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ABSTRACT: The mean-field lattice gas (MFLG) model of Kleintjens et al. is used to predict the solubil- 
ity of atactic poly(methy1 methacrylate) (PMMA) in supercritical carbon dioxide (CO,). The necessary 
material parameters are found via fitting the unary MFLG equations against literature P-V-T data for the 
pure components and to binary sorption data at temperatures between 315 and 341.2 K. Subsequent pre- 
dictions of sorption at temperatures of 298.2 and 461.53 K are in excellent agreement with published data, 
thus demonstrating the large useful temperature range of the model. Dilute solution binodals and spin- 
odals are calculated and compared to oligomer solubility data measured using a flow-through apparatus. 
The model underestimates oligomer solubility in all cases, possibly due to the breakdown of the mean-field 
approximation in very dilute polymer solutions and to the assumption that high molecular weight polymer 
is insoluble in CO,, which was made to facilitate parameter fitting. An examination is also made of the 
system polystyrene (PS)-CO,, despite the scarcity of literature sorption data for use in the determination 
of the binary parameters. The trends are similar to those found for PMMA-CO,. Not surprisingly, CO, 
is a better solvent for PMMA than for PS. Considerations are made toward further improvements in the 
model. 

Introduction 

Supercritical fluids (SCF) are often used as process flu- 
ids in the food, pharmaceutical, and petroleum indus- 
tries.’ Recently there has been increased interest in using 
these types of fluids to extract and/or process poly- 
m e r ~ . ~ ~ ~  

Supercritical gas-polymer mixtures present special prob- 
lems for those interested in modeling their phase behav- 
ior. Generally, solubility of low molecular weight solids 
in supercritical gases is modeled using a cubic equation 
of state, such as the modified van der Waa1~,4,~ Peng- 
Robinson, or Soave modifications of the Redlich-Kwong 
expression.6 In the modeling of the partitioning of mate- 
rial between phases during phase separation in solid-su- 
percritical gas mixtures, it is often assumed that the sol- 
ute-rich phase is pure solute. Thus the fugacity of this 
phase can be described using the solute vapor pressure 
and the Poynting correction, eliminating the need for a 
complete description of the solute P-V-T properties (the 
fugacity of the gas is calculated using the EOS). This 
approach, while effective in describing low molecular weight 
crystalline solid solubility in supercritical gases, is inap- 
propriate for modeling amorphous polymer-gas phase 
behavior (particularly high molecular weight polymer) 
because, more often than not, the reverse of the afore- 
mentioned assumption is true. The solute-rich phase usu- 
ally consists of highly swollen polymer while the SCF- 
rich phase is extremely dilute. Provided that the Tg of 
the polymer has been sufficiently suppressed due to the 
presence of the gaseous diluent, the system should be 
treated as one involving liquid-liquid equilibrium, rather 
than liquid-solid, as described below. However, poly- 
mer solution theories such as the Flory-Huggins model 
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do not account for changes in free volume and conse- 
quently will not accurately model the phase behavior of 
gas-polymer mixtures.’ Models that use a cell represen- 
tation for changes in volume, such as Flory’s equation of 
state, can accurately predict the P-V-T properties of poly- 
mers but will underestimate the compressibility of super- 
critical gases* and thus can give poor predictions below 
approximately 200 atm. In addition, Raetzsch et  al.’ have 
shown that it is necessary to incorporate a temperature 
dependence for the material parameters in this model to 
obtain a good description of polymer-supercritical gas 
phase behavior. 

Mean-field lattice models, in which holes, or vacan- 
cies, have been introduced to simulate the effect of changes 
in volume, have been used successful1 to model aspects 
of polymer solution phase behavior,’+lYincluding the case 
where the solvent is a supercritical gas.13 The major draw- 
back to these models is that, due to their mean-field basis, 
the large fluctuations in polymer segment density owing 
to the isolated nature of polymer coils in dilute solutions 
are negle~ted,’~ leading to an underestimation of the num- 
ber of polymer segment-segment interactions a t  low poly- 
mer concentrations. Thus, determination of binary inter- 
action parameters via fitting of a mean-field lattice model 
to dilute polymer solution data could introduce consid- 
erable error into subsequent predictions. 

