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We propose a density-functional theory (DFT) describing inhomogeneous polymer-carbon dioxide
mixtures based on a perturbed-chain statistical associating fluid theory equation of state (PC-SAFT
EOS). The weight density functions from fundamental measure theory are used to extend the bulk
excess Helmholtz free energy to the inhomogeneous case. The additional long-range dispersion con-
tributions are included using a mean-field approach. We apply our DFT to the interfacial properties of
polystyrene-CO2 and poly(methyl methacrylate) CO2 systems. Calculated values for both solubility
and interfacial tension are in good agreement with experimental data. In comparison with our ear-
lier DFT based on the Peng-Robinson-SAFT EOS, the current DFT produces quantitatively superior
agreement with experimental data and is free of the unphysical behavior at high pressures (>35 MPa)
in the earlier theory. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742346]

I. INTRODUCTION

In a recent paper,1 we proposed a density functional the-
ory (DFT) for polymer-carbon dioxide (CO2) mixtures by
constructing the free energy functional from a Peng-Robinson
statistical associating fluid theory equation of state (PR-SAFT
EOS).2 The theory satisfactorily captures the phase behav-
ior of the mixtures and reproduces the experimental results
of interfacial tension at low to moderate pressure. At high
pressures (P > 35 MPa), however, the PR-SAFT EOS pro-
duces some unphysical features with regard to the relative
locations of the coexistence curves and the spinodal. In the
density-density phase diagram, the binodal curves terminate
at an end point at high pressure. Above that pressure, the
spinodal curves extend beyond the region enclosed by binodal
curves. Predictions from the PR-SAFT-based DFT, especially
those concerning the metastability and interfacial properties,
become unreliable at P > 35 MPa due to this unphysical be-
havior. Since some industrial processes like polymer foaming
by CO2 in the fabrication of novel porous materials typically
operate with initial pressures around 35 MPa or more, it is
necessary to develop a more accurate DFT that remains valid
at these very high pressures.

The unphysical behavior of PR EOS originates from
the poor description of excluded volume effect.3, 4 Perturbed-
chain (PC) SAFT EOS (Ref. 5) models the hard-sphere flu-
ids by the Carnahan-Starling equation6 that gives a better de-
scription for the excluded volume effect than the PR EOS
does. We thus expect that the artificial behavior at high
pressures will be absent in the PC-SAFT EOS. The PC-
SAFT EOS is widely used in engineering and can be suc-
cessfully applied to a variety of substances ranging from

a)Electronic mail: zgw@caltech.edu.

small molecules to organic solvents, and particularly to poly-
mers with high molecular weights.7 It describes the correla-
tions due to chain connectivity and associating interactions
by SAFT. As the main advantage, PC-SAFT EOS accounts
for the chain-length dependence in the dispersion interac-
tions by perturbation from a chain-like reference fluid, rather
than from a monomeric reference fluid. The dispersion in-
teractions between two chains are described by an average
chain segment-segment radial distribution function. The vol-
ume integrals with respect to chain dispersion interaction are
then simplified by a polynomial of the density up to order
six. The coefficients of the polynomial are obtained by fit-
ting the calculated binodal with experimental data for a great
number of species.5 This numerical simplification greatly fa-
cilitates the mathematical calculations. These virtues make
PC-SAFT EOS a widely used EOS for polymers in
engineering.7, 8

Gross9 proposed a PC-SAFT EOS-based DFT, where the
free energy functional for the dispersion interaction is approx-
imated as a first-order perturbation. The functional is not con-
sistent with the dispersion part of the free energy in the bulk
EOS and the difference is locally absorbed by an ad hoc shift
in the chemical potential. Such an approach can only work
when the difference in the free energy between the functional
and EOS is small enough in the entire range of the thermo-
dynamic states, a requirement that is too strong to be met
by all, or even most substances. In this work, by using the
weight density functions of Rosenfeld,10 we construct a func-
tional that is fully consistent with the bulk free energy of the
PC-SAFT EOS. The additional long-range dispersion con-
tributions due to spatial inhomogeneity are included using
a mean-field approach. We then apply our DFT to examine
the phase behavior and interfacial properties of polystyrene
(PS)-CO2 and poly(methyl methacrylate) (PMMA)-CO2

mixtures.
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II. THEORY

A. Molecular model

We consider a compressible polymer-CO2 mixture,
where the molecular units of both components are coarse-
grained as spherical particles with a hard core. The CO2

molecule is modeled as a particle of diameter σ 1. The associa-
tion interaction between the attractive sites of carbon and oxy-
gen atoms leads to the formation of dimers, trimers, tetramers,
etc. We account for the strength of the association interac-
tion by the average size of the clusters, which is denoted as
N1. Best numerical fitting (described in Sec. II B) yields N1

