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Simulation of swelling of model polymeric gels by subcritical
and supercritical solvents
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Monte Carlo simulations have been performed to examine the volumetric behavior of model
nonionic gel systems where the solvent is at subcritical and supercritical conditions. It is found that
the degree of swelling correlates well with the density changes of the solvent: swelling decreases as
the solvent becomes less dense. As the temperature is increased at constant pressure, gel swelling
exhibits a monotonic decreasing trend whose onset approximately agrees with the solvent’s boiling
point for subcritical pressures and, for supercritical pressure, with the location of the lower critical
solution temperaturLCST) of the solvent—uncrosslinked polymer system. Evidence of an
incipient first-order volume phase transition has been detected for polymeric networks with long
strand lengths in contact with a supercritical solvent. 1@99 American Institute of Physics.
[S0021-960608)51448-]

I. INTRODUCTION pH, ionic concentration, stress, electric fields, etc. The fact
When i b hed pol ic chai ith pol that a small change in a controllable variable of the sys-
en lineéar or branched polymeric chains with poly- o, cqp generate large changes of its extensive properties

functional sites react in the proper environment, they Carte.g., volume is a feature of great interest for technological

form complex crosslinked structures known as polymeric. =/ . : .
applications. Discontinuous volume phase changes are gen-

networks. Linear chain sections connecting two crosslinkingerally favored by long polymer@trand length large persis-

sites are termed active strands. Active strands limit the abil- MR
tence length, and extensive ionizatfon.

ity of a polymeric network to absorb a solvent by creating an Temperature sensitive gels are of particular inter-
elastic pressure that opposes the swelling of the resulting gel ot P h u | v i 9 b tf] Icu ! I
(and balances the osmotic pressirBolymer gels have im- est for chemical separations Dbecause Iney are usually

portant applications as absorbent materials and separatié’r?'gffzmed byl ch]:emges in pH or lonic Stre?gth' A_(‘j"’i:li)
agents in various industries. To a large extent, the ultimat§tudied example of a temperature sensitive gel is provided by

purpose of a gel is that of absorbing and releagisgjec-  PCIY(N-isopropylacrylamidg (NIPA) in Waterfl,_G This gel
tively) some substances from a fluid medium. The key for'S Nighly swollen at low temperatures and shrinks as the tem-
development and use of “intelligent” gels therefore residesPerature increases. The driving force underlying the volume
in our ability to control these absorption and release prophasg transition that these gels exhibit is a lower critical
cesses, e.g., the degree of gel swelfimgthough studies of ~Solution temperature(LCST). Below the LCST, un-
gel swelling have been confined to conditions where the solcrosslinked NIPA chains are completely miscible with water;
vent is subcritical, use of supercritical solvents can providetbove the LCST, a polymer-rich and a water-rich phase are
new opportunities for development of novel separation techformed. This change in the character of polymer—solvent
nologies. Supercritical fluids are used in extraction processeg®iscibility that occurs at the LCST is manifest in a gel as
due to the ease with which their solvent quality can be tunedariations in the amount of absorbed solvent; above the
by small changes in pressure and temperature; it is therefoléCST the gel tends to collapse and forms a shrunken,
of interest to explore the possible advantages of separatiofpolymer-rich” phase.
processes comprising both a supercritical solvent and a poly- The LCST in the NIPA—water system occurs at tempera-
meric gel. tures well below the critical temperature of water
The physical similarity between a polymer solutigma  (305—320 k€T.=647 K) and both phases exhibit liquidlike
single solventand a swollen gel led previous researchers tadensities; it is therefore associated with a liquid—liquid phase
predict discontinuous volume phase transitions in gels irequilibrium (LLE). This type of LLE-LCST is caused by the
analogy to the coil-globule transition of polymers in effect of temperaturéand density on hydrogen bond asso-
solution?® Theoretical and experimental work has confirmedciations between water and amide groups of the polymer.
these predictions and, in fact, some systems have bee¥ote, however, that not all nonionic polymer—solvent sys-
shown to exhibit multiple phase transitiohdt has been tems that exhibit a LCST give rise to a first-order transition
shown that volume phase transitions can be generated by gel volume with temperatureFor example, linear poly-
changes in composition of the solvent, temperature, pressur@iethylacrylamide in watef does exhibit a LCST at atmo-
spheric pressure, but gels prepared from this polymer do not
dpresent address: School of Chemical Engineering, Cornell University, Ith-exhibit a discontinuous volume phase transifiofhe differ-
aca, NY 14853. ent behavior of this system and the NIPA gel arises from
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lack of models capable of describing the gel-swelling behav-
ior induced by supercritical fluids. A theory of gel swelling
by a subcritical or a supercritical solvent must take into
account the effects of mixing, elasticity, and compress-
ibility on the properties of the system. Within the framework
of Flory—Huggins’ lattice theory of polymer—solvent
thermodynamic$? the effect of compressibility can be con-
veniently included by introducing holes or empty sites in the
lattice. Such an approach was employed by Sanchez and
Lacombe in their lattice—fluid theory, which has been shown
to provide a satisfactory description of different types of
phase equilibria in mixtures containing macromolecules, in-
cluding LCST-type of behavidf® For incompressible sys-
tems, one of the most widely used mean-field theories to
describe the swelling of gels is that of Flory and Rehier.
0.95 0'4 ole 0'8 y The theory proposed by Marchetti al?® for gel swelling is a

