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ABSTRACT: Cloud point data to 230°C and 2200 bar are presented for poly(acrylate)–
ethylene mixtures. When the length of the alkyl tail is increased, the cloud point curve
is shifted towards lower pressure, but this trend switches when going from poly(ethyl
hexyl) to poly(octadecyl) acrylate. It is apparent that there is an optimum alkyl tail
length that balances energetic acrylate–acrylate, ethylene–ethylene, and ethylene–
acrylate interactions and free-volume, entropic effects. Both ethylene–poly(acrylate)
and CO2–poly(acrylate) data are modeled by the Statistical Associating Fluid Theory
(SAFT) equation of state. A pseudogroup contribution method is developed for the
calculation of the following pure polymer characteristic parameters: m, the number of
segments, and v00, the volume of a segment. This method cannot be applied for u0/k,
the attractive energy of a segment, which changes in a nonlinear manner with changes
in the structure of the acrylate repeat group. The energy parameter is then calculated
from monomer data or fitted directly to one cloud point curve. The experimental data
are represented well, even if little predictive power is obtained since a temperature-
independent interaction parameter kij is needed. © 1999 John Wiley & Sons, Inc. J Appl
Polym Sci 73: 1979–1991, 1999
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INTRODUCTION

One class of statistically random copolymers that
is finding widespread application are copolymers
that combine nonpolar ethylene with a variety of
polar comonomers, such as acrylates, vinyl ace-
tate, and acids. Ethylene-based copolymers are
typically produced at pressures as high as 2000 to
3000 bar and at temperatures as high as 250°C.1

Elevated pressures are needed to maintain a sin-
gle phase during copolymerization. It is impor-
tant to know the location of the phase boundaries
for copolymer–ethylene mixtures to avoid reactor
fouling or runaway reactions that can occur if a
two-phase region is formed in the reactor. Quite a
large data base has recently emerged on the
phase behavior of ethylene-based copolymers,
showing that the location of the cloud point curve
is a nonlinear function of the copolymer proper-
ties, such as molecular weight, degree of chain
branching, and, most importantly, polar comono-
mer content.2–24 In addition, the phase behavior
of ethylene-based copolymers is also a strong
function of the particular polar comonomer, even
for comonomers from the same chemical family.
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For instance, it has been shown that cloud point
pressures for ethylene–methyl acrylate copoly-
mers in ethylene decrease as the first 20 mol % of
methyl acrylate groups are added to polyethyl-
ene.3 The cloud point pressures then increase as
more methyl acrylate is added to the backbone of
the copolymer. In contrast, the cloud point pres-
sures for ethylene–butyl acrylate copolymers in
ethylene consistently decrease as the butyl acry-
late content increases.3 To aid in the interpreta-
tion of the phase behavior of ethylene–acrylate
copolymers, the phase behavior of poly(acrylate)–
ethylene mixtures is determined since the poly-
(acrylates) represent the polar end of the compo-
sition spectrum of ethylene–acrylate copolymers.

Cloud point data are presented for ethylene
with poly(methyl acrylate) (PMA), poly(ethyl ac-
rylate) (PEA), poly(butyl acrylate) (PBA), poly(2-
ethyl-hexyl acrylate) (PEHA), and poly(octadecyl
acrylate) (PODA). These data complement an ear-
lier study, which reported on the cloud point be-
havior of the same polymers in supercritical
CO2.23 PEA, PBA, PEHA, and PODA dissolve in
CO2 at pressures near 1000 bar, but each cloud
point curve exhibits a sharp increase in pressure
at a given temperature that decreases as the
length of the alkyl tail on the acrylate decreases.
The sharp pressure increase is related to the
strength of the polar interactions between the
dipole of an acrylate group and the quadrupole of
CO2. The effective dipole of the acrylate group
scales inversely with the square root of the molar
volume,25 which means that as the alkyl tail de-
creases, favorable CO2–acrylate polar interac-
tions are enhanced. It should also be noted that
the ordering of the poly(acrylate) cloud point
curves in pressure–temperature space was not
fixed by the polymer molecular weight in this
instance.

Ethylene is expected to exhibit some of the
solvent characteristics of CO2 since ethylene also
has a quadrupole moment. Byun et al.3 reported
that the cloud point curve for the PBA–ethylene
system is relatively flat at ; 800 bar and temper-
atures from 65 to 190°C. The behavior of the
PBA–ethylene system is similar to that of the
PBA–CO2 system, where the curve is flat at
; 1000 bar from 130 to 200°C.23 However, as
previously mentioned, the PBA–CO2 curve has a
sharp increase in pressure at ; 80°C, whereas
the PBA–ethylene curve is still flat at this tem-
perature.23 PBA remains dissolved in ethylene to
lower temperatures because ethylene has a much
higher polarizability than CO2, 42.5 cm3 versus

27.5 cm3, and, therefore, PBA–ethylene disper-
sion interactions, are much stronger. Dispersion
interaction energy scales with polarizability di-
vided by molar volume, which explains why high
pressures are needed for ethylene and CO2 to
dissolve PBA since these solvents are expanded
gases at elevated temperatures and ambient pres-
sure.