= 2; this value will be used throughout our calculations. A
polymer is modeled as a freely joint chain with N2 identical
segments of diameter σ 2 tangentially connected. Mathemati-
cally, chain connectivity is enforced by the bonding potential
between nearest-neighbor segments,

exp
[−βVB(rN2 )

] =
N2−1∏
i=1

δ(|r i+1 − r i | − σ2)

4πσ 2
2

, (1)

where δ is the Dirac delta function and rN2

= (r1, r2, . . . , rN2 ) and β−1 = kT stands for the temperature
multiplied by the Boltzmann constant. The interaction
between two arbitrary species (i.e. polymer segments or CO2)
is described by

uLJ
ij (r) =

{∞ r < σij

−εLJ
ij (σij /r)6 r ≥ σij

. (2)

The effective energy parameter εLJ
ij (i, j = 1, 2, with 1 denot-

ing CO2 and 2 denoting the polymer monomer) is given by
the relation

∫
uLJ

ij (r)dr = ∫
uPC

ij (r)dr , where uPC
ij is the square

well potential in PC-SAFT EOS.5 σ ij is the effective diame-
ter of interaction. The cross interaction in PC-SAFT EOS is
given by σij = (σi + σj )/2, εij = √

εiεj (1 − kij ), (i �= j ). In
Table I, we list the value of molecular weight (M), chain
length of polymer or average size of CO2 cluster due to asso-
ciation interaction (N), energy parameter (ε ), monomer diam-
eter (σ ), and kij parameter of PC-SAFT EOS for the species
used in our model. These parameters are obtained by fitting
the solubility value of EOS with the experimental data at dif-
ferent temperatures.11, 12 The temperature range for the valid-
ity of these parameters is also listed in Table I.

B. Perturbed-chain SAFT EOS

In PC-SAFT EOS,5 the free energy density (f) of a fluid
mixture is expressed as a summation of contributions from
ideal gas (fid), hard-sphere (fhs), association (fassoc), and dis-

TABLE I. Parameters for the species studied in this work.

Species M (g/mol) N(–) ε/k(K) σ (A) kij( × 104)a Temperature range

CO2 44 2 170.5 2.79 . . . 260-450 K
PMMA 89 230 2855 256.4 3.10 −339.36+1.05T 280-380 K
PS 160 000 4048 328.1 3.45 −227.65+0.61T 280-470 K

akij is used to modify the cross interaction between the polymer and CO2 in the mixture.

persion effect (fdisp),

f = fid + fhs + fassoc + fdisp. (3)

The hard-sphere contribution is given by the EOS of
Boublik13 and Mansoori et al.,14

βfhs = 6

π

[
3ξ1ξ2

1 − ξ3
+ ξ 3

2

ξ3(1 − ξ3)2
+

(
ξ 3

2

ξ 2
3

− ξ0

)
ln(1 − ξ3)

]

(4)

with ξj = (π/6)
∑

i=1,2 ρiσ
j

i , j = 0, 1, 2, 3, where ρ i is the
number density of species i. The contribution of polymer
chain connectivity and associating interaction of CO2 is given
by

βfassoc = −
∑
i=1,2

Ni − 1

Ni

ρi lngii, (5)

where N1 = 2 is the average size of associating CO2 clus-
ters and N2 is the polymer chain length, respectively. gii is the
contact value of the correlation function between segments of
specie i, given by

gii = 1

1 − ξ3
+ 3ξ2σi

2(1 − ξ3)2
+ ξ 2

2 σ 2
i

2(1 − ξ3)3
.

The dispersion contribution is given by

βfdisp = −π
∑

i,j=1,2

ρiρj

[
2J1βεPC

ij + N̄M−1J2(βεPC
ij )2] σ 3

ij

(6)

with

M =1+N̄
8ξ3 − 2ξ 2

3

(1 − ξ3)2
+(1 − N̄ )

20ξ3 − 27ξ 2
3 + 12ξ 3

3 − 2ξ 4
3

(1 − ξ3)2(2 − ξ3)2
,

where ξ3 = (π/6)
∑

i=1,2 ρiσ
3
i is the total packing fraction.