' ’ simple combination of the Sanchez—Lacombe lattice theory

Solvent Weight Fraction
for the mixing thermodynamics of compressible polymer—

FIG. 1. Qualitative effect of pressure on the miscibility of a binary mixture 14 _
of polymer and solvent. Curves have been calculated with the Sanchez§0|\/ent SySterﬁé and the Flory—Rehner theory for the

Lacombe theory(Refs. 13 and L4for a mixture of ethandsolveni and  €lastic free energy of a netwotk.Marchettiet al’s theory
heptadecanéshort polyme). Full curves correspond to supercritical pres- has several adjustable parameters which can be fitted to se-
tsu“:;ea”galdcaslgfez”r(‘:“:ifiégl5“?g”i‘;ﬁ‘ésriisliﬁcsi?vzgu353"1“5”:(@?39‘9“ lect experimental data; however, the extrapolations of such a
257.6 atm]. léimilar results cgn Ee observed by employincg acubié equationmodel are only reliable o've.r short r""_”ges of Stat,e_ _Vanables
of state. (e.g., temperatuj® The limited predictive capabilities of
Marchettiet al’s theory are due to the inaccuracies associ-
ated with the assumptions of both the fluid—lattice theory and

éhe Flory—Rehner theorfthe additivity of elastic contribu-

11

1.05

Tr

small differences in solvent—polymer energetic interactiont d the G 2 behavior of elast :
and crosslinking density. ions and the Gaussian behavior of elastic chains

Some nonpolar polymer—solvent systems exhibit a In this work we study by molecular simulation a simple,

LCST at temperatures and pressures slightly above the critY—ve'l'C_h"’“aCtF“riZF“d nonpolar.gel consigting of a near-critical
cal point of the solverft.We will refer to this type of behav- spherical solvent and a flexible crosslinked polymer of per-
fect topology. In this way, we can isolate the relationship

-)petween the presence of a VLE-LCST in the solvent—

difference between the pure components: the polymer iQholymer system and volume phase transitions in the gel. In
dense, liquidlike, and the solvent is Iight’, vaporlike. As ! e following section we describe the coarse-grained molecu-

shown in Fig. 1, a VLE-LCST can also occur in a system OfIar models adopted in this work and the Monte Carlo meth-

polymer and subcritical solvent; in this case, the LCST es—OdS employed to simulate them. Subsequent sections are de-

sentially corresponds to the boiling temperature of the puré(Oted to a discussion of our results and conclusions.
solvent at the giverisubcritica) pressure. If the solvent ex-

pands much faster than the polymer upon increasing tem!. METHODOLOGY

perature(and gradually becomes a vaporlike, poorer sol- 1o mgjecular model adopted in this study is consistent
veny, the solution will eventually phase separate into it that examined in some of our earlier wdfic® All net-
solvent-rich and a polymer-rich phase. Experimehid o strands have the same lenghy,, and are intercon-

. . 0 . . . . .
simulatiort? evidence indicate that, while chain length de- o eq by tetrafunctional sites. Periodic boundary conditions
creases the LCSTslightly), pressure has the opposite effect. ;e employed to emulate an infinite system. Such perfect

Further, if high enough, pressure can entirely suppress pha%?osslinking purposely neglects the effect of topological de-

H 1
separatiort; _fects while providing an approximate description of gel elas-
Itis unclear, however, whether a VLE-LCST could drive ycj T account for compressibility effects on swelling,

a volume phase transition in the corresponding solvent—g&j,ecylar sites are allowed to move freely in a continuum.
system or not. If such transitions exist, it would be of interestr, gngyre that the structure of the gel and solvent resembles
to determine what factors determine their order. If the SOly,5; of req) fluids, interaction sites must have a repulsive core
vent is at a subcritical pressure, for example, solvent—,q an attractive shell. In this work we model such interac-

polymer interactions in the gel will bear some resemblanc:e[iOns in two ways. We use a square-wgW) potential en-
to those in a fluid—porous solid system; however, an abrupérgy function

fluid desorption from a solid can not be unambiguously

translated into a discontinuous transition in gel swelling. Usw(F) =%, I<Ago
While several analytical theories are available to de-

scribe either supercritical vapor—liquid equilibria or swelling

of (usually ionig gels at low temperatures, there is a severe =0, r>\qo, 1)

=—€ MAQpOSIsAgyo
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and a modified cut-and-shifted Lennard-Jofi.J) poten- 3
tial energy function,
25
UyLy(r)=o, 1<Ag,0
. 2r
]
=F(r)—FuAeuo),  NoyOSTsAguo _§,
£ sl
=0, 1>\, (2 2
& L
where
o 12 o 6 05 |
Pl =ae ;) - (‘) | L . . .

