse dlscufsse(:] IT Wh'mzn j )lg|13u:r 0.9F|gLrJrre 8 cr?(;re?pct)t?ds ;0
case) takes place at tiggs = 0.5 solvent concentration; this is e case of constapts, a gure = corresponds 1o the case

- L . of renormalized,’s. The highly unfavorable interaction between
tmhgxﬁ)rcr)]lirzlg\évhere the entropy of mixing in the solvent phase is component 1 and the networksg = 2.0) suggests that

component 1 is likely to be excluded from the polymer network.
The effects of renormalizing the interaction parameters in the The trends observed (Figures 8 and 9) for the effect of changing
case of changingzs are shown in Figure 7. Qualitatively, the ., on g, as a function ofpss is similar to that in Figures 6
behavior is very similar to the case of constanparameters  anq 7, except for the fact that the concentration of species 2
except for the different trend observed for the effecygfon does not pass through a maximum jats(= 1.5). However, a
the volume fraction of component 1 in the membrane. In the significant difference is observed in the nature of the trends of
case of constant interaction parameters, increases slightly ¢, as a function ofgys at different values ofy.s the
asy23 changes from 1.5 te-0.5; a different observation occurs  concentration of component 1 passes through a very apparent
for the renormalizegt where the reverse trend is observed. That maximum aty23 = —0.5. A significant increase in the volume
is, p1mincreases ag3 changes from-0.5 to 1.5, withamarked  fraction of solute-1, for a given feed concentration, is observed
difference ing1m values. This observation could be ascribed to as the interaction parameter between component 2 and the
the fact that aj>3 = 0.5 the interaction of component 1 with  polymer network is varied. This is dissimilar from the behavior
the membraneygs = 0.0) is interpreted as a favorable interaction in Figures 6 and 7 in which only a slight increasegify, is
over that of component 2. Notably, the concentration of species gbserved. The enhancement of the composition of solute-1 in
2 in the membraneygs = 1.5) does actually pass through a the membrane fog,s = —0.5 suggests that the presence of a
slight maximum with increasing concentration. This counter- strong solute-2/network-3 interaction changes the network
intuitive behavior is a reflection otosobency effectsthe environment to one that increases the solubility of component
presence of species 1 in the network phase helps solubilizeq,
component 2. Renormalization means that the effective interac- The renormalizeg’s case in Figure 9 exhibits similar trends
tion, X§3, becomes less unfavorable than the original value of for the plots ofp;m andg.m as a function ofp;s when compared
x23 = 1.5. to Figure 8. However, the effects are more pronouncedCfBR/




Macromolecules, Vol. 39, No. 23, 2006

0.8 . . . :
—O— [y =15 03
L~ |A—y,=00
06} O /@y, =15
Jo2
Pim gal (2
J0.1
02k
p,=0.003, 3, =-1.0,%,=1.0
0.0 : - : . 0.0
0.0 0.2 0.4 06 08 1.0

(p1s

Figure 10. Effect of y12 on the volume fractions of components 1 and
2 in the swollen polymer, without renormalization)ag andys. Open
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1.0) on the volume fractions of components 1 and 2 in the polymer
network. Open symbols refer to volume fractions of component;3)(
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Table 2. Glass Transition Temperature Tg), Density (p), and Elastic
Modulus (E') of Membranes As Determined Experimentally

sample ID Ty (°C) o (g/cP) E (MPa)
NA1 —5.6+0.15 1.022+ 0.076 3.26+ 0.90
NA3 —5.0£0.15 0.990+ 0.075 8.46+ 1.05
NA5 —3.7£0.15 1.034+ 0.078 16.0+ 2.7
NB1 —5.14+0.15 0.999+ 0.074 6.13+ 0.58
NB3 —5.0£0.15 1.022+ 0.075 10.3+ 1.2
NB5 —3.6+£0.15 1.035+ 0.076 17.9+ 2.5
NC1 —5.7+£0.15 0.986+ 0.073 15.9+ 2.2
NC3 —4540.15 1.039+ 0.080 19.4+ 4.5
NC5 —-1.6+£0.15 1.021+ 0.076 29.9+ 2.3

the qualitative behavior. For example, favorable sehselute
interactioins f12 = —1.5) lead to greater solubility of solute-2

in the membrane. Such coupling effects cause the concentration
of component 2 in the network to exhibit a maximum and a
minimum wheny;2 = —1.5 and 1.5, respectively.

In summary, the two versions of the multicomponent swelling
model described by eqs4.3 show a wide variety of interesting
and sometimes counter-intuitive behaviors. Careful examination
of the results does lead to the conclusion that selat#ute
coupling effects in multicomponent swelling are of utmost
importance in a variety of cases.