Table I lists the properties of the poly(acry-
lates) used in this study. Although the molecular
weights of the polymers are not identical and the
polydispersities are relatively high, these two
properties should not be primary factors control-
ling the location of the cloud point curve based on
observations from other polymer–supercritical
fluid solvent studies.3,14 SAFT is used to model
the ethylene–poly(acrylate) cloud point data ob-
tained in this study and the CO2-poly(acrylate)
data reported elsewhere.23 The Radosz group
has used the SAFT model extensively to calculate
the phase behavior of polymer–solvent mix-
tures.4,6,8–10,26,27 A straightforward method is
proposed for calculating the pure component pa-
rameters of the poly(acrylates) based on the pa-
rameters of low-molecular-weight propanoates
that are homomorphs of the acrylate repeat
groups.

EXPERIMENTAL

Described in detail elsewhere are the techniques
used to obtain cloud point curves using a high-
pressure, variable-volume view cell.18 While be-
ing maintained at room temperature, the cell is
loaded with polymer and is purged to remove any

Table I Molecular Weight Information for the
Polymers Investigated in this Study

Polymer Mw Mw/Mn

Poly(methyl acrylate) (PMA) 30,700 2.90
Poly(ethyl acrylate) (PEA) 119,300 4.83
Poly(butyl acrylate) (PBA) 61,800 2.99
Poly(ethylhexyl acrylate) (PEHA) 112,800 2.97
Poly(octadecyl acrylate) (PODA) 23,300 1.79
Poly(butyl methacrylate) (PBMA) 102,300 1.02
Poly(vinyl acetate) (PVAc) 124,800 2.37
EMA18

a 185,200 4.90
EMA31 99,000 3.00
EMA41 96,400 3.22

a EMAx is a poly(ethylene-co-methyl acrylate) copolymer
with x mole percent of methyl acrylate in the backbone.
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entrapped air. Ethylene is then transferred into
the cell. The system pressure is measured to
within 62.8 bar, and the system temperature is
measured and maintained to within 60.4°C. The
cloud point pressure is defined as the point at
which the solution becomes so opaque that it is no
longer possible to see the stir bar in solution.
Cloud points obtained in this manner are identi-
cal to those defined as the point where there is a
90% drop in transmitted light through the solu-
tion. Cloud point measurements are repeated at
least twice at each temperature and are typically
reproducible to within 65 bar. The poly(alkyl ac-
rylates) were obtained from Aldrich Chemical Co.;
since they were supplied in a toluene solution, the
polymer solution was placed under vacuum for at
least 8 h for solvent removal. Ethylene (CP grade;
99.5% pure), obtained from Linde Corporation,
and the inhibitor (2,6-di tert butyl-4 methyl phe-
nol), obtained from Aldrich Chemical Company,
were used as received.

RESULTS AND DISCUSSION

Phase Behavior

Figure 1 shows the phase behavior of PEA, PBA,
PEHA, and PODA in ethylene. It was not possible
to dissolve PMA in ethylene to pressures up to
2500 bar and temperatures to 250°C, even though
PMA has a very low-weight average molecular
weight. More than likely, PMA remains insoluble
in ethylene due to methyl acrylate segment–seg-

ment polar interactions that are much stronger
than acrylate segment–ethylene interactions.

PEA dissolves in ethylene at pressures near
1200 bar and temperatures in excess of 150°C.
However, as the temperature decreases, the
PEA–ethylene curve exhibits a gradual increase
in pressure to 2200 bar at 50°C, which suggests
that polar ethyl acrylate–ethyl acrylate interac-
tions also gradually increase over this tempera-
ture range. As the length of the alkyl tail on the
acrylate increases from methyl to ethyl, the im-
pact of the polar acrylate interactions decreases
since dipolar interactions scale inversely with the
square root of the molar volume and quadrupolar
interactions scale inversely with the volume to
the 5/6 power.25

Figure 1 shows that it takes less pressure to
dissolve PBA compared to PEA. In fact, the cloud
point curve for the PBA–ethylene system remains
relatively flat at 800 bar from 175 to 60°C. Evi-
dently, the butyl tail reduces the impact of polar
interactions sufficiently to suppress strong butyl
acrylate–butyl acrylate interactions so that the
cloud point curve does not exhibit an increase in
pressure as was observed with the PEA–ethylene
system.

Note that the PEHA–ethylene cloud point
curve is flat at 680 bar from 100 to 200°C, but it
exhibits a positive slope that decreases from 680
to 500 bar as the temperature decreases from 100
to 30°C. As the acrylate tail is increased from
ethyl–hexyl to octadecyl, the cloud point curve
increases in pressure and virtually superposes on
the PBA–ethylene curve. It appears that there is
an optimum alkyl tail length that balances the
acrylate–acrylate, ethylene–ethylene, and acry-
late–ethylene energies of this system. However,
increasing the tail length of the acrylate group is
also expected to increase the free volume of the
poly(acrylate), which makes it easier to dissolve
in highly expanded, supercritical ethylene. PODA
should have a higher free volume than PEHA, but
the balance of PODA–ethylene interactions is
probably less favorable than that of PEHA–eth-
ylene since the polar character of the octadecyl
acrylate is spread over such a large volume. Both
energetic and entropic effects need to be consid-
ered when interpreting the phase behavior for
these systems.