0.8 0.9 T 1 1.1
For SW sites we us&,,=1 andA.,~=1.5. For MLJ sites, '

however, we usa ,,=0.96 and\ ,,=1.57. These values of FIG. 2. Subcritical isobars for the swelling of SW gels as a function of
Mo, and A, for MLJ sites were selected based on purelyreduced temperature. Temperature and pressure are reduced with respect to
v the critical properties of the pure SW fluid. The ordinate is the ratio of the

CompUtatlonal groundS; they Increase Slgnlflcantly the effl_number of solvent sites over the number of network sites in the gel. The

ciency of volume fluctuations, which tend to be particularly standard deviation of each point is approximately three times the size of the
sluggish in polymeric gel systems. As discussed later, fosymbols.
this MLJ potential we are able to achieve higher resolutionI

. . . Il. RESULTS
than for the SW model using less computer time. Sites be- ] ) )
longing to solvent or polymeric species experience the same Figure 2 shows the degree of swelling of a ten-site strand
interactions: the same values@fe, and\ are used for like- network (in terms of sites of solvent absorbed per site of
and unlike-species interactions. “dry” polymer network) as a function of reduced tempera-

Chain molecules and network strands are modeled as té[l_re for two subcriticgl pressures. The gel is in equilibrium
collection of tangent sites; the bond length was fixedat With @ SW monomeric solvent. Temperatures and pressures
for both SW and MLJ systems. Network strands of 10,2r€ reduced with respect to the critical properties of t?e pure
20, and 40 sites long were employed for our simulations>W sol;gent, e.g.T; =kgTc/e=1.219 andPt=P.o"/e
(note that a single site is meant to represent several repeat0-108:" The boiling point of the solvent i3}, =0.845 at
units of a polymer. Two system sizes were considered for P, =0.278, andT, =0.919 atP,=0.509. For both isobars,
the polymeric network: one consisted of 16 crosslinking siteswelling exhibits a rapid decline near the boiling point.
and 32 strands, and the other was four times larger. Th@vhile gel shrinkage is mild beforg, and much more pro-
larger system was simulated only to confirm results for thenounced afterT,, the swelling transition appears to be
smaller system at a few select state points. gradual. As the temperature increases well abdye the

Intramolecular rearrangements of polymeric sites weresolvent becomes a dilute vapor and swelling approaches a
performed by means of extended continuum configurationalanishingly small value. The variations of the amount of
moves!’ volume changes were carried out by means of clussolvent in the gel shown in Fig. 2 bear some resemblance to
ter moves® Most simulations of gel swelling were con- those of a fluid that is being desorbed from a porous solid.
ducted in a Grand canonical type of ensemlie, more Figure 3 shows results for the same system as in Fig. 2,
properly, an osmotic ensemblén which the number of sol- but at supercritical pressures. In this case there is not a boil-
vent molecules is allowed to fluctuate in response to an iming point that could be used to predict the onset of gel col-
posed chemical potential, and the volume of the gel changdapse. Swelling decreases rapidly as the system approaches
in response to an imposed pressure. The properties of thtee critical temperature of the solvent, where it appears to
pure solvent(PVT and chemical potentinlwere obtained reach a plateagthat spans a short temperature rgngad
from standard isothermal—isobaric simulations. then decreases again. The temperature where this plateau

A gel-swelling run consisted of £610’ cycles(for a  ends increases with pressure. For the two lowest pressures,
given temperature, pressure, and a precalculated solvestich a plateau end point is marked by the presence of a small
chemical potential Each cycle consisted of one volume peak; in view of the large uncertainty of the data and the
move attempton averagg one molecular rearrangement at- presence of important finite size effects, however, the exis-
tempt per site in the system, and one molecular insertion paence of the peak cannot be unambiguously established.
solvent molecule. A gel-swelling run was repeated until con-  Figure 4a) shows the variations of the reduced isother-
vergence in density and composition was attained. Longemal compressibility(KTr with temperature for the pure SW
runs were usually necessary for highly swolléang strand  monomer solvent The symbols correspond to results of our
gels, where the total number of sites @(10%); in these  simulations. For comparison, predictions from a second-
cases, simulation of a Single state pOint can require from ONgrder perturbation equation of Stdﬂéoslg are also shown.
to two weeks on a workstation with an Alpha 533 MHz Ajthough the agreement between simulation and theory is
processor. not quantitative, the EoS is able to capture the main features
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FIG. 3. Supercritical isobars for the swelling of SW gels as a function of 35
reduced temperature. Temperature and pressure are reduced with respect
the critical properties of the pure SW fluid. The standard deviation of a
simulation point is typically three to four times the size of the symbol. See
also the legend of Fig. 1.