In this paper the mean-field lattice gas (MFLG) model 
of Kleintjens et al.15917 is used to model the phase behav- 
ior of atactic poly(methy1 methacrylate) (PMMA)-CO, 
and polystyrene (PS)-CO, mixtures at  temperatures above 
the critical point of the gas. In order to avoid problems 
concerning the breakdown of the mean-field approxima- 
tion in very dilute polymer solutions, the binary interac- 
tion parameters were determined by fitting the MFLG 
model equations to equilibrium swelling results for the 
two gas-polymer mixtures. To facilitate the modeling 
procedure, the SCF-rich phase for these situations was 
assumed to be essentially pure and the polymer-rich phase 
was assumed to be an equilibrium liquid, i.e., above its 
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Table I 
Thermodynamic Relationships for Binary Mixtures for the 

Mean-Field Lattice Gas (MFLG) Model 
binary equation of state 

binodal 

PI = p'i, c = 0, 1, 2 

Pi = 

spinodal 

= Al1A2, - AlzAzl = 0 
Jnp = IAIZ Azzl 

where 

critical condition 

glass transition. The binary interaction parameters are 
therefore dependent only on the composition of the poly- 
mer-rich phase, whose composition is in the range where 
the mean-field approximation is expected to be valid. 
Theory 

MFLG Model. The fundamentals of the MFLG model 
have been described pre~iously.'~-" A br ief summary 
follows. 

The MFLG model envisions a compressible fluid as 
an equilibrium mixture of segments and holes on a three- 
dimensional lattice, where the segments and holes are 
permitted to have different contact surface areas and, 
therefore, different numbers of nearest neighbors. The 
internal energy of mixing of holes and segments is cal- 
culated using regular solution theory using surface frac- 
tions instead of volume fractions. The entropy of mix- 
ing is assumed to follow the Flory-Huggins-Staverman 
expression. Just as a pure component in the context of 
the MFLG model is represented as an equilibrium pseudo- 
binary (holes and segments), a binary mixture becomes 
a pseudoternary. The equation for the MFLG Helm- 
holtz free energy of a binary mixture is derived as 

with 

85 PSI AIR 

2 2  

Pi I !  

Figure 1. Supercritical fluid extraction unit flow diagram. 

Table I1 
MFLG Material Parameters for Poly(methy1 methacrylate) 

and Carbon Dioxide and for the PMMACO, Mixture 
zero-order model 

param co, PMMA PMMA-CO, 
m 1.31 3.13" 
a 0.91498 -9.0493 
g10 -2.519 13.96 
g11 1144.1 3111.2 

a m  4.2339 
gmo 8.9138 
g m l  440.6 

Y -1.2010 -1.286 

a Segments per monomer unit. 

where the 4's are the volume fractions of the holes and 
segments, the gil's are the various segment-segment inter- 
action energies, and the oils are the contact surface areas 
of the holes and segments. The a's and gio's are, in the 
zero-order MFLG model, purely empirical parameters. 
The two terms O(&) are required because AA refers to 
the difference in free agency between a mixture of type 
1 segments, type 2 segments, and holes and the initial 
state's type 1 segments plus holes and type 2 segments 
plus holes. However, since these terms vanish during the 
derivations of the binary equation of state, binodal, spin- 
odal, and critical point, they need not be discussed fur- 
ther. 