Relative to CO2, ethylene is a better supercriti-
cal solvent for the poly(acrylates). The PODA
cloud point curves for these two systems exhibit
perhaps the most striking difference in phase be-
havior. The PODA–CO2 curve increases abruptly

Figure 1 Impact of the acrylate alkyl tail on the cloud
point curves of (‚) poly(ethyl acrylate) (PEA), (h)
poly(butyl acrylate) (PBA), (F) poly(ethyl hexyl acry-
late) (PEHA), and (E) poly(octadecyl acrylate) (PODA)
in ethylene obtained in this study.
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in pressure at approximately 230°C,23 while the
PODA–ethylene curve remains flat to tempera-
tures as low as 20°C. As mentioned earlier, both
CO2 and ethylene have quadrupole moments; but
ethylene has a much higher polarizability, which
makes it much better solvent than CO2 for hydro-
carbon polymers. The important question is
whether the Statistical Associating Fluid Theory
(SAFT) can recognize the difference between
these two important supercritical fluid solvents.

Modeling

SAFT is used to calculate the phase behavior for
the poly(acrylate)–ethylene mixtures considered
in this study and for the poly(acrylate)–CO2 mix-
tures reported previously.23 SAFT is a perturba-
tion equation of state developed by Chapman et
al.,28 who applied the theory of associating fluids
developed by Wertheim.29–32 Molecules are rep-
resented as covalently bonded chains of segments,
which may contain sites capable of forming asso-
ciative complexes. In SAFT, the reference Helm-
holtz free-energy terms account for the connectiv-
ity of the hard segments in the main chain, achain,
the hard-sphere repulsion of the segments, ahs;
and the energy of site-site specific interactions of
the segments with themselves or other segments,
aassoc, and the perturbation term consists of a
mean-field attractive term, adisp. The residual
Helmholtz free-energy, ares, relative to the ideal
gas reference state is

ares 5 ~ahs 1 achain 1 aassoc! 1 adisp (1)

The term for the energy of association or complex
formation is set equal to zero since the poly(acry-
lates), ethylene, and CO2 are not expected to self-
or cross-associate. In the calculations presented
here, the polymer molecular weight is assumed to
be monodisperse, since this assumption is not
expected to mask the large changes observed in
the phase behavior with changes in acrylate
structure. The cloud point curves are obtained by
calculating pressure–composition (P–x) iso-
therms at various temperatures and identifying
the cloud point pressure as the pressure needed to
obtain a single phase at 5 wt % polymer in solu-
tion.

The expression for the residual Helmholtz free
energy, given in detail elsewhere,26,27 is used,
along with thermodynamic definitions, to derive
an equation for the fugacity coefficient, fi, to
calculate phase equilibria.

ln fi 5
mi

res

RT 2 ln Z (2)

where Z is the compressibility of the mixture, R is
the gas constant, T is the temperature, and mi

res is
the residual chemical potential that is defined as

mi
res

RT 5 S~Nares/RT!

Ni
D

T,V,NjÞi

(3)

where N is the total number of moles in the sys-
tem, V is the total system volume, and Ni is the
number of moles of component i in the system.
Equation (2) can be rewritten in terms of the
residual Helmholtz energy as

ln fi 5 5Fares

RTG
xi

6
T,V,NjÞi

2 O xj5Fares

RTG
xj

6
T,V,NjÞi

1 ares/RT 1 ~Z 2 1! 2 ln Z (4)

where xi is the mole fraction of component i (see
Huang and Radosz26 and Hasch33 for more de-
tails).

For each pure component, there are potentially
five parameters in the SAFT equation, as follows:
v00, the temperature-independent volume of a
segment; u0/k, the temperature-independent,
nonspecific energy of attraction between two seg-
ments; m, the number of segments in a molecule;
«/k, the energy of association between sites on a
molecule, and y, the volume of site–site associa-
tion. For the systems considered here, «/k and y
are zero since there are no hydrogen-bonding mol-
ecules present. The following three mixing rules
are needed to calculate the phase behavior for
mixtures: one for the temperature-dependent vol-
ume of a segment, v0; another for the tempera-
ture-dependent energy of attraction between two
segments, u; and a third one for the number of
segments, m. The mixing rules are

v0 5

O
i

O
j

xixjmimjvij
0

F O
i

ximiG 2

where

vij
0 5

1
8 @vi

0 1
3 1 vj

0 1
3#3 (5)
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u
kT 5

O
i

O
j

xixjmimjF uij

kTGvij
0

O
i

O
j

xixjmimjvij
0

where

uij 5 ~uiiujj!
1/2~1 2 kij! (6)

m 5 O
i

O
j

xixjmij

where

mij 5
1
2 ~mi 1 mj! (7)

The parameter kij is a fitted, binary mixture pa-
rameter.

Parameters for Pure Components

Table II lists values for the pure component pa-
rameters v00, u0/k, and m for ethylene and CO2
reported elsewhere.26 The pure component pa-
rameters for the poly(acrylates) are not available
in literature. The challenge associated with deter-
mining reasonable pure component polymer pa-
rameters is demonstrated for the PEA–ethylene
system. The pure component parameters for PEA,
obtained from a fit of density data34 to within 2%,
are 17.17 cm3/mol for v00, 778.5 for m, and 367.4
K for u0/k. With these values and kij set equal to
zero, the calculated cloud point curve is more

than 7000 bar too high relative to the experimen-
tal curve. If kij is set equal to 20.150, a large
negative value, a portion of the cloud point curve
is now close to the experimental data, but the
calculated curve has a positive slope indicative of
lower critical solution temperature (LCST) behav-
ior, while the experimental curve has a negative
slope. The primary reason that cloud point calcu-
lations are so far off in this instance is that the
value of u0/k is much too large, as has already
been noted by others.35,36 As Figure 2 shows, the
calculated density of PEA is not very sensitive to
the value of u0/k, which renders this data of little
value when determining pure component polymer
parameters. It is apparent that another method is
needed to calculate the three polymer pure com-
ponent parameters.