25 |

of KT ; the peak inKTr is higher for supercritical pressures

closer to unity. Figure &) shows additional curves obtained
from the EoS«r, exhibits a discontinuity at the liquid to

vapor transition(from low to high«y ). For P,<1, as pres-

sure increases, the peak n'prr becomes more pronounced;
«_diverges at the critical point. Fé?,> 1, the discontinuity 05 L
in KT, disappears but the general appearance of the curve is

maintained in the vicinity of the critical pressure; Bs be- ° o5 ) > 12 T3 4
comes much greater than unity, the peak is smoothed outanc () ™ ' : ' ' '

eventually disappears. I o i
T y plp lusi be d f h | FIG. 4. Isothermal compressibility of the SW monomeric fluid as a function
. WO genera Cor_]c usions (_:an e drawn from the _res_u t%f reduced temperature and reduced pressure. The syml@a)sciorrespond

of Figs. 2 through 4(i) at any given temperature, swelling is to simulation data. The lines i@ and(b) are the predictions of an equation

generally greater for higher pressures, which correlates wellf state derived from perturbation theofiRef. 19. The isothermal com-
with increasing values of the pure solvent density, éinda pressibility is given in reduce_d unitproperties are reduced with respect to
. . . . . T, and P, of the pure SW fluigl
fast reduction of swelling with increasing temperature is as-
sociated with the existence of a peak in the isothermal com-
pressibility of the pure fluid. Experimental evidence in sup-
port of point(i) has been reported in the past for subcriticalthat happens aff,=T, for P,<1 and nearT,=1 for
gels® and, theoretically, for athermal géfsFigure 5 pro- P,>1.
vides a phenomenological basis for this point: several isobars The effects of pressure and temperature on polymer—
of packing fraction versus temperature are shown for thesolvent affinity discussed in the previous paragraph are also
pure SW solvent at different sub- and supercritical pressureselevant for a system of solvent and uncrosslinked polymer.
and for the polymeric network at zero presstirés the gel  In fact, nonpolar solvent—polymer systems usually exhibit
and the coexisting solvent are compress¢aida given tem- complete miscibility for low temperatures and dense sol-
peraturg, their density increases at the expense of a reducvents, and partial miscibility for higher temperatures and
tion of free volume. The increase in solvent density withlighter solvents. At constant pressure, the onset of partial
pressure is more pronounced for temperatures near amdiscibility upon heating is marked by a LCST. This is illus-
above the critical pointdue to the large compressibility of trated in Fig. 6 for square-well systems Rf=1.57. The
the fluid. Solvent—polymer solubility or, more precisely, gel LCST lies aroundT,=1.12 for a monomer-16-mer system
swelling, will generally be higher at elevated pressures beand atT,=1.07 for a monomer-42-mer system, respectively.
cause the difference in densitgr free volume between the  As found in previous experimental and theoretical stufifés,
pure solvent and the pure network becomes smaller. Tha lower LCST is associated with longer chains. The issue of
denser the solvent, the more effective it is in screening intrawhether or not there is an asymptotic limiting vallie, e,
chain forces. It can also be inferred that changes in gel swelfor the LCST of an infinitely long chain, however, has not
ing will be more pronounced when the difference in densitybeen fully resolved. This issue is relevant for gel swelling, as
between pure solvent and pure network varies more rapidlythe volumetric behavior of a gel should be more akin to that

15

Isothermal Compressibility
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FIG. 5. Simulated sub- and supercritical isobars for a pure square-welF|G. 7. Simulated vapor—liquid coexistence curve for the MLJ monomeric

monomer(squares and trianglesThe full line around the critical pointis @  fluid from Gibbs ensemble simulatiorsquares and temperature-density

fit to simulated vapor—liquid coexistence data from Ref. 18. The uppefisobar atP, = 1.64 from constant pressure simulatigd@monds. The lines

curve and diamonds correspond to a pure ten-site strand netwdPk at correspond to the predictions of Sanchez—Lacombe theory with parameters

=0.0. Standard deviations are typically the same size as the symbols.  from Table I. Standard deviations of simulated points are typically of the
same size as the symbols.

of a solvent—polymer system when the polymer chains are
very long. It should be noted that the theory of Sanchez and

Lacombé* does predict an asymptotic finite value for ) ) )
T mer- formed by four identical chains bonded at the éAdsSuch