The binary equation of state (EOS), binodal, spin- 
odal, and critical conditions are calculated in the usual 
way as given in Table I.18,19 The complete set of equa- 
tions outlined in Table I can be found in ref 15. The 
volume fractions (4's) can be related to quantities com- 
monly measured on phase separation, such as weight frac- 
tion, wl,  and solution density, psol, by eqs 2-4 where ci = 

Psol = (41/c1 + 4z/cz)(l/uo) (4) 

mi/Mi and uo is the molar lattice site volume, which is 
assumed to remain constant for all substances. The equa- 
tions in Table I are used to model the distribution of 
components during a phase separation. As mentioned 
in the Introduction, in mixtures of gases and polymers, 
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Table I11 
Average Errors in Fitting MFLG Equations to Data on Poly(methy1 methacrylate) and Carbon Dioxide 

VLE data 
density, % 

compd no. of points temp, K vapor pressure, % vapor liquid 

COZ 15 0.6 1.2 0.5 2.25 

critical point equation of state 
compd temp, K pressure, % density, % no. of points pressure, % temp, K density, % 

~~ 

COZ 1.7 0.1 7.7 
PMMA 

the concentration of one phase, in this case the SCF-rich 
phase, is often essentially pure (Le., no polymer dis- 
solves in the gas a t  low pressure). Equilibrium is prop- 
erly described by a "swelling" binodal, i.e. 

(5) 

P I =  ccl) (6) 
The wi's are the chemical potentials of the solvent seg- 
ments and the holes in the pure (gas) phase and are there- 
fore calculated using the pure-component MFLG free 
energy  expression^.'^^'^ The pi'% are the chemical poten- 
tials of the holes and the solvent segments while mixed 
with the polymer segments and are consequently found 
using the appropriate equations from Table I. The MFLG 
equations governing gas absorption by polymers are there- 
fore 

In (40'/4~) = A[$,(l- l / m J  + 410 - 40)q + 41P1(Q - 

Po = Po'@ = P') 
and 

&J/Q21 + 42(1- 1/mz) + 42(1- 40hz + 4zPz(Q - 
40)/Q2 - cPl4z("m + Pm/Q2)  (7) 

and 

( l /ml )  In = A [ M  - l /ml )  + 40(1- 41)q + 
4oP1(Q - 4i( l -  ri))/Q21 + 1/mz) - 404z(az + Pz(1 
- rl)/Q2) + 42(1- 4 l ) a m  + #ZP,(Q - 41(1- rl))/Q2 (8) 

where 

P1 = g10 + g11/T 
P2 = gzo + g21/T 

P m  = gmo + Bml/T 
8' = 1 - 7141' 

Q 1 - ~141- Y Z ~ Z  
and A(x) refers to the difference in the value of x of the 
polymer-rich and SCF-rich phases, or x - x'. 

Because the MFLG model assumes an equilibrium dis- 
tribution of holes and segments, eqs 7 and 8 (and indeed, 
all of the MFLG expressions) apply only to polymer liq- 
uids. Therefore, the absorption of a gas by a polymer 
below its glass transition will be described more accu- 
rately by models that  account for the nonequilibrium 
nature of the polymer s ecific volume below Tg, such as 

Computer Fitting Procedure. Determination of the 
adjustable parameters for the zero- and first-order MFLG 
models as well as the solution of the coupled equations 
needed to forecast phase behavior was carried out using 
the parameter estimation program (PEP), developed a t  
Dutch State Mines (DSM) Research and employed on 
the University of Massachusetts Engineering Computer 
Center's DEC Vax cluster. The PEP finds the values of 

the dual-mode concept. Fo 

66 1.0 
40 

4.9 
0.03 

the parameters, Ai, which are solutions to the minimiza- 
tion problem21 
minimize 

i=l 

subject to the constraints 

where the xi's are the calculated data points, the x;'s 
are the true values, and fl is the error variance matrix. 
The constraints are the appropriate equations from Table 
I in the implicit form, as shown in eq 10. All variables 
are therefore assumed to have been measured with some 
error. The errors, or tolerances, from which Q is calcu- 
lated are assumed to be random in nature and are set 
using suggested values from the literature. The best val- 
ues for the parameters, therefore, are those that fit the 
surface represented by the constraints (e 10) t o  the data 

x."s and their projections onto the surface is minimal. 
$he distances, xi - x;, are weighted by the correspond- 
ing tolerances, or errors. The problem is solved itera- 
tively for the Ai using a Gauss-Newton type of algo- 
rithm. 