Table II Parameters Used in the SAFT Modeling

Component m v00 (cm3/mol) (u0/k)Pvap
a (uo/k)CP

b

CO2 1.417 13.578 216.08 —
Ethylene 1.464 18.157 212.06 —
Methyl acrylate 4.928 8.626 209.0 —
Vinyl acetate 4.928 8.626 203.0 —
Butyl acrylate 6.890 9.540 205.0 —
PMA 592 9.193 209.0 240.0
PEA 1348 9.509 205.0 215.0
PBA 1093 9.958 205.0 203.0
PEHA 1973 10.956 195.5 198.0
PODA 638 11.034 — 200.0
PBMA 5238 10.124 202.0 208.0
PVAc 2941 9.193 203.0 225.0

a u0/k (K) for the polymer is calculated from monomer vapor pressure and liquid density data.
b u0/k (K) for the polymer is fit to the polymer–ethylene cloud point curve.

Figure 2 Influence of u0/k on the calculated density
of poly(ethyl acrylate). The open circles are densities
obtained from the Tait equation.34
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Determination of the Number of Segments and of
the Volume of a Segment

Huang and Radosz26 argue that the parameters
m and v00 for polyethylene can be obtained by
extrapolating the results found with n-alkanes
parameters; moreover, they show that the values
for m and v00 follow regular trends, depending on
the structural features of the species under con-
sideration. The approach taken here to determine
polymer pure component parameters follows from
the observations of Huang and Radosz,26 which
suggest that a group contribution method can be
used for their determination. The basic assump-
tion in the group contribution approach is that
the values of m and m times v00 can be obtained
from the linear summation of the values for each
functional group in the molecule. The values of m
and v00 for polymers is obtained from the values
for a repeat unit and with m corrected for the size
of the polymer utilizing the number-average mo-
lecular weight.

The number of segments m for a repeat unit of
a particular poly(acrylate) is determined by first
calculating m for the base ester group,
CH3OCH2COOO, from the values given for a
series of propanoates26 minus the contribution of
the OCH2O and OCH3 groups that constitute
the alkyl tail on the propanoate. The value of m
for the acrylate group in the backbone of the poly-
mer without an alkyl tail is then obtained by
subtracting m for aOCH2O group from the m of
the ester group and adding m for a .CHO group.
The m for a particular alkyl tail is calculated by
summing the m values of the appropriate number
of OCH2O groups with the value for a OCH3
group. For simplicity, no attempt is made to ac-
count for the type of functional groups pendant to
the CH2 group. The value for mCH2

, 0.654, is ob-
tained from the slope of a plot of mn-alkanes

26 ver-
sus the number of carbon atoms. The value for
mCH3

is obtained with the following equation:

m~OCH3! 5
m~n-alkane! 2 ~n 2 2!m~OCH2O!

2
(8)

Huang and Radosz26 report mn-alkane values for
different alkanes, which gives an average value
for mCH3

of 1.067. The mCH value is calculated
from

m~OCHA!Am~C3H6!Om~OCH3!Om~ACH2!

(9)

where it is assumed that an mCH with three sin-
gle bonds is equal to an mCH with a single and a
double bond and that the mCH2A

is one-half that
of methylene. Values for methylene and mpropylene are
found elsewhere.26

The value for the product of m times v00 for a
repeat group of a given poly(acrylate) is obtained
using the same approach as that used to obtain m
of the repeat group. Specifically, eqs. (8) and (9)
are used, except that the mgroup is replaced with
the product mvgroup

00 . Once mv00 is calculated for
the repeat group of the poly(acrylate), v00 is then
calculated with the following equation:

~v00!group 5
~mv00!group

mgroup
(10)

The value for m for a given poly(acrylate) is
obtained by multiplying macrylate segment by the
poly(acrylate) number-average molecular weight
and dividing by the molecular weight of the acry-
late repeat group.

This group contribution approach is also used
to determine the pure component parameters for
acrylate monomers. The value of m for the acry-
late group (ACgr), which contain a double bond
but does not have an alkyl tail, is obtained from
the following equation:

m~ACgr! 5 m~ESTgr! 2 m~OCH3!

2 m~OCH2O! 1 m~ACH2! 1 m~1CHO! (11)

where ESTgr is the ester group. The contribution
of the appropriate alkyl tail is added similarly to
the manner used for the acrylate repeat group in
a poly(acrylate), and v00 is also determined in the
manner used for the acrylate repeat group.

Determination of the Energy Parameter

Unfortunately, the energy parameter of a seg-
ment, u0/k, within a particular chemical family,
varies in a nonlinear manner with respect to the
group carbon number, which precludes using a
simple group contribution method for estimating
it. Given values of m and v00 obtained from the
group contribution method, the following three
different approaches are possible to determine a
value for u0/k of a poly(acrylate) segment.

1. A fit of poly(acrylate) density data can be
used;

2. u0/k can be calculated for the monomer
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from a fit of vapor pressure and liquid den-
sity data, and then used for the correspond-
ing polymer; in this case, it is also possible
to determine a value of kij from a fit of
monomer–solvent phase behavior data,
which can be used for the polymer-solvent
calculations;

3. A single poly(acrylate)–solvent cloud point
curve for a given solvent can be used to
determine u0/k for the polymer and kij for
the polymer–solvent pair.