J1 and J2 are the contribution from the integral of radial dis-
tribution function. Gross and Sadowski5 expressed them as a
six-order polynomials, given by

Jk =
6∑

i=0

a
(k)
i (N̄ )ξ i

3, k = 1, 2

with the coefficients

a
(k)
i = a

(k)
i0 + N̄ − 1

N̄
a

(k)
i1 + N̄ − 1

N̄

N̄ − 2

N̄
a

(k)
i2 ,

where N̄ = N1x + N2(1 − x) and x is the molar fraction
of CO2. These authors5 obtained the constant coefficients
{a(k)

ij |k = 1, 2; i = 0, 1, . . . , 6; j = 0, 1, 2}by fitting the cal-
culated binodal with experimental data for a great number of
species.

In PC-SAFT EOS, there are three molecular model pa-
rameters (N, σ , and ε ) that need to be determined for each
species. In this work, the three parameters for CO2 are ob-
tained by fitting the PVT data of pure CO2.15 The param-
eters for PS and PMMA are then regressed by fitting the
solubility data11, 12 of CO2 in the mixtures at three different
temperatures (T = 373.2 K, 413.2 K, and 453.2 K for PS;
T = 323.2 K, 338.2K, and 353.2K for PMMA). The value
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of the energy parameter is temperature dependent. We take
it to be the average value at the three temperatures. The
cross interactions between CO2 and polymer are modified by
εij = √

εiεj (1 − kij ), (i �= j ) with assuming kij = a + bT,
where a and b are constants. The values of a and b are de-
termined by regressing the solubility data of CO2 in the mix-
tures at all the three temperatures. The values of these param-
eters are listed in Table I. The ratio (M/N) between molecular
weight and chain length are 31.25 for PMMA and 39.53 for
PS, respectively. We comment that these values are the results
of numerical regression, and do not necessarily correspond to
the molecular weight of polymer unit. However, the value for
PS is close to that obtained by Gross et al.16 for mixtures of
polymers and short alkanes.

C. Helmholtz free energy functional

In this section, we extend the Helmholtz free energy ex-
pression of EOS to the inhomogeneous case as a functional.
Following the PC-SAFT EOS, the Helmholtz free energy
functional F is expressed as a sum of an ideal term corre-
sponding to an ideal gas of monomers and polymers free of
non-bonded interactions, and an excess contribution account-
ing for the inter- and intramolecular interactions,

F = F id[ρ1(r), ρ̂2(rN2 )] + F ex[ρ1(r), ρ̂2(rN2 )], (7)

where ρ1(r) is the density profile of CO2. ρ̂2(rN2 )is the mul-
tidimensional density profile of polymer chain, i.e., the joint
density of all the N2 segments of the polymer, which is related
to the segmental densities ρ2i, (i = 1, 2, . . . , N2) by

ρ2(r) =
N2∑
i=1

ρ2,i(r) =
N2∑
i=1

∫
drN2δ(r − r i)ρ̂2(rN2 ). (8)

The ideal term of Helmholtz free energy is known exactly as

βF id[ρ1(r), ρ̂2(rN2 )] =
∫

drρ1(r)[lnρ1(r) − 1]

+
∫

drN2 ρ̂2(rN2 )[lnρ̂2(rN2 ) − 1]

+
∫

drN2 ρ̂2(rN2 )βVB(rN2 ). (9)

In PC-SAFT-based DFT, the excess Helmholtz free energy
includes the contribution from excluded-volume effect, cor-
relations due to association of intramolecular polymer chain
connectivity and CO2 molecules, and dispersion interactions,

F ex = F ex
hs + F ex

assoc + F ex
disp-local + F ex

disp-nonlocal. (10)

The first three terms extend the corresponding bulk terms in
Eq. (3) to spatially varying systems, whereas the last term is
an additional contribution due to the long-range dispersion in-
teraction that is only non-vanishing when the system is inho-
mogeneous. F ex

hs accounts for the excluded volume effect and
is given by the fundamental measure theory10, 17

βF ex
hs =

∫
drφhs[nα(r)] (11)

with

φhs[nα(r)] = −n0ln(1 − n3) + n1n2 − nV1nV2

1 − n3

+
[

ln(1 − n3)