f(xi ,  A j )  = 0 (10) 

xi0 such that the sum of the squares of the 8 istance between 

Experimental Section 

Solubility measurements of polymers in supercritical gases 
were made using a Fluitron Supercritical Extraction Unit (Flu- 
itron, Inc., Ivyland, PA), a flow diagram of which is shown in 
Figure 1. Solute is suspended in the flow-through column in a 
porous, cellulose Soxhlet extraction thimble. Gas is charged to 
the column to the required pressure after which the system is 
allowed to equilibrate for approximately 3 h. During this time 
the pressure and temperature can be maintained to within *3 
bar and 10.5 K, respectively. The extraction unit is rated for 
use at pressures up to 2000 bar and temperatures to 150 "C. 
Following equilibration, the metering valve is opened and the 
compressor reactivated to maintain pressure during the extrac- 
tion. As the gas expands through the metering valve, the sol- 
ute is recovered in the collection vessel, which contains an organic 
solvent that is known to readily dissolve the polymer under study, 
in this case toluene. (Use of this organic solvent facilitates removal 
of the solute from the collection vessel.) A run is continued 
until the equivalent of 300 cm3 (3 times the column volume) 
has been extracted. Following the transfer of the polymer solu- 
tion from the collection vessel to a flask, the toluene is removed 
by evaporation and vacuum treatment and the amount of sol- 
ute is measured gravimetrically. Blank runs involving only the 
toluene were made in order that impurities in the solvent not 
be mistaken for dissolved polymer. The volume of the gas 
expended during the run is recorded by the totalizer and is con- 
verted to a weight basis using the literature value for the den- 
sity. The solubility is taken to be the total amount of solute 
extracted over two runs divided by the total amount of gas 
expended during those runs. 

Narrow molecular weight polystyrene and poly(methy1 meth- 
acrylate) standards were obtained from Pressure Chemical Co., 
Pittsburgh, PA. Nominal molecular weights are 2000 for the 
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Figure 2. MFLG model (-) description of CO sorption by 33 200 MW PMMA compared to data by Liau and McHugh2' a t  (a) T 
= 315 K [O] ,  (b) T = 331.3 K [A], and (c) T = 341.1 K [.I. 
Dolvstvrene (M..,/M- < 1.06) and 7000 and 24 300 for the PMMA's Results and Discussion 
l M i / k n  = 1.1% and 1.10, respectively). Linde bone dry CO,, 
obtained from the Merriam-Graves Corp., West Springfield, MA, 
and Fisher Scientific spectrograde toluene (T-330) were used 
as received. 

Poly(methy1 methacrylate)-Carbon Dioxide. The 
sorpt ion behavior of COz by atactic PMMA has been 
reported b y  Liau and McHugh.22 Liau measured the vol- 
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Figure 3. MFLG model (-) prediction of volume change on mixing compared to values calculated from data of Liau and McHughZ2 
a t  (a) T = 315 K [a], (b) T = 331.3 K [A], and (e) T = 341.2 K [m]. 

ume change of the polymer upon swelling by the gas, as 
well as the equilibrium weight fraction CO, absorbed, at  
three temperatures over an extensive range in pressure. 

The volume change on mixing (excess volume) can be 
calculated from the combination of the swelling and sorp- 
tion results using 
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Figure 4. Prediction of CO, density by the MFLG model (-1 
compared to data at T = 315 K (0) and T = 341.2 K (M). 

where S is the fractional increase in volume upon swell- 
ing, p i  and Mi are the densities and molecular weights of 
the gas and polymer, and wp is the weight fraction poly- 
mer. 