For the possible poly(acrylate)–ethylene and
poly(acrylate)–CO2 mixtures considered in this
study, all three types of data are available only for
the PBA–CO2 system. Therefore, the merits of
these three approaches will be demonstrated with
the PBA–CO2 system, and then further examples
are provided for the poly(acrylates)–ethylene,
poly(acrylates)–CO2, and poly(vinyl acetate)–CO2
systems.

Example Calculation of u0/k for Butyl Acrylate

In the first approach, u0/k for PBA, 320.0 K, is
determined from a fit of PBA density data, with m
and v00 calculated from the group contribution
method. With these pure-component PBA param-
eters, the calculated PBA–CO2 cloud point pres-
sures are approximately 5000 bar too high. Again,
it is found that polymer density data are not
useful for regressing the energy parameter; there-
fore, this approach is discarded.

In the second approach, mbutyl acrylate, 6.772,
and v00, 9.958 cm3/mol, are obtained from the

group contribution equations, and a value of
205.0 K is obtained for u0/kbutyl acrylate from a fit of
butyl acrylate vapor pressure data to within
61.8% and butyl acrylate liquid density data37 to
within 66.4%. Figure 3 shows a comparison of
calculated and experimental phase behavior of
the butyl acrylate–CO2 system using these pa-
rameters. Poor agreement between calculated
and experimental isotherms is obtained with kij
equal to zero, although more quantitative fits of
these isotherms are obtained with kij equal to
0.130.

Figure 4 shows a comparison of the calculated
and experimental cloud point curves for the PBA–
CO2 system. With u0/k for PBA equal to that of
the monomer and kij equal to zero, the calculated
cloud point curve exhibits a positive slope that
does not agree even qualitatively with the exper-
imental curve. A quantitative fit of the data can
be obtained with kij equal to 0.071. If kij is set
equal to 0.130, the value found from the best fit of
the butyl acrylate–CO2 system, the PBA cloud
point curve pressures are too high, and the sharp
pressure increase of the calculated curve is
shifted to higher temperatures by more than
250°C.

When the third approach is used, that is, ad-
justing both the value of u0/kPBA and kij to obtain
a good fit of the PBA–CO2 cloud point curve, es-
sentially identical values of u0/kPBA, 203.0 K, and
kij, 0.073, are obtained compared to those found
from a fit of pure monomer data. It should be
emphasized that the shape and location of the

Figure 3 Comparison of the experimental butyl acry-
late–CO2 phase behavior40 with isotherms calculated
with the SAFT equation using the pure component
parameters shown in Table II and with kij equal to
0.130.

Figure 4 Comparison of the PBA–CO2 and the PBA–
ethylene experimental and calculated cloud point
curves. The PBA–CO2 data are obtained from the lit-
erature23 and the PBA–ethylene data are obtained in
this study. The value for (u0/k)PBA used for both sys-
tems is obtained from a fit of monomer butyl acrylate
data.
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PBA–CO2 cloud point curve is very sensitive to
the value of kij, as shown in Figure 4. Neverthe-
less, the group contribution approach advocated
here provides a systematic way to determine the
number of segments and the segment volume for
poly(acrylates) not previously considered. The
pure component parameters for PBA are now
fixed and can be used with any other PBA–solvent
mixture. Figure 4 also shows that a good fit of the
PBA–ethylene cloud point curve is found with the
value of u0/k obtained from monomer data and
with kij equal to 0.043. Further examples of the
group contribution approach and the two methods
to determine u0/k are provided for the poly(acry-
late)–ethylene and poly(acrylate)–CO2 systems
and for the poly(vinyl acetate)–CO2 system,
which provides a stringent test of the methodolo-
gies proposed here.

Poly(acrylate)–SCF Phase Behavior

Figure 5, which shows the PMA–CO2 cloud point
curve, is an example where the calculation of
u0/kPMA from the vapor pressure and density of
the monomer leads to unsatisfactory results. The
calculated results are again extremely sensitive
to the value of kij, where larger values of kij shift
the cloud point curve to higher pressures and
temperatures and changes the characteristics of
the curve from one with a positive slope (LCST-
type behavior) to one with a negative slope
(UCST-type behavior). The u0/k value obtained
from methyl acrylate data, 209.0 K, is much too
low to model this system. Figure 6 shows that a
good representation of the cloud point curve is

obtained when u0/k, 240.0 K, and kij, 0.043, are
fit simultaneously to the cloud point curve. In this
case, where the polarity of the polymer is much
higher than that of the monomer, another term is
needed in SAFT to explicitly account for polarity.

Figure 6 also shows that a semiquantitative fit
of the PVAc–CO2 cloud point curve data can be
obtained with u0/k calculated from the vapor
pressure of the vinyl acetate, 203.0 K, and with kij
equal to 0.055. A more quantitative fit is obtained
with a higher value of u0/k, 225.0 K, and with a
kij equal to 0.020. The higher value of u0/k may be
a consequence of the polar interactions expected
between vinyl acetate and CO2 and the weak com-
plex that is expected to form between the carbonyl
group in vinyl acetate and CO2.38 This complex
formation is most probably of a Lewis acid–base
nature, where the carbon atom of the CO2 mole-
cule acts as an electron acceptor and the carbonyl
oxygen in the polymer acts as an electron donator,
and its strength is expected to be a bit less than 1
kcal/mol. It is possible to account for the complex
formation with SAFT, but at the cost of introduc-
ing two new parameters; therefore, complex for-
mation is ignored in the calculations reported
here. Meredith et al.39 have recently reported
that it is possible to discern an effect of the com-
plex on the calculated phase behavior; however,
they had to increase the strength of the complex
artificially by a factor of 4 to see a quantitative
effect. It should be noted that PMA and PVAc
repeat units have the same chemical formula but
different structures, which makes the volume and
the segment parameters equal for the two repeat
units. Figure 6 shows that changing u0/k and kij
is enough to obtain a good representation of both
the systems, even if, in fact, they behave very
differently.