12πn2
3

+ 1

12πn3(1 − n3)2

]

× (n3
2/3 − n2nV2nV2), (12)

where ni[{ρj (r)|j = 1, 2}], (i = 0, 1, 2, 3, V1, V2) are the
weight density functionals of Rosenfeld.10 We note that for
homogeneous system, FMT reduces to the Boublik-Mansoori
EOS (Eq. (4)).18 FMT usually provides an accurate descrip-
tion for inhomogeneous hard-sphere systems. However, it
fails to describe the density profiles under strong confine-
ment when at most one sphere can fit in the confinement
direction.19 Thus, FMT or any density functionals based on
FMT are incapable of describing systems under such ex-
treme confinement. Our work does not concern such sys-
tems. However, we note that Rosenfeld et al.20 and Tarazona19

have developed versions of functionals that can describe such
strongly confined systems. In principle, our theory can be ex-
tended by replacing the hard-sphere term Fhs with these im-
proved functionals to allow description of strongly confined
systems, but doing so will require refitting the parameters
listed in Table I for the revised EOS, which is beyond the
scope of this work.

The weight density functional are also used to describe
other short-range interactions such as association and the lo-
cal part of the dispersion interactions. We adopt the weighted
density approximation (WDA) to extend these terms to inho-
mogeneous states. The functionals ni[{ρj (r)|j = 1, 2}]
(i = 0, 1, 2, 3) are the counterparts of the functions
ξ i(i = 0, 1, 2, 3) in the bulk EOS for the spatially vary-
ing system. βF ex

assocdue to correlation of polymer chain
connectivity and associating interaction of CO2 is given by21

βF ex
assoc =

2∑
i=1

1 − Ni

Ni

∫
drn0i lngii, (13)

where gii is the contact value of the correlation function be-
tween segments of specie i, given by

gii = 1

1 − n3
+ 3

2

n2σi

(1 − n3)2
+ 1

2

n2
2σ

2
i

(1 − n3)3
.

The dispersion term is decomposed as the sum of a local
contribution F ex

disp-localand a nonlocal contribution F ex
disp-nonlocal.

The local contribution from EOS is given by

βFdisp-local = −π
∑

i,j=1,2

∫
drn0i(r)n0j (r)

× [
2J1(r)βεPC

ij + N̄M−1(r)J2(r)(βεPC
ij )2

]
σ 3

ij

(14)
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with

M(r) = 1 + N̄
8n3 − 2n2

3

(1 − n3)2

+ (1 − N̄ )
20n3 − 27n2

3 + 12n3
3 − 2n4

3

(1 − n3)2(2 − n3)2
,

Jk(r) =
6∑

i=0

a
(k)
i (N̄ )ni

3, k = 1, 2.

The WDA alone does not sufficiently describe the long-range
intermolecular attractions.22 The additional long-range dis-
persion contributions due to spatial inhomogeneity are in-
cluded in a mean-field manner by23

F ex
disp-nonlocal[ρ1(r), ρ2(r)]

= 1

4

∑
i,j=1,2

∫∫
drdr ′gij (|r − r ′|)uij (|r − r ′|)

× [ρi(r) − ρi(r ′)][ρj (r) − ρj (r ′)]. (15)

This form ensures that F ex
disp-nonlocal vanishes for the uniform

bulk state and hence does not over account the contribution
included in the bulk EOS. The pair distribution function is
approximated by a step-function gij (r) = �(r − σij ), which
corresponds to the limit of zero density in the reference fluid.
Because of the long-range nature of the dispersion interaction,
we expect that this approximation that essentially amounts to
averaging out oscillations in the gij should be a reasonable
one.

D. Euler-Lagrange equations

The grand potential W of the system is related to the
Helmholtz free energy functional as

W = F − μ1

∫
ρ1(r)dr − μ2

∫
ρ̂2(rN2 )drN2 , (16)

where μ1 and μ2 are the chemical potential of CO2 and the
polymer chain, respectively. At equilibrium, the grand poten-
tial is minimized,

δW

δρ1(r)
= δW

δρ̂2(rN2 )
= 0. (17)

Combining Eqs. (7), (8), (16), and (17) yields the Euler-
Lagrange equations

ρ1(r) = 1

N1
exp

[
βμ1 − δβF ex

δρ1(r)

]
, (18)

ρ2(r) = exp

[
βμ2 − δβF ex

δρ2(r)

] N2∑
i=1

Ii(r)IN2+1−i(r), (19)

where the recursive function is given by

Ii(r)=

⎧⎪⎨
⎪⎩

1 , i = 1

1

4πσ 2
2

∫
|r−r ′|=σ2

dr ′exp

[
− δβF ex

δρ2(r ′)

]
Ii−1(r ′), i > 1

.