Determination of the zero-order MFLG pure-constit- 
uent parameters for PMMA and CO, has been discussed 
p r e v i ~ u s l y . ~ ~ - ’ ~  A summary of these results is shown in 
Tables I1 and 111. The sorption data were used with the 
model equations governing such behavior (eqs 7 and 8) 
to find the necessary binary parameters. Results for the 
three isotherms are shown in parts a-c of Figure 2. The 
model correctly predicts that  the isotherms will inter- 
sect, a henomenon observed in many gas-polymer mix- 

tion over all three isotherms is 1.6%. 
The AV,’s derived from Liau’s measurements and those 

predicted by the MFLG model are compared in parts 
a-c of Figure 3. Although the form of the model descrip- 
tion is correct, the predicted AV,’s are too positive, par- 
ticularly a t  higher pressures. This is a result of both an 
overestimation of the pure COP density (Figure 4) and 
an overestimation of the change in volume of the poly- 
mer due to swelling by the gas. 

T o  test the useful temperature range of the model, pre- 
dictions of sorption of CO, by PMMA using the binary 
parameters found above were made at  T = 461.53 K and 
T = 298.2 K and compared to measurements by Durrill 
et al.” and Berens.” 

The experimental data a t  461.53 K are in the form of 
a Henry’s law constant, which is the slope of the sorp- 

tures., t? ,27 The average error in the predicted weight frac- 

GAS SOLI3 GPS Q W ” ’ t i  

Figure 5.  Representation of supercritical fluid phase behav- 
ior: (a) ideal fluid-solid mixture, (b) fluid-polymer mixture. 
tion-pressure curve at  low pressures, and are given in 
units of cubic centimeters (at standard temperature and 
pressure) per gram of PMMA. Therefore, to compare 
the model prediction with the experimental result, eqs 7 
and 8 and the model parameters from Table I1 were used 
to calculate sorption versus pressure (up to 20 bar) a t  T 
= 461.53 K. The results were converted to a cubic cen- 
timeter (STP) versus grams of PMMA basis and then 
linearized using a standard regression procedure to find 
the slope. The calculated result, 0.326, is greater than 
the experimental value of 0.260, but the agreement is rea- 
sonable considering the high temperature at which the 
prediction was made. 

Berens measured the sorption by PMMA of liquid CO, 
at  its vapor pressure at 298 K. Prediction of sorption 
under these conditions requires the solution of equa- 
tions for three-phase equilibrium (liquid-liquid-vapor), 
or 

p: = p t  = p$ (two independent equations) (12) 

pIv = pIL = pip (two independent equations) (13) 

where the p i i  are the chemical potentials of the holes and 
CO, segments in the vapor, liquid, and swollen polymer 
phases. Thus, there are five independent equations for 
the five unknowns; pressure, CO, liquid and vapor den- 
sities, weight fraction CO, absorbed by the polymer, and 
the density of the swollen polymer phase. The calcu- 
lated amount of CO, absorbed by the PMMA, 25.6 g of 
CO,/g of PMMA, is within experimental error of the mea- 
sured value, 27.0 f 2.0 g of CO,/g of PMMA. 

The binodal and spinodal equations, in conjunction with 
the equation of state, were used to predict the pressure 
dependence of the composition of the SCF-rich phase in 
solutions of PMMA in CO,, given the binary parameters 
found above. Parts a and b of Figure 5 show qualita- 
tively the type of phase behavior to be expected in dilute 
solutions in supercritical fluids. In Figure 5a is shown 
the phase boundary of a hypothetical supercritical flu- 
id-solid mixture a t  a temperature below the critical point 
of the heavy constituent. In the PMMA-CO, system, 
the shape of the dilute phase boundary is similar although 
a second curve appears a t  the concentrated end of the 
diagram because the polymer is swollen by the supercrit- 
ical fluid. The model predictions and data are shown in 
parts a-d of Figure 6 (the binodal a t  M = 24 300 (T  = 
313.2 K) is predicted to lie a t  concentrations less than 1 
X lo-’ and therefore does not appear in the figure). The 
binodals, which should approximate the solubility, are 
greatly underestimated by the model, despite a reason- 
able estimation of the shape of the curve. 

The underestimation of the binodals is likely due to 
several factors. First, in the determination of the adjust- 



Macromolecules, Vol. 23, No. 8, 1990 Mean-Field Lattice Equations of State. 3 2327 

b “5.. . \ 

(bar) . i 

................ 
........ ......... 

d 
lea le07 l e a  lCES 1 4  l e 4  l a  lbol 

WP 
(Weight F r a c t i o n  Polymer) 

, 
i. 
i 

........ 