An approximate method for locating the LCST re|e\,ampurnpkin molecules were designed to match the connectivity
for a crosslinked polymer is provided by simulation of aratio of ourNg,=10 network. It can be seen that the curve
monomer—polymer system, in which the polymer has a comfor the linear 42-mer is similar to that for the pumpkin mol-
pressibility as close as possible to that of the pureecules, but the latter curve has a Ipwer LCST and encircles
crosslinked polymer. This requirement can be best fulfillecth® former. As expected, the swelling curve for the gel fol-
by a polymer with the same connectivity ratio as that of the/ows closely the polymer-rich branch of the solvent—
crosslinked polyméP (that is, the same ratio of covalent PUMPKin systenithe difference is due to the elastic pressure
bonds to sites in the systenFigure 6 shows the simulated that slightly reduces the free volume of the)géhcidentally,
data for one such polymer, a 42-mer with intramoleculath® LCST for the monomer—pumpkin system appears to

crosslinking(a so-called “pumpkin” molecule because it is @dree with the temperature where the gel-swelling curve ex-
hibits a peak.

The peculiar shape of the gel-swelling curves of SW gels
. : T shown in Fig. 3 prompted us to study a system interacting
i through a different potential energy model. For this purpose,
we employed the modified Lennard-Jones poterfidlJ)
'2 model described in Sec. Il. The coexistence curve for the
’ pure monomeric MLJ solvent, shown in Fig. 7, was simu-
lated by employing the Gibbs ensemble metfdidhe criti-
ST cal properties estimated from these data Bye0.567 and
te—— - - P.=0.049; these values are used in the remainder of this
T work to reduce temperatures and pressures. Figure 7 also
shows the pure solvent densities along Bye=1.64 isobar.
. Figure 8a) shows results for the equilibrium swelling of gels
at P,=1.64 of three strand lengths, namely, 10, 20, and 40
1 sites, and one subcritical isobar Bt=0.66 for Ng,= 40
, . . . . . . . (solvent’'s boiling pointhr=0.936. The simulated phase

0.1 02 03 04 05 06 07 08 09 1 i _20)- i i i
Solvent Weight Fraction diagram of a monomer-20-mer system is also included in
Fig. 8@a). The LCST for this system lies aroung=1.07.
FIG. 6. Simulated isobars?, = 1.57) of gel swelling and polymer—solvent Clearly, atP,=1.64 the gel with longer strands swells sig-
miscibility for SW systems. The upper curves represent the coexistencgificantly more than the short strand gel; this behavior is

compositions of mixtures of solvent with 16-métriangles, 42-mers : f wwelli
(crossel and pumpkin molecule&squarey respectively; the dashed lines expected, since for a given degree of deformat |||ng),

are a guide to the eye. The diamonds and the full curve correspond to ti@ 10N gtrand gel generally exhibits a Sm_a”e_r elastic
swelling of a ten-site strand network. pressuré® The effect of strand length on swelling is more

13 |

12 |

11 F

Tr

Gel
09 16-mer

42-mer
Pumpkin

08
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cal temperatures examined here. It must be pointed out that
simulations of gel swelling are plagued by ergodicity prob-
lems and slow relaxations. These problems are more serious
for SW systems, where the amplitude of volume fluctuations
must necessarily be small to avoid overlaps after a trial vol-
ume move. For SW and MLJ systems, the shape of the swell-
° ing curves at low temperatures could not be determined with
o X good precision; and near the solvent’s critical temperature,
finite-size effects may have a pronounced effect on our re-
095 R Nstred0 sults.
Nstr=40, Pr=0.66 T While gel swelling generally exhibits a significant
shrinkage as it is heated aboVe=1, Fig. 8a) shows that
the shrinkage is more pronounced as the strand length in-
. creases. For the 40-site strand gel, there appears to be two
08 1 branches of gel swelling arourid = 1.02; one branch corre-
sponds to a highly swollen gel and extends to lower tempera-
tures, and the other branch corresponds to more collapsed
states and extends to higher temperatures. This suggests that
the two branches must be connected by a discontinuous
change in gel swelling. There is, however, some hysteresis in
moving the system from one swelling branch to the other,
which precludes the precise determination of the temperature
Nstr=20 where the transition takes place. Figufe)&hows the varia-
tion of gel density with temperature. Interestingly, all curves
in Fig. 8b) exhibit a minimum in density at around,
065 i =1.015. This behavior can be explained as follows. At sub-
critical temperatures, gel density decreases upon heating be-
cause of the thermal expansion of its components; gel shrink-
age is consequently mild. At supercritical temperatures,
however, the gel density increases because the amount of
0.55 : . . . : solvent in the gel decreases significantly; the gel density ap-
© 0% 08 0ss ot A0 a1 proaches the pure polymer densitwhich is significantly
F1G. 8. Simulated isobars for MLJ svet Lewell 4 bol higher than that of the solvenfThe density minimum for the
solv-en.t mlirsnclijb?li(tay, :nodt;rz;(rjensiti(sei.SAem;)mguﬁatsevéeisgt?a?: copr(r)eir;s;d to 40-site St_rand gel IS_ n_Ot only §harper than th_os_e of the Other
P,=1.64 (diamonds connected by straight full lineén (a) an additional ~ gels, but it also exhibits a noticeable discontinuity; such dis-
subcritical isobar aP,=0.66 is shown by diamonds connected by dotted continuity is the hallmark of first-order transition. Indeed, the