(20)

Equations (18)–(20) provide the key equations for calculat-
ing the density profiles in an inhomogeneous CO2-polymer
mixture.

Because the propagator function Ii(r) is defined in terms
of individual polymer segments, the numerical iteration be-
comes computationally intensive for a long polymer chain.
Solution of the recursive relation of Eq. (20) reveals that
the end effect becomes insignificant as the segment index
increases for sufficiently large i, that is, Ii(r) ≈ I (r) be-
comes independent of the segment index. Therefore, for a
long homopolymer chains, we make the approximation Ii(r)
≈ I100(r) for i > 100. The end effect at the other end of chain
is described by the symmetric expression of Eq. (20). This
simplification considerably accelerates the convergence of the
iterations and enables us to investigate systems with very long
polymer chains.

The details of the numerical procedure for solving
Eqs. (18)–(20) are identical to those used in our earlier work
on the PR-based DFT;1 we refer interested readers to that
reference.

III. RESULTS AND DISCUSSION

We first examine the bulk phase behavior to establish the
range of applicability of the PC-SAFT EOS based DFT. Fig-
ure 1 shows the solubility data of CO2 in polystyrene (PS)
and poly (methyl methacrylate) (PMMA). For comparison,
we also include the results from the Peng-Robinson-SAFT
EOS.2 Both PC-SAFT and PR-SAFT EOSs yield satisfac-
tory results for CO2 solubility in bulk PS and PMMA, with
comparable level of agreement with experimental data. The
agreement is slightly better for the PC-SAFT EOS. At high
pressures (P > 35 MPa), however, the PR-SAFT EOS pro-
duces some unphysical features with regard to the relative lo-
cations of the coexistence curves and the spinodal curves1.
In density-density phase diagram, the binodal curves termi-
nate at an end point at high pressure. Above that pressure, the
spinodal curves extend beyond the region enclosed by binodal
curves. This unphysical behavior is due to the poor descrip-
tion of excluded volume effect by PR-EOS.3 The unphysical
feature disappears when the phase diagram is calculated us-
ing the PC-SAFT EOS. In Figure 2(a), we show the density-
density phase diagram using PC-SAFT EOS for PMMA-CO2

mixtures at T = 363.15 K. The spinodal curves now stay
inside the region enclosed by the binodal curves. This re-
sult demonstrates that the PC-SAFT EOS better captures the
local packing effects at high densities than the PR-SAFT
EOS.

To further investigate the phase behavior, we examine the
phase boundaries in the P−T plane. Figure 2(b) shows the co-
existence lines of pure components and the two critical lines
for PMMA-CO2 mixtures in P−T plane. The results reveal
that the phase behavior is of Type III in the classification of
van Konynenburg and Scott.3 The critical line I emerges from
the critical point of pure CO2 and terminates at an end point.
There it connects to a triple line, on which, a PMMA-rich
phase coexists with a CO2-rich vapor and a CO2-rich liquid
phase. As the temperature decreases, the triple line merges
with the coexistence curve of pure CO2. The critical line II
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FIG. 1. Solubility of CO2 in PS and PMMA. The solid lines are the results of PC-SAFT EOS and the dashed lines are the results of PR-SAFT EOS.2 The solid
circles are the experimental data.11, 12

emerges from the critical point of the pure PMMA and moves
up in pressure with decreasing temperature. In the region near
the critical point of pure PMMA, the polymer-rich liquid co-
exists with the CO2-rich vapor at the binodal of the mixture.

As the temperature is decreased, the phase coexistence gradu-
ally changes its character to a coexistence of polymer-rich liq-
uid and CO2-rich liquid in the region near the pure CO2 criti-
cal point. Due to the competition between these two types of
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phase coexistence, critical line II has a local minimum around
the critical temperature of CO2.