Figure 6 Comparison of PMA–CO2 and PVAc–CO2

calculated and experimental23 cloud point curves.

Figure 5 Comparison of the PMA–CO2 calculated
and experimental23 cloud point curves with (u0/k)PMA

obtained from a fit of monomer vapor pressure and
liquid density data.
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Figures 7 and 8 present a comparison of exper-
imental41 and calculated phase behavior for the
systems ethylene–methyl acrylate and ethylene
vinyl acetate. A good fit of the experimental data
is obtained for both of these systems with m and
v00 obtained from the group contribution correla-
tion and with u0/kMA and u0/kVAc determined
from a fit of vapor pressure and liquid density
data and with a temperature-independent kij fit
to the binary phase behavior. If the calculations
are performed with the values of u0/k obtained
from the polymer–CO2 cloud point curves, the
results are still in qualitative agreement with the
experimental data, even with kij set equal to zero.

Figure 9 shows the fit of the cloud point curve
for the PEA–ethylene system. Good agreement is

obtained between experimental and calculated
cloud point curves with u0/k, 205.0 K, obtained
from the monomer data and kij fit to the cloud
point curve and with both kij and u0/k, 215.0 K,
fit to the cloud point curve. The lack of a dipole
term in SAFT is less severe in this instance since
the dipole–dipole interactions scales with the in-
verse square root of the acrylate volume, which
effectively reduces the impact of the ethyl acry-
late dipole. The conclusion here is that the group
contribution method for m and v00 works well
with u0/k determined from monomer data. Once
again, a temperature-independent kij is needed to
obtain a good representation of the cloud point
curve.

Figure 10 shows the fit of the PEA–CO2 cloud
point curve where one curve uses the u0/k from a
fit of the pure monomer data, 205.0 K, while ad-
justing kij and the other curve uses u0/k obtained

Figure 7 Comparison of experimental41 and calcu-
lated methyl acrylate–ethylene isotherms with SAFT
and with kij equal to 0.110.

Figure 8 Comparison of experimental42 and calcu-
lated vinyl acetate–ethylene isotherms with SAFT and
with kij equal to 0.090. A good fit of the 60°C isotherm
is also obtained, although it is not shown here to avoid
clutter.

Figure 9 Comparison of the PEA–ethylene experi-
mental cloud point curve obtained in this study with
calculated cloud point curves using the SAFT equation.

Figure 10 Comparison of the PEA–CO2 experimen-
tal cloud point curve23 with calculated cloud point
curves using the SAFT equation.
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from the best fit of PEA–ethylene cloud point,
215.0 K, curve, while again adjusting kij. A rea-
sonable representation of the PEA–CO2 cloud
point curve is obtained with the value of u0/k
obtained from monomer data, although more
quantitative agreement is obtained with u0/k re-
gressed from the PEA–ethylene curve.

In Figure 11, experimental and calculated
curves are presented for the PEHA–CO2, PODA–
CO2, PEHA–ethylene, and PODA–ethylene sys-
tems. For PEHA, a very good representation of
the experimental CO2 curve is obtained with u0/k
fit to monomer data and with kij equal to 0.093
and for the ethylene curve with the same value of
u0/k and with kij equal to 0.045. Since monomer
vapor pressure data are not available for PODA,
the values for u0/k, 200.0 K, and kij, 0.053, were
obtained from a fit on the PODA–ethylene cloud
point curve. The same value of u0/k is then used
for PODA–CO2 with very good results.

In Figure 12, the PBA–CO2 and PBMA–CO2
systems are compared. For PBMA, a better rep-
resentation is obtained from a simultaneous fit of
u0/k and kij to the cloud point curve, although a
very reasonable fit of the data are obtained with
u0/k determined from monomer data.

Table III reports the values of kij used to obtain
a good fit of the experimental data. For polymer–
ethylene systems, kij decreases when the alkyl
tail is increased, whereas the polymer–CO2 sys-
tems show the opposite trend. For both kinds of
systems, kij varies in a regular manner along the
series of polymers, which makes it possible to
predict its value for other components in the same
homologous series.

Copolymer Systems

The group contribution method is suitable also to
calculate the volume and segment parameters for
statistically random copolymers once the values
for each repeat unit are known. Once again, it is
postulated that both m and m times v00 can be
determined from a linear combination of those of
the repeat units, weighted by the number of each
repeat unit, ni, in the backbone. For a generic
random copolymer, m and m times v00 are

mCOP 5 O
i

nimi (12)

~mv00!COP 5 O
i

ni~mv00!i (13)

where mi and mvi
00 are the segment and segment

times volume parameters for each repeat unit.
The number of each group in the copolymer de-
pends on the mole fraction of each repeat unit in
the copolymer and on the number-average molec-
ular weight, as follows:

MWCOP 5 n1MWru1 1 n2MWru2 (14)

x1 5
n1

n1 1 n2
(15)

where MWCOP is the number-average molecular
weight of the copolymer, MWru are the molecular
weights of each repeat unit, and x1 is the mole
fraction of monomer 1 in the copolymer. Once the
molecular weights and x1 are known, it is
straightforward to calculate n1 and n2.