lines, and coexistence compositions of a monomer-20-mer sy&dtem two distinct branches in the density versus temperature
expanded-Gibbs ensemble simulatipase shown by squares. Gel swelling

increases as the network stramd) becomes longer. For the 40-site gel, an trend_s observed in Fig.(8) are consistent with _the_ two
incipient discontinuous transition appears to take placd,at1.02; the  swelling branches encountered for the same gel in K. 8
QOttgd _Iines in this rggion show the hyste'resis of the trends. A small djscon- The systematic progression of the curves in Fiqw 8
tinuity is observed in both the gel-swelling cur¢® and the gel density d 8b) for i . t dl ths lend t to th
curve (b). Temperature and pressure are reduced with respect to the critic&" ab) _Or Increasing S_ran eng S lends support to the
properties of the pure monomeric solvent. hypothesis that gel swelling exhibits a more pronounced vol-
ume phase transition for network strands longer than 40 sites
(at T,>1). Unfortunately, the slow equilibration of large,

réilghly swollen gels can trap the system in metastable states

Poono ¢

20-mer a

1.05

Tr
T

\&\

09 Nstr=10

Nstr=20

0.85 L L
0.2 0.4 0.6
() Solvent Weight Fraction

0.8

Nstr=10

0.75

0.7

Gel Density

pronounced at subcritical temperatures and becomes small S .
for high, supercritical temperatures. and lead to large uncertainties; the error bars Agarl in

Figure 8a) should be compared with Figs. 2 and 6 for Fig. 8@ are between two and three times the size of a sym-

the SW system. Overall, similar trends are observed in botlt?OI' ?Q”S?qu‘?”?'y’ the first—order charact.er of yolume phase
types of systems, namelyi) swelling shows a decreasing transition is dlfflgult to gstabllsh from S|m.ulat|.on of Iopg
trend forT,>0.8, (i) a marked, monotonic shrinkage of the stranded gels. It is also important to bear in mind that first-
gel occurs around the solvent's boiling temperature fororder phase transitions tend to be suppressed in simulations
P,<1 isobar, and folf,>1.0 for theP,>1 isobars(around Of finite-size systems. Finite-size effects can be particularly
the LCST of the uncrosslinked polymer—solvent sygtem significant in our model gels because of the regular topology
(i) no evidence of a discontinuous transition is observed fopf our networks. Furthermore, density fluctuations associated
short strand lengths. The main difference between the swelwith the proximity to the solvent’s critical point are likely to
ing curves of Figs. 6 and(8) is that swelling decreases very exacerbate fluctuations of gel swelling and hamper equilibra-
little and uniformly for the MLJ gel in the range of subcriti- tion.
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V. COMPARISON TO THEORETICAL CALCULATIONS TABLE |. Parameters for the theories of Marchetti al. and Sanchez—
Lacombe for MLJ systems.

As discussed in the Introduction, a theory of gel swelling

by a sub- or super critical solvent must be able to account fof 2ameter Units Value Comments
mixing, compressibility, and elastic effects within a gel. The  p: elo® 3.859 Solvent's cohesive energy
approach of Marchetgt al> provides perhaps the most con- vd o® 0.980 Close-packed vol. of solvent
venient theoretical baseline; it combines widely used theories | s molecule ,

. . . v s 0.1508 Volume of a solvent's mer
to describe the thermodynamics of compressible polymer so- % /o 43 Polymer gel's cohesive energy
lutions (the Sanchez and Lacombe thedrif) and the net- o molec®  0.016 Unswollen cross-link density
work’s elastic free energythe Flory—Rehnéf). In the Zqg 0.0 Mixing correction factor
theory proposed by of Marchettit al.® the pressurd® and bo 1.12-0.43r*  Vol. fraction of dry polymer
the solvent's chemical potential in a mixture of polymer ~ v*(20-me) ~ o® 130 20-mer closed-packed volume

network (subscriptg), solvent(subscripts), and vacancies
(subscripto) are given by

as Hookean springs The prefactorp, can therefore be
viewed as an adjustable parameter to fit select experimental
data, but it is supposed to scaleaeist, (e.g., proportional
[ (Xhotst Xéo¢g)(¢s+ bg) to the concentration of cr_o_sslin)ksThe cloied packed vol-
ume fraction of componeritin the systemp;” (e.g., exclud-