Experiments

Sample descriptions and formulations are given in Table 1
along with the swelling data and derived interaction parameters.
Results for the glass transition temperatufg),(density p),
and modulus E') measurements are shown in Table 2. The
amount of peroxide added to the system increases the degree
of cross-linking, as shown by the increases in b®dthand
modulusE'. The cross-linking is also significantly increased
by the amount of coagent added to the sample. The double bonds
in the coagent (2-ethyl-2-hydroxymethyl-1,3 propanediol tri-
methacrylate) structure are opened up creating additional cross-
linking sites.

results compared at the same set of interaction parameter values. The samples prepared span an order of magnitude in their
Again, it is observed that the renormalization scheme enhancedow-frequency moduli. An example master curve for a sample

the cosolubility effects.

In Figures 10 and 11, the effects of changjgon a system
in which y13 is less thary.s (y13 = —1.0 andy.; = 1.0) are
presented. Figure 10 corresponds to the case of congwnt
and Figure 11 corresponds to the case of renormajjzed he
negative value of13 favors more of solute-1 disolving into the
polymer network than solute-2; unfavorable sotuselute

cross-linked using 10 wt % coagent and 3 wt % dicumyl
peroxide is shown in Figure 13. Moduli increase with increasing
coagent concentration.

Degree of swelling (DS) data were taken as a function of
benzene-cyclohexane composition (measured as weight fraction
of benzenews;). Results are denoted by the filled-square
symbols in Figures 1419. Samples exposed to pure cyclohex-

interactions further enhance this effect. That is, Figure 10 showsane show negligible swelling due to the high polarity of the

that, for a given feed concentration, the volume fraction of

50% acrylonitrile by weight NBR employed in this work.

component 1 in the network increases as the interaction betweerHowever, an increase in the benzene composition from 0 to 25

component 1 and 2 becomes less favorable.

% resulted in a dramatic increase in the swelling. The effect of

Figure 11 shows the corresponding renormalized case tocoagent on swelling is more noticeable in the sample having

Figure 10. It is observed for that the effect of changpgon
the solubility of solute-2 is now monotonic. Again, the inclusion
of ay12 contribution to the solutenetwork interactions changes

high level of peroxide, for example 3 and 5%; this observation
may be explained by the fact that at low level of peroxide
content the coagent cannot be fully utilized.

Table 1. Solute-Membrane Interaction Parameters and Volume Fractions Determined from Swelling Data

coagent content peroxide content @membrane Pmembrane
sample ID (wt %) (wt %) X BZ—membrane X CH—membrane (in BZ) (in CH)
NA1 0.1 1 0.528 2.836 0.36%& 0.040 0.975+ 0.150
NA3 0.1 3 0.236 2.507 0.34# 0.030 0.965+ 0.150
NAS5 0.1 5 0.137 2.745 0.40F 0.040 0.975t 0.150
NB1 1 1 0.385 2.818 0.35% 0.040 0.975+ 0.140
NB3 1 3 0.227 2.731 0.366 0.040 0.973+ 0.140
NB5 1 5 —0.060 2.898 0.37% 0.040 0.979+ 0.140
NC1 10 1 0.040 2.674 0.372 0.040 0.973t 0.140
NC3 10 3 —0.054 2.463 0.38% 0.040 0.966+ 0.150
NC5 10 5 —0.092 2.908 0.466- 0.050 0.981 0.150

Ccbv
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respectively.

membrane containing 10 and 3 wt % of coagent and peroxide,
respectively.

Interaction parameters (see Table 1) determined from swelling

in pure components show that the addition of more coagent to parametef. It is to be noted though that in the present case a
a sample results in a stronger affinity for benzene. On the other coagent is included.
Comparisons of results predicted using the new models with
was observed when the cross-linking density increases by theexperimental data are shown in Figures-14. The solid and

addition of more peroxide, for samples having the same coagentdash lines are model predictions using the multicomponent
amount. These results contrast with previous observations thatFlory—Rehner equations with and withoytrenormalization,

increasing the cross-linking density increases the interaction respectively. In all cases a constaat = 0.5 was used as th&DV

hand, a decrease in the benzenetwork interaction parameter
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value of the cyclohexarebenzene interaction parametér.
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experimental result and is not able to produce a quantitative
description of the experimental data.

Conclusions

Two versions of a model for network swelling by binary
solvent mixtures have been developed and tested against
experimental data. Equations and numerical solution procedures
for treating the full equilibrium problem of a binary mixed
solvent in contact with a cross-linked polymeric network are
presented. A novel renormalization provides a methodology for
providing a set of compositionally dependent interaction
parameters without the need for simply fitting data. Comparison
of model results with swelling data for NBR in benzene
cyclohexane mixtures shows that the renormalization approach
provides better predictive capability that the constant interaction
parameter methodology. This is true both for data generated in
our own laboratory as well as for independent data appearing
in the literature.

Calculated case studies for different values of the cross-link
density and interaction parameters show novel phenomena in
certain cases includindecreasingconcentration in the mem-
brane withincreasingcomponent concentration in the contacting
mixture. Several explainable but counter-intuitive findings point
out the necessity of having a quantitative description of
multicomponent swelling when designing elastomeric networks
for a wide variety of applications ranging from membranes for
chemical separations to biochemical protective clothing to
hydrogels for the controlled release of drugs and other agents.
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