........... 

d 
le07 ldxi ICES le-01 lboo l e a  1 4  l e a  

WP 
(Weight F r a c t i o n  Polymer) 

P 
(bar) 

e 
e 
e . . . 

1 4  1 4  1 0 4  l b &  1 4  

WP 
(Weight F r a c t i o n  Polymer) 

f‘ 
. - -  

l ea  le07 1 4  1 4  le-01 lea 1 4  1041 

WP 
(Weight F r a c t i o n  Polymer) 

Figure 6. Predictions of MFLG binodal (-) and spinodal (. . .) compared to PMMA solubility in CO data (0) at (a) M, = 7000, 
T = 313.2 K, (b) M, = 7000, T = 333.2 K, (c) M, = 24 300, T = 333.2 K, and (d) M, = 24 300, T = 333.2 K. 
able parameters using Liau’s sorption data, it was assumed 
that the SCF-rich phase during the equilibrium swelling 
of the 33 200 MW PMMA was essentially pure CO,. On 
the basis of the experimental solubility results using the 
24 300 MW PMMA, this may not be so. KoningsveldZ4 
has shown that this type of mistake can create signifi- 
cant errors in subsequent phase boundary predictions. 
Second, as mentioned in the Introduction, mean-field lat- 
tice models do not account for the large fluctuations in 
monomer segment density in dilute polymer solutions (due 
to the isolated nature of the individual polymer coils) 
and consequently do not usually predict dilute polymer 
solution data accurately. Finally, problems in the pre- 
dicted shape of the binodal curves are partially due to  
the errors in the prediction of the excess volume a t  higher 
pressures. 

Polystyrene-CO,. Determination of the polystyrene 
parameters was accomplished via fitting of the MFLG 
model’s equations of state against P-V-T data a t  five 
molecular weights ranging from 2000 to 125 OO0.23 The 
average error between calculated and actual density is 
0.12% for the 117 data points used for the parameter fit. 

Sorption data on the PS-CO, binary are relatively scarce. 
The binary parameters for the model were determined 
by fitting the sorption equations a ainst Henry’s law region 
data a t  several 
ume of mixing data (solution densities were set to  the 
density of pure PS and assigned a tolerance of 10% dur- 
ing fitting), a,,, could not be determined with any confi- 
dence and was consequently set equal to zero. 

The material parameters for PS and the PS-CO, binary 
are shown in Table IV. The error between calculated 
and actual Henry’s law constants is less than 0.1%. 

The predicted sorption a t  T = 298 K, 5.7 g of CO,/g 
of PS, is much lower than the measured value” of 13.5. 
The large error in this prediction, as compared to the 
corresponding calculation for PMMA-CO,, is due to both 
the ambiguity in the binary parameters owing to the scar- 
city of sorption data and to the distinct possibility that 
polystyrene, under these conditions (CO, vapor a t  298.2 

f Due to the lack of vol- 

Table IV 
Material Parameters for Polystyrene (PS) and a PSCO, 

Mixture Using the MFLG Model 

param polystyrene polystyrene-C0, 
3.74 
-6.8354 
10.157 
2318.7 
-1.0889 

0 
-0.8022 
1285.1 

a Segments per monomer unit. 

K), is in the glassy state. Because the MFLG model is 
predicted on an equilibrium distribution of segments and 
holes, it is not rigorously applicable to nonequilibrium 
materials such as polymer glasses. Sorption of gases by 
glasses is better represented by a model of the dual- 
mode variety.,O 

The predictions of the dilute solution behavior of 
PS-CO, are shown in parts a and b of Figure 7. The 
trends are similar to  those found for PMMA-CO,, 
although, not surprisingly, it appears that CO, is a much 
better solvent for PMMA than for PS. Unlike the PMMA- 
CO, system, the approximation made during the deter- 
mination of the binary parameters, that high molecular 
weight polymer does not dissolve in the gas over the pres- 
sure range of the sorption data, holds quite well for the 
PS-CO, binary.30 