*

Vo
— = N ot | 1 | et
kT v; ®o ( v:)(ﬁs ¢g

ng¢s¢g]+P d’g) , 3) ing vacanc*ie_)sis rel_ated tog; by ¢i’f = ¢; /(1_— b,). For our
¢g systemsg; is equivalent to a weight fraction.
. Seven parameters must be specified in the above model
Bs L In ¢+ Us bot b to compute swelling equilibrigP} , vs , v}, v Zsgy bos
vikgT v} s x)ren e andp,. The values of these parameters are chosen so as to
describe select simulation data of the MLJ solvent and net-
+[(XsgPgT Xs0P0) (Dot Pg) work; these parameters are given in Table I. The first three
b parameters were found by fitting saturation liquid densities
~Xgo®obgl g) , (4  and pressures for the pure solvent n@ar=kgT/e=0.43
d’g (following the procedure described by Sanchez and

wherev? , andv? are the volumes of thempty) lattice site Lacombé?). Figure 7'also shows the binodal curve and the
and the solvent moleculgl,, ¢, and¢, are the lattice site Pr=1.64 isobar predicted by the model. As expected from a
fractions (or volume fractions of vacancies, solvent, and Mean-field model, the phase behavior near the critical point
polymer, respectively; ang, is the density of tetrafunctional of the solvent is not described accurately. Paramégewas

crosslinks per unit volume of gel at synthe$where the found by a least-squares fit of simulated density data for a

polymer volume fraction waspg, the undeformed Nsy=40 network atT*=0.50 andT*=0.55. Given that a
statd. The interaction parameters per Iattice site are definedite in the polymer network is identical to a solvent mol-
as ecule, we seZs,=0.0 (e.g., Lorentz—Berthelot mixing rules
are employed forP*) Parameterp, was determined by
Xso= P35 /KgT, (5 matching the simulated swelling equilibria for thi,

, . =20-gel atT,=0.88; p,, for other strand lengths was found

Xgo=Pg/keT, (6) by rescaling this value by a factor 20y,. For ¢, we used

I _p* . p*_ _ * D\ 1/ the polymer volume fraction for the dry network at the tem-

Xsg=[PS+P§ ~2(1- 29 (PS Py) " l/keT, @ perature of interest.
whereP} and P; are cohesive energy densities for the pure  For a given temperature and pressure, the equilibrium
solvent and polymer network, respectively, afg, is an  swelling for a gel is calculated by first computing the chemi-
adjustable parameter that characterizes the mixtkgeis  cal potential for the pure solventg at those conditions.
Boltzmann’s constait The three terms on the right-hand Equations(3) and(4) are then solved for the two unknowns
side of Eqgs.(3) and(4) correspond to entropic mixing con- ¢, and ¢s (dq=1—d,—¢s). A LCST-type of binodal
tribution, energetic mixing contribution, and entropic elasticcurve for the monomer-20-mer system is computed based
effects, respectively. In the Sanchez—Lacombe theory foon Sanchez—Lacombe’s theory using the same parameters
mixtures, the volume of a vacant lattice site need not be thas in the solvent—gel systefexcept for the elastic term
same for the different species. However, in the implementaan extra parameter is needed; (20-mer), which is
tion of Marchettiet al, it is assumed that there is a unique estimated by assuming thab*(n-mer)/v* (monomer)
value ofv} ; this is equivalent to assuming that the closed-=uv},(n-mer)} (monomer), wherev} (n-mer) is the
packed volume of a “mer” is the same for either componentvolume excluded by am-mer chaif® (the parameters are
in the mixture. The expression for the elastic contributiondisted in Table }. The LCST curve calculation requires solu-
considered by Marchettet al. also differs from that of tion of the equations that equalize the chemical potentials of
Flory—Rehner in that only the leading terms of the elasticboth species at the specified temperature and pressure.
free energy expression are retain@atwork chains behave The swelling curves based on Ed8) and (4) for the
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1.15

tance in accounting for the deviations from simulation data.
For example, it should be pointed out that although elastic
contributions are typically smalldifficult to measure accu-
rately), they play a crucial role in the swelling behavior of
gelst®>?