Figure 12 Comparison of calculated and experimen-
tal23 PBA–CO2 and PBMA–CO2 cloud point curves.

Figure 11 Comparison of calculated and experimen-
tal cloud point curves for the PEHA–CO2, PEHA–eth-
ylene, PODA–CO2, and PODA–ethylene systems. The
parameters for the polymers and solvents are found in
Tables II and III.
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A volume-weighted, geometric-average mixing
rule is used to determine the energy parameter
for a given copolymer, as follows:

Su0

k D
COP

5

O
i

O
j

~ximi!~xjmj!Su0

k D
ij

vij
00

O
i

O
j

~ximi!~xjmj!vij
00 (16)

uij
0 5 ~ui

0uj
0!0.5 (17)

Table IV gives values of pure component param-
eters for the copolymers determined with eqs.
(12)–(17).

Figure 13 shows the comparison of calculated
and experimental cloud point curves for the
EMAx–CO2 system. In this instance, very good
agreement is obtained between calculated and
experimental data with a temperature-indepen-
dent kij. Note that kij increases regularly when
the amount of ethylene repeat units increases in
the backbone of the copolymer. A value of 0.112 is
obtained if the kij values in Figure 13 are extra-
polated to polyethylene. With kij equal to 0.112

and with parameters obtained from Huang and
Radosz,26 it is possible to show that a single phase
cannot be obtained for the polyethylene–CO2 sys-
tem to temperatures of 270°C and pressures of
2750 bar.

CONCLUSIONS

New experimental data for poly(acrylates)–ethyl-
ene systems have been presented. The cloud point
pressures for the poly(acrylates) in ethylene de-
creases as the length of the alkyl tail increases from
methyl to n-ethyl hexyl. The strength of dipole–
dipole interactions between acrylate groups is ex-
pected to decrease with increasing tail length since
the dipole now operates over a larger volume. How-
ever, when the length of the alkyl tail increases
from n-ethyl hexyl (PEHA) to octadecyl (PODA), the
cloud point pressures also increase. These data sug-

Table III Values of kij for Polymer–CO2 and Polymer–Ethylene Systems

Polymer
kij

(polymer–ethylene)a
kij

(polymer–CO2)a
kij

(polymer–ethylene)b
kij

(polymer–CO2)b

PMA — — — 0.043
PEA 0.078 0.071 0.060 0.060
PBA 0.043 0.071 0.050 0.073
PEHA 0.045 0.093 0.039 0.090
PODA — — 0.053 0.104
PBMA — 0.080 — 0.074
PVAc — 0.055 — 0.020

a u0/k (K) for the polymer is calculated from monomer vapor pressure and liquid density data.
b u0/k (K) for the polymer is fit to the polymer–ethylene cloud point curve.

Table IV Parameters Used in the SAFT
Modeling for the Poly(ethylene-co-methyl
acrylate) Copolymers

Copolymera m
v00

(cm3/mol)
u0/k
(K) kij

EMA18 1903 10.654 225.9 0.048
EMA31 1748 10.189 230.2 0.054
EMA41 1584 9.936 232.6 0.071

a EMAx is a poly(ethylene-co-methyl acrylate) copolymer
with x mole percent of methyl acrylate in the backbone.

Figure 13 Comparison of calculated and experimen-
tal23 EMA18–CO2, EMA31–CO2, and EMA41–CO2 cloud
point curves. The parameters for these calculations are
given in Table III.
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gest that there is an optimum alkyl tail length that
balances the acrylate–acrylate, ethylene–ethylene,
and acrylate–ethylene energies of this system. The
change in energetics with tail length is also bal-
anced by the increase in the free volume of the
poly(acrylate) with increasing tail length, which
makes these polymers easier to dissolve in highly
expanded, supercritical ethylene. Both energetic
and entropic effects need to be considered when
interpreting the phase behavior for these systems.

The experimental data have been modeled
with the SAFT equation of state using a group
contribution approach to calculate m and v00 for
the polymer and determining u0/k from monomer
vapor pressure and liquid density data or from a
fit of a single polymer–solvent cloud point curve.
With PMA and PVAc, the most polar polymers
considered here, it is necessary to determine the
value of u0/k directly from a fit of a cloud point
curve. For the other poly(acrylates), it is possible
to obtain a reasonable value for u0/k using the
corresponding monomer energetic parameter. It
should be noted, however, that it is necessary to
use a temperature-independent binary interac-
tion parameter kij to obtain a reasonable fit of the
cloud point curves for all of the polymer–super-
critical solvent systems considered here. If kij is
set equal to zero, the polymer–SCF solvent curves
are not even in qualitative agreement with exper-
imentally observed values.

The predictive power of the SAFT equation for
the polymer–supercritical solvent systems is still
limited since it is necessary to use a nonzero value
for kij. As more systematic modeling studies are
performed with polymer–supercritical solvent
mixtures, it may be possible to provide general
guidelines for estimating kij much in the same
manner as is done with the Peng–Robinson equa-
tion for small molecule mixtures. The proposed
methods used to calculate pure polymer parame-
ters gives reasonable results in many cases, and it
allows SAFT to be used for other than poly(ethyl-
ene) or poly(ethylene)-derived polymers. Further
work is needed to extend the group contribution
approach to other chemical families and to find a
more accurate method to calculate the energy pa-
rameter of strongly polar polymers, for which it is
not possible to use the value regressed for the
monomer.