The liquid-vapor phase behavior of polymer and CO2

mixtures depends strongly on the composition. The rela-
tive location of the spinodal and binodal curves is an im-
portant factor in the study of bubble nucleation. Figure 3
shows the P−T phase diagram at several CO2 weight frac-
tions wt = m1/(m1 + m2), where m1 and m2 are the weight
of CO2 and polymer in liquid phase, respectively. At low
weight fraction, the mixtures behave similarly to pure poly-

mer. The binodal pressure increases slightly with the tem-
perature and the spinodal curve is at very negative pres-
sures and is far away from the binodal curve. (Note that
the pressures scales are not the same on the three panels.)
For higher weight fractions, the increase in the binodal pres-
sure with temperature is more significant and the distance be-
tween binodal and spinodal is also reduced. At wt = 17.5 %,
there appears a triple point at T = 290 K, at which, the
polymer-rich phase coexists with CO2-vapor and CO2-liquid
phase.
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Having obtained a global view of the bulk phase be-
havior, we now apply our DFT to investigate the interfacial
properties at the liquid-vapor coexistence. Figure 4 shows
the density profiles between PMMA-rich liquid and the CO2-
rich vapor at T = 310 K; the weight fraction in the fig-
ures refer to that in the PMMA-rich liquid. For the lower
weight fraction wt = 10%, there is a sharp change in the
PMMA density across the interface. The density of CO2 is
nearly equal in the two phases, with a notable surface en-
hancement at the interface. For the higher weight fraction
wt = 20%, the density of CO2 in the CO2-rich side (left
side) is higher and is liquid. The PMMA density change is

more gradual across the interface; the interfacial region is
broader.

Interfacial tension is one of the most important physico-
chemical properties for polymer-CO2 mixtures for many prac-
tical applications. The interfacial tension at a planar interface
is calculated from γ = (W − Wbulk)/A, where Wbulk is the
grand potential in bulk phase and A is the surface area. Fig-
ure 5 shows the interfacial tension of the coexisting phase as
a function of temperature at wt = 17.5 %. At this composi-
tion, increasing the temperature can take the system across
the triple point; see Figure 3(b). The overall decrease of the
interfacial tension with the temperature is expected as the
interface becomes broader. At the triple point (T = 290 K),
there is a discontinuity in the curve of interfacial tension. For
T < 290 K, the PMMA-rich phase coexists with a CO2-vapor,
while T > 290 K it coexists with a CO2 liquid phase. As tem-
perature further increases above 290 K, the interfacial tension
decreases slowly and eventually vanishes at the liquid-liquid
critical point Tc = 794.1 K. (This value is not to be taken as
accurate because it is well outside the limited range of tem-
peratures in which the data regression is performed to deter-
mine the model parameters.) In the insets, we show the inter-
facial profiles across on the two sides of the triple point. At
T = 289.9 K, the density of CO2 corresponds to a vapor
while at T = 290.1 K, the density of CO2 in the CO2-rich
side becomes a liquid phase. In Figure 6, we compare the pre-
dicted values of the interfacial tension with experimental data
for both PS-CO2 and PMMA-CO2 mixtures. The results of
PR-SAFT-based DFT are also included for comparison. At
these conditions, the CO2-rich phases are in the vapor state.
In general, both theories capture the experimental results quite
well. The two versions of DFTs yield comparable agreement
for the PS-CO2 system, but the PC-SAFT-based DFT clearly
gives better agreement for PMMA than the PR-SAFT-based
DFT.

0 10 20 30

10

20

30

40

P [MPa]

γ 
[m

N
/m

]

 

 

(a) CO
2
+PS

T=373.15 K

0 10 20 30
0

10

20

30

40

P [MPa]

 

 

(c) CO
2
+PMMA

T=363.15 K

0 10 20 30

10

20

30

40

P [MPa]

 

 

(b) CO
2
+PS

T=423.15 K

FIG. 6. Interfacial tension between polymer-rich phase and CO2-rich phase as a function of pressure. The solid lines are the results of PC-SAFT-based DFT,
and the dashed lines are the results of PR-SAFT-based DFT. The solid circles are the experimental data.24, 25
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IV. CONCLUSIONS