Conclusions 
The MFLG model produces an accurate description 

of the sorption of supercritical CO, by atactic PMMA in 
the concentration region where the mean-field approxi- 
mation is expected to be valid. When the binary param- 
eters found by fitting the appropriate model equations 
to the literature sorption data a t  temperatures between 
315 and 341.2 K are used, accurate predictions of sorp- 
tion have been made at  temperatures of 298.2 and 461.53 
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Figure 7. Predictions of the MFLG model (-) spinodals com- 
pared to PS solubility in CO, data at (a) M = 2000, T = 313.2 
K, smoothed data (0 )  of Bowman:’ and (6) M ,  = 2000, T = 
353.2 K, data (0). 

K, thus demonstrating the large useful temperature range 
of the model. Predictions of the volume change on mix- 
ing, while displaying the proper trends versus tempera- 
ture and pressure, show deviations from the data a t  high 
pressure. 

In general, though correctly describing the effects of 
temperature, pressure, and molecular weight on dilute 
solution phase behavior, the model greatly underesti- 
mates the solubility of PMMA in CO,. This is due both 
to the assumptions made during the determination of 
the binary parameters (that no 33 200 MW PMMA dis- 
solves in CO, up to pressures of 300 bar) and to the break- 
down of the mean-field approximation in very dilute poly- 
mer solutions. 

The predictions in the PS-CO, system were made using 
a minimal amount of data during the fitting procedure. 
Despite this, the model solubility predictions qualita- 
tively describe the dilute solution behavior but, as in the 
PMMA-CO, binary, underestimates the solubility. Not 
surprisingly, CO, is a much better solvent for PMMA 
than for PS. 

Clearly, dilute polymer solutions present a problem for 
the model in its present form. A number of authors have 
attempted to bridge the gap between dilute and concen- 
trated polymer solution t h e r m ~ d y n a m i c s . ~ l - ~ ~  Of these, 
the bridging theories of Koningsveld et al. and Irvine and 
Gordon, the cell model by Sanchez and Lohse, and the 
field theoretical approach of Muthukumar seem to be 
the most readily adaptable to a lattice model such as the 
MFLG since each of these builds from an existing mean- 
field approach. 

Another source for potential improvement to the model 
is the nature of the empirical parameters a and g. In a 
derivation of a variation of the MFLG m ~ d e l , ” $ ~ * ~ ~  it 
has been shown that these parameters are a t  least par- 
tially due to deviations of the entropy of mixing from 
the simple Flory-Huggins relation, owing to the differ- 
ent contact surface areas of the segments and holes. The 

empirical parameters are redefined in this variation as 
functions of the surface areas and &,. The modified model 
produces better descriptions of the volume of mixing and 
equilibrium vapor pressure, Le., quantities that would intu- 
itively depend on do but cannot equal the MFLG model 
description of the temperature dependence of phase behav- 
ior in the gas-polymer  system^.^' 

Deviations from the regular solution approximation used 
to calculate the internal energy of mixing can also be con- 
sidered. Recently, Kumar et  al.38 used the Panayiotou- 
Vera equation of state, modified to allow for specific inter- 
actions and thus non-mean-field nearest-neighbor con- 
centrations, to model the distribution of polystyrene 
oligomers between a SCF-rich and polymer-rich phase. 
Through algebraic manipulation, it can be shown23 that 
the Panayiotou-Vera equation of state represents a spe- 
cific case of the MFLG equation of state, that is, when a 
is zero. Given this similarity between the Panayiotou- 
Vera and MFLG models and the reasonably good descrip- 
tion of oligomeric polystyrene solubility in supercritical 
ethane by the P-V model, it is certainly possible that 
inclusion of specific interactions in the derivation of the 
MFLG model could lead to a more accurate concentra- 
tion or temperature dependence of the binary interac- 
tion parameters. However, results for liquid systems such 
as polystyrene-cyclohexane and poly~tyrenetoluene~’ have 
shown that whereas use of the quasi-chemical approxi- 
mation in conjunction with the MFLG model will improve 
the description of the mixture phase behavior, the prob- 
lem concerning accurate modeling of both the solvent- 
rich and polymer-rich phases is not fully resolved. 