M. A. McHugh acknowledges the National Science
Foundation for partial support of this project under
Grant CTS-9729720.
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ing, F. O.; Buback, M. Macromolecules 1996, 29,
1625.

4. Chen, S.-J.; Economou, I. G.; Radosz, M. Macromol-
ecules 1992, 25, 4987.

5. Chen, S. J.; Radosz, M. Macromolecules 1992, 25,
3089.

6. Chen, S.-J.; Economou, I. G.; Radosz, M. Fluid
Phase Equil 1993, 83, 391.

7. Folie, B.; Radosz, M. Ind Eng Chem Res 1995, 34,
1501.

8. Gregg, C. J.; Chen, S.-J.; Stein, F. P.; Radosz, M.
Fluid Phase Equil 1993, 83, 375.

9. Gregg, C. J.; Stein, F. P.; Radosz, M. Macromole-
cules 1994, 27, 4981.

10. Gregg, C. J.; Stein, F. P.; Radosz, M. Macromole-
cules 1994, 27, 4972.

11. Gregg, C. J.; Stein, F. P.; Radosz, M. J Phys Chem
1994, 98, 10634.

12. Hasch, B. M.; Meilchen, M. A.; Lee, S.-H.;
McHugh, M. A. J Polym Sci, Polym Phys Ed
1992, 30, 1365.

13. Hasch, B. M.; McHugh, M. A. J Polym Sci, Polym
Phys Ed 1995, 33, 715.

14. Lee, S.-H.; LoStracco, M. A.; Hasch, B. M.;
McHugh, M. A. J Phys Chem 1994, 98, 4055.

15. Lee, S.-H.; McHugh, M. A. Polymer 1997, 38,
1317.

16. Luft, G.; Wind, R. W. Chem-Ing-Tech 1992, 64,
1114.

17. Luft, G.; Subramanian, N. S. Ind Eng Chem Res
1987, 26, 750.

18. Meilchen, M. A.; Hasch, B. M.; McHugh, M. A.
Macromolecules 1991, 24, 4874.

19. Pratt, J. A.; Lee, S. H.; McHugh, M. A. J Appl
Polym Sci 1993, 49, 953.

20. Rätzsch, M.; Findeisen, R.; Sernov, V. S. Z. Phy
Chem 1980, 261, 995.

21. Rätzsch, M. T.; Wagner, P.; Wohlfarth, C.; Heise,
D. Acta Polym 1982, 33, 463.

22. Rätzsch, M. T.; Wagner, P.; Wohlfarth, C.; Glei-
ditzsch, S. Acta Polym 1983, 34, 340.

23. Rindfleisch, F.; DiNoia, T. P.; McHugh, M. A. J
Phys Chem 1996, 100, 15581.

24. Wohlfarth, C.; Wagner, P.; Rätzsch, M. T.; West-
meier, S. Acta Polymerica 1982, 33, 468.

25. Prausnitz, J. M.; Lichtenthaler, R. N.; Azevedo,
E. G. Molecular Thermodynamics of Fluid Phase
Equilibria, 2nd ed.; Prentice-Hall: Englewood
Cliffs, NJ, 1986.

26. Huang, S. H.; Radosz, M. Ind Eng Chem Res 1990,
29, 2284.

1990 LORA, RINDFLEISCH, AND MCHUGH



27. Huang, S. H.; Radosz, M. Ind Eng Chem Res 1991,
30, 1994.

28. Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Ra-
dosz, M. Fluid Phase Equil 1989, 52, 31.

29. Wertheim, M. S. J Stat Phys 1984, 35, 35.
30. Wertheim, M. S. J Stat Phys 1984, 35, 19.
31. Wertheim, M. S. J Stat Phys 1986, 42, 477.
32. Wertheim, M. S. J Stat Phys 1986, 42, 459.
33. Hasch, B. M. Ph.D. Thesis, Johns Hopkins Univer-

sity, 1994.
34. Rogers, P. A. J Appl Polym Sci 1993, 48, 1061.
35. Hasch, B. M.; Lee, S.-H.; McHugh, M. A. J App

Polym Sci 1996, 59, 1107.
36. Takishima, S.; O’Neil, M. L.; Johnston, K. P. Ind

Eng Chem Res 1997, 36, 2821.

37. Steele, W. V.; Chirico, R. D.; Knipmeyer, S. E.;
Nguyen, A.; Smith, N. K. J Chem Eng Data 1996,
41, 1285.

38. Kazarian, S. G.; Vincent, M. F.; Bright, F. V.; Li-
otta, C. L.; Eckert, C. A. J Am Chem Soc 1996, 118,
1729.

39. Meredith, J. C.; Johnston, K. P.; Seminario, J. M.;
Kazarian, S. G.; Eckert, C. A. J Phys Chem 1996,
100, 10837.

40. McHugh, M. A.; Rindfleisch, F.; Kuntz, P. T.;
Schmaltz, C.; Buback, M. Polymer 1998, 39, 6049.

41. Hasch, B. M.; McHugh, M. A. Fluid Phase Equil
1991, 64, 251.

42. Folie, B.; Radosz, M. Fluid Phase Equil 1996, 120,
11.

SOLUBILITY OF POLY(ALKYL ACRYLATES) 1991