It has been shown by simulatihthat chain collapse
(e.g., a coil-to-globule transition or CTGToccurs in a
chain—solvent system in the vicinity of a LCST. It has also
been found that a discontinuous change in gel swelling can
— \ take place if the swelling curve intersects the LCST curve
0.95 R . \ (near the CTGT for the uncrosslinked polymer—solvent

\" system® At subcritical pressures, the LCST for a chain—
solvent system becomes the solvent’s boiling pésete Fig.
1), e.g.,, the solvent’'s weight fraction at the LCST,
| &% (LCST), is unity. For supercritical pressures; (LCST)
0.85 ' ' . o ‘ tends asymptotically to unity in the long chain linftCon-

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .
Solvent Weight Fraction sequently, the curve of gel swelling can only come near the

FG. 9. 1sobars f b ling of ML3 ael dicted by £ CTGT if ¢% is close to unity, e.g., for high degrees of swell-
. 9. Isobars for equilibrium swelling o gels as predicted by Egs. : : *
(3) and (4), and binodal curve predicted by the Sanchez—Lacombe theor)}ng' This happens aNSt,’_)oo’ u_nfortunately’ bs (LCST,)
for the monomer-20-mer systefalso a full ling. Unless indicated other- also cor_nes C'f)ser to unity ad;_s;tr increases. The theoret|ca|_
wise, the pressure of the system is fixedPat 1.64. Simulated gel-swelling  calculations discussed here illustrate how these competing
isobars are shown by broken linpshich pass through the data points of trends neutralize each other, while our simulation results do
Fig. 8@)], and simulated binodal data for the monomer-20-mer system arg,; ¢|aarly establish the first-order character of a gel-swelling
shown by squares. .. . .

transition neafl .. From this analysis, it can be argued that a
discontinuous gel volume transition would be favored by
networks with sufficiently long strands but with very low
crosslink density(e.g., with a high fraction of inactive
strands, trifunctional crosslinks, etcThe pressure of the

simulation data, and’,=0.599 for the lattice resultsThe ~ SYStem aiso plays an important réiee Fig. 1, by changing
theory is able to capture most qualitative features of théhe density of the solvent at any given pressure, it determines

simulated curves. In particular, theoretical swelling curvesn€ Solvent quality, the degree of swelling, the location of the

for P,=1.64 exhibit a monotonic decreasing trend as temCTGT and, ultimately, the occurrence of volume phase tran-

perature is raised, and gel shrinkage is more pronounced fGptions.

T,>1, where the curves tend to follow the dense-phase

branch of the LCST phase diagram of the solvent—chain sysY. CONCLUSIONS
tem. The theoretical curve fd?,=0.66 also shows a rapid

gel shrinkage as the temperature is raised above the soIvents’sSt-grr;esehq;smsgsrr]ns‘:ﬁv;g'g%Oan;c;Sgl g:néogilggggsr?;v;n;r_
boiling point, T,=0.885 for the lattice solvent; interestingly, Y y

the theory predicts a discontinuity in the slope of the curve aper to elucidate the effect of temperature and pressure on the

X . omposition and swelling of the gel. Our model gels are
that point. There are, however, a number of shortcomings o -
. represented by a crosslinked network of polymer strands
the theoretical model, namely,

with perfect topology; the solvent is a simple monomeric
(i) For the monomer-20-mer system, the predicted LCSTuid at either subcritical or supercritical conditions. Two

1.1

Netr=10 N\
1.05

0.9 Nstr=40, Pr=0.66

MLJ gels are shown in Fig. 9 by full lines, along with the
simulation datatemperatures have been reduced by the criti
cal temperature of the pure solvent, i.€,=0.567 for the

is significantly lower than the simulated value. molecular models were considered; in one case network and
(i)  Gel shrinkage is much more gradual aroufidthan  solvent sites interact through a square-well potential energy
observed in simulations. model and, in the other, sites experience a modified Lennard-

(iii) The effect ofNg, on the degree of swelling is severely Jones-type potential energy.
underestimatede.g., changes in swelling are milder Curves of gel swelling as a function of temperature have
than those observed in simulations been generated at constant pressure. An analysis of such
(iv) No evidence of a discontinuous phase transition iscurves has revealed the following:

predicted for theNg,=40 gel. (i)  Subcritical pressures: Gel swelling exhibits a mono-

The parameters employed here could perhaps be opti- tonic decreasing trend upon heating,$0.75),
mized to improve agreement with simulation; however, our whose onset lies near the solvent’s boiling point. For
parametric exploratory calculations appear to indicate that the short strand gels studied in this work, no evidence
the theory lacks the fine-tuning capabilities required to accu- of a discontinuous desorption of solvent from the gel

rately describe density changes, and the interplay between has been detected.

different entropic, energetic, and elastic effects; particularly(ii)  Supercritical pressures: For subcritical temperatures
in the vicinity of T.. Given the numerous assumptions built (0.75<T,<1), gel swelling tends to be somewhat in-
into the theory, it is difficult to assess their relative impor- sensitive to temperature; mild decreasing or increas-
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ing trends can occur, giving rise to a local maximummicroscopic studies on the thermodynamics of gel—
in swelling. For supercritical temperatur@g constant  supercritical fluid systems; simulation of increasingly com-
pressurg gel swelling typically exhibits a monotonic plex models can then help elucidate the effects of specific
decreasing trend whose onset lies near the criticathemical details on the swelling behavior of realistic gels.
temperature of the pure solvent. For the MLJ gel with
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