Finally, fitting of a large variety of both liquid and 
gaseous P-V-T data to the MFLG equation of state indi- 
cates that, in the context of the model, one segment equals 
approximately two C-C bonds. Thus it could be benefi- 
cial to convert the model to a group contribution basis3’ 
possibly using molecular parameters such as those by 
Bondi4’ to evaluate the contact surface areas of the var- 
ious groups. 
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ABSTRACT: A series of poly(ethylenepropy1ene)-poly (ethylethylene) (PEP-PEE) diblock copolymers, con- 
taining 55% by volume PEP,  and the corresponding PEP and PEE homopolymers have been investigated 
by dynamic mechanical spectroscopy. The ordered and disordered states are characterized by qualitatively 
different low-frequency rheological properties in close agreement with previous reports on this subject. 
This paper addresses three aspects of such behavior in the vicinity of the order-disorder transition: iden- 
tification of the microphase-separation transition temperature, TMsT, evaluation of fluctuation effects, and 
characterization of the ordering kinetics. We identify TMsT based on the distinct discontinuity in C' (w << 
wc)) and G" (w << 0;') that  accompanies the order-disorder transition; w,' = 3w," << T ~ - ~  delineates the 
beginning of the phase-state-dependent low-frequency regime where T~ is the conventional single-chain 
longest relaxation time. Above and below TMsT the rheological properties are complex for w < wc (e.g., 
failure of time-temperature superposition), owing to the presence of composition fluctuations. In the dis- 
ordered state these effects are evident 50 "C beyond TMSy The magnitude of these fluctuation effects is 
underpredicted by recent theory, although the relative fluctuation contributions to  the dynamic elastic and 
loss moduli are in quantitative agreement with theory. Quenching experiments from slightly above to  just 
below TMs, reveal a ca. 10 "C region within which the ordering process can be followed rheologically. On 
the basis of the temporal evolution of C' (w << w,') following such temperature quenches, we conclude that 
the ordering process is governed by heterogeneous (secondary) nucleation. 

I. Introduction ment-segment interaction parameter, x .  is l inear with 
Block copolymer rheology has been shown in the past 

to be strongly dependen t  on morphology, which can be 
divided into two genera l  categories.  The ordered, or 
microphase-separated, state refers to the familiar peri- 
odically arranged spherical, cylindrical, lamellar, or bicon- 
t inuous  double-d iamond structures,' while the disor- 
dered state is  spatially homogeneous. These two  ther- 
modynamic  regimes are sepa ra t ed  b y  the order-disorder 
t rans i t ion  (ODT) ,  also referred to as the microphase sep- 
ara t ion  t rans i t ion  (MST);  here we  use these exmess ions  

inverse tempera ture ,  thus producing a disordered mate- 
rial at sufficiently h igh  temperatures. This situation is 
analogous t o  UCST behavior  i n  b ina ry  polymer mix- 
tures.  Below the MST temperature (TMST) block copol- 
ymers  exist in the ordered state. We presently describe 
a deta i led  s t u d y  of the dynamic  mechanical proper t ies  
of a near ly  symmetr ic  (f = 0.55) set of model poly(ethy1- 
enepropy1ene)-poly(ethylethy1ene) diblock copolymers, 
denoted PEP-PEE, both above  and below TMsT where  
f corresponds t o  the volume fraction of the PEP block. 

interchangeably.  In all  known block copolymers the seg- 
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Near ly  all previous investigations a imed  at elucidat-  
ing the relationships between rheology and morphology 
for block copolymers have relied upon  mater ia l s  com- 
posed of polystyrene and/or polydiene blocks, includ- rials Science, University of Minnesota, Minneapolis, MN 55455. 
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