In this work, we have proposed a density-functional
theory (DFT) based on the perturbed-chain statistical as-
sociating fluid theory equation of state (PC-SAFT EOS)
for describing inhomogeneous polymer-carbon dioxide mix-
tures. The weight density functions from fundamental mea-
sure theory are used to extend the bulk excess Helmholtz
free energy to the inhomogeneous case. The additional long-
range dispersion contributions are included using a mean-
field approach. The functional is fully consistent with the free
energy in PC-SAFT EOS and reduces to it in the homo-
geneous bulk limit. The DFT is applied to the interfacial
properties of polystyrene-CO2 and poly(methyl methacry-
late) CO2 systems. The calculated values of the interfacial
tension are in excellent agreement with experimental data.
Both PR-SAFT-based DFT and PC-SAFT-based DFTs yield
comparable agreement for the PS-CO2 system, but the PC-
SAFT-based DFT is clearly superior to the PR-SAFT-based
DFT for PMMA. PC-SAFT EOS is widely used in engineer-
ing applications for describing liquids and liquid mixtures
of chain molecules. This work extends the bulk PC-SAFT
EOS to the description of inhomogeneous polymer-CO2 mix-
tures without introducing any additional parameters. Our PC-
SAFT EOS-based DFT allows a unified treatment of bulk
phase behavior and interfacial properties, and judged from the
excellent quantitative performance, represents the most accu-
rate theory for describing the thermodynamics of polymer-
CO2 mixtures. Compared with a Peng-Robinson-SAFT EOS-
based DFT we developed earlier, the current DFT is free of
the unphysical features at high pressures (around 35 MPa or
more) and can therefore be used to study such high-pressure
phenomena as polymer foaming by pressurized CO2.

ACKNOWLEDGMENTS

The Dow Chemical Company is acknowledged for fund-
ing and for permission to publish the results. The comput-
ing facility on which the calculations were performed is sup-
ported by an NSF-MRI grant, Award No. CHE-1040558.

1X. F. Xu, D. E. Cristancho, S. Costeux, and Z. G. Wang, “Density func-
tional theory for polymer carbon dioxide mixtures,” Ind. Eng. Chem. Res.
51, 3832–3840 (2012).

2H. Y. Shin and J. Z. Wu, “Equation of state for the phase behavior of carbon
dioxide polymer systems,” Ind. Eng. Chem. Res. 49, 7678–7684 (2010).

3P. H. van Konynenburg and R. L. Scott, “Critical lines and phase-equilibria
in binary vanderwaals mixtures,” Philos. Trans. R. Soc. London, Ser. A
298, 495–540 (1980).

4M. Müller, L. G. MacDowell, P. Virnau, and K. Binder, “Interface proper-
ties and bubble nucleation in compressible mixtures containing polymers,”
J. Chem. Phys. 117, 5480–5496 (2002).

5J. Gross and G. Sadowski, “Perturbed-chain SAFT: An equation of state
based on a perturbation theory for chain molecules,” Ind. Eng. Chem. Res.
40, 1244–1260 (2001).

6N. F. Carhahan and K. E. Starling, “Equation of state for nonattracting rigid
spheres,” J. Chem. Phys. 51, 635–636 (1969).

7G. Sadowski, “Modeling of polymer phase equilibria using equations of
state,” in Polymer Thermodynamics Liquid Polymer-Containing Mixtures,
Advances in Polymer Science Vol. 238, edited by S. Enders, and B. Wolf
(Springer-Verlag, Berlin, 2011), pp. 389–418.

8M. Kleiner, F. Turnakaka, and G. Sadowski, “Thermodynamic modeling
of complex systems,” in Molecular Therodynamics of Complex Systems,
Structure and Bonding Vol. 131, edited by X. Lu, and Y. Hu (Springer-
Verlag, Berlin, 2009), pp. 75–108.

9J. Gross, “A density functional theory for vapor-liquid interfaces using the
PCP-SAFT equation of state,” J. Chem. Phys. 131, 204705 (2009).

10Y. Rosenfeld, “Free-energy model for the inhomogeneous hard-sphere fluid
mixture and density-functional theory of freezing,” Phys. Rev. Lett. 63,
980–983 (1989).

11A. Rajendran, B. Bonavoglia, N. Forrer, G. Storti, M. Mazzotti, and M.
Morbidelli, “Simultaneous measurement of swelling and sorption in a su-
percritical CO2-poly(methyl methacrylate) system,” Ind. Eng. Chem. Res.
44, 2549–2560 (2005).

12Y. Sato, M. Yurugi, K. Fujiwara, S. Takishima, and H. Masuoka, “Solubil-
ities of carbon dioxide and nitrogen in polystyrene under high temperature
and pressure,” Fluid Phase Equilib. 125, 129–138 (1996).

13T. Boublik, “Hard-sphere equation of state,” J. Chem. Phys. 53, 471–472
(1970).

14G. A. Mansoori, N. F. Carhahan, K. E. Starling, and T. W. Leland, “Equi-
librium thermodynamic properties of mixture of hard spheres,” J. Chem.
Phys. 54, 1523–1524 (1971).

15R. Span and W. Wagner, “A new equation of state for carbon dioxide
covering the fluid region from the triple-point temperature to 1100 K
at pressures up to 800 mpa,” J. Phys. Chem. Ref. Data 25, 1509–1596
(1996).

16J. Gross and G. Sadowski, “Application of the perturbed-chain SAFT equa-
tion of state to associating systems,” Ind. Eng. Chem. Res. 41, 5510–5515
(2012).

17Y. X. Yu and J. Z. Wu, “Density functional theory for inhomoge-
neous mixtures of polymeric fluids,” J. Chem. Phys. 117, 2368–2376
(2002).

18R. Roth, “Fundamental measure theory for hard-sphere mixtures: a review,”
J. Phys. Condens. Matter 22, 063102 (2010).

19P. Tarazona, “Density functional for hard sphere crystals: A fundamental
measure approach,” Phys. Rev. Lett. 84, 694–697 (2000).

20Y. Rosenfeld, M. Schmidt, H. Lowen, and P. Tarazona, “Fundamental-
measure free-energy density functional for hard spheres: Dimensional
crossover and freezing,” Phys. Rev. E 55, 4245–4263 (1997).

21E. Klerlik and M. L. Rosinberg, “A perturbation density-functional theory
for polyatomic fluids. 2. flexible molecules,” J. Chem. Phys. 99, 3950–3965
(1993).

22P. Tarazona, J. Cuesta, and Y. Martinez-Raton, “Density functional theory
of hard particle systems,” Lect. Notes Phys. 753, 247 (2008).

23C. Ebner, W. F. Saam, and D. Stroud, “Density-functional theory
of simple classical fluids. 1. surfaces,” Phys. Rev. A 14, 2264–2273
(1976).

24K. Otake, M. Kobayashi, Y. Ozaki, S. Yoda, Y. Takebayashi, T. Sugeta, N.
Nakazawa, H. Sakai, and M. Abe, “Surface activity of myristic acid in the
poly(methyl methacrylate)/supercritical carbon dioxide system,” Langmuir
20, 6182–6186 (2004).

25P. Jaeger, R. Eggers, and H. Baumgartl, “Interfacial properties of high vis-
cous liquids in a supercritical carbon dioxide atmosphere,” J. Supercrit.
Fluids 24, 203–217 (2002).

Downloaded 15 Nov 2012 to 131.215.71.79. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1021/ie2029267
http://dx.doi.org/10.1021/ie100903f
http://dx.doi.org/10.1098/rsta.1980.0266
http://dx.doi.org/10.1063/1.1497636
http://dx.doi.org/10.1021/ie0003887
http://dx.doi.org/10.1063/1.1672048
http://dx.doi.org/10.1063/1.3263124
http://dx.doi.org/10.1103/PhysRevLett.63.980
http://dx.doi.org/10.1021/ie049523w
http://dx.doi.org/10.1016/S0378-3812(96)03094-4
http://dx.doi.org/10.1063/1.1673824
http://dx.doi.org/10.1063/1.1675048
http://dx.doi.org/10.1063/1.1675048
http://dx.doi.org/10.1063/1.555991
http://dx.doi.org/10.1021/ie010954d
http://dx.doi.org/10.1063/1.1491240
http://dx.doi.org/10.1088/0953-8984/22/6/063102
http://dx.doi.org/10.1103/PhysRevLett.84.694
http://dx.doi.org/10.1103/PhysRevE.55.4245
http://dx.doi.org/10.1063/1.466142
http://dx.doi.org/10.1007/978-3-540-78767-9
http://dx.doi.org/10.1103/PhysRevA.14.2264
http://dx.doi.org/10.1021/la0363783
http://dx.doi.org/10.1016/S0896-8446(02)00031-1
http://dx.doi.org/10.1016/S0896-8446(02)00031-1

