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Polymer Chain Collapse in Supercritical Fluids.

2. Experimental Evidence

C. H. Ortiz-Estrada,1 G. Luna-Bárcenas,*2 J. F. J. Alvarado,3

G. González-Alatorre,3 I. C. Sanchez,4 N. Flores Ramı́rez,5

Salomón R. Vásquez Garcı́a,6 J. Castillo-Tejas,7 O. Manero-Brito8

Summary: The phase behavior of a polymer in a supercritical solvent at the LCST

equilibrium limits is described in this work, in the proximity of u point, proposing the

use of a conformational parameter, C. The results obtained by molecular simulation

in an NVT ensemble have been correlated by extensive, varied experimental infor-

mation. The relationship between polymer/solvent solubility parameters has shown

that the behavior of these systems is a function of the energetic structure-interaction

relationship between the polymer chain and the solvent. C results in a generalized

parameter indicative of the phase stability of the solution. At greater magnitudes, the

solution becomes unstable, requiring elevated pressure to stabilize. However, stable

solutions are found at lower pressures when C approaches 1. The experimental

evidence, together with the determination of the solubility parameter with the

Sanchez-Lacombe equation (also obtained from the literature) strengthens this

observation. The analysis of the polar contribution on the Hansen Parameter

(HSP) enables their effect to be studied in systems where high polar interactions

between the polymer and solvent (as in the case of biopolymers) are expected.
Keywords: molecular simulation; phase behavior; polymer chain collapse
Introduction

In recent decades, the use of supercritical

fluids as processing agents in the polymer

and biopolymer industries has aroused

interest. Their unique physical chemical
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properties have brought about their use in

separation processes such as fractionation

and purification of monomers and polymers

in polymeric solutions,[1–2] latex stabiliza-

tion,[3] impregnation and coloring,[4]

extraction and depositing particles.[5–6]

Some homo-polymers and co-polymers

have been synthesized in supercritical

CO2 via homogenous polymerizations,

precipitations, dispersion, emulsion and

suspension.[7–9] Other technological appli-

cations include the formation of parti-

cles,[10–12] micronization of biopolymers,[13]

generation of particles for medical and

pharmaceutical applications[14–15] and the

formation of nanomaterials.[16]

The dominant phenomenon in all the

above applications is represented by the

phase separation process owing to changes

in the temperature and pressure of the

system. In 1960 Freeman and Rowlinson[17]

reported that a homogenous solution of

polymer can be separated in a phase that is
, Weinheim
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rich in polymer and another that is rich in

solvent when the temperature of the

solution approaches the solvent’s critical

temperature. That is, the phase behavior

(compatibility) of a binary polymer-solvent

mixture is characterized either by the lower

consolute temperature type (Lower Critical

Solution Temperature LCST) or by the

upper consolute temperature type (Upper

Critical Solution TemperatureUCST). This

behavior is typical of polymeric systems and

is shown schematically in Figure 1. The

phase behavior of a polymeric solution in a

P-T diagram shows the liquid-liquid separa-

tion at low temperature with the presence

of the UCST curve, and at a high

temperature with the presence of the LCST

curve. Note that the LCST curve is found in

the region around the critical point of the

pure solvent.

The huge difference in physical proper-

ties between the polymer and solvent

induce physico-chemical interactions in

polymeric solutions, showing a complex

behavior of phase and stability. In the

LCST the separation of phases is due to the

difference in thermal expansion between

each component. This produces a change in

density between the solvent and the poly-

mer, like the effect of ‘‘free volume’’ that

predominates in the area of the critical

point of the solvent. Therefore, the LCST

type phase equilibrium is dominated by the

highly compressible nature of the solvent
Figure 1.

Diagram pressure-temperature for a mixture polymer-

solvent to the near critical point of the pure solvent.
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that, in general, tends to form thermo-

dynamically less stable polymeric solutions.

In Part 1, after extensive molecular

simulations, it was reported that in a

polymeric solution at infinite dilution, the

polymer collapses when the solution is

heated from the point u. The u point is

defined as the thermodynamic state in

which the second virial coefficient is zero,

i.e. when forces of attraction or repulsion

are cancelled out. This phenomenon is

related to, or moreover represents the

LCST type of phase separation (at constant

temperature) that is found around the

critical point of the pure solvent.

When the temperature is raised above

point u, the chain expands again, indicating

that the ‘‘quality’’ of the solvent has

improved to such an extent that the solution

forms a single, homogenous phase. The

collapse of the chain represents precisely

the existence of an LCST whereas the

subsequent expansion is related to the

existence of a UCST. This gives way to a

closed miscibility loop, depending strongly

on the size relationship and energy inter-

action between the chain segment-solvent

that were related by means of the con-

formational parameter (C) proposed in the

part 1. These effects were correlated

successfully through C, being observed

that this parameter is a measure of the

behavior of the polymeric chain in the

solution.

It has been reported that the solubility of

a polymer in a supercritical CO2 is related

to the surface tension of the pure poly-

mer[18] and this surface tension with the

density of the cohesion energy of the

polymer. Consequently it can be considered

as a measure of the molecular interactions

between the polymer-solvent and there-

fore, between the solubility of the polymer

in the solvent.

The Cohesion Energy Density (CED) is

directly related to the solubility parameter

d, a property much-used in the estimation of

the solubility of various solutes in liquid

solvents. The relationship between the

solubility parameters of two materials

represents the effect of solubility on them.
, Weinheim www.ms-journal.de
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For example, two materials with similar

solubility parameters have sufficient energy

to promote their dispersion, and by exten-

sion, mixing. However, when the solubility

parameters are different, greater energy is

required for them to mix, making them

incompatible, causing inmiscibility.

The solubility parameter, initially intro-

duced by Hildebrand and Scott[19] is a key

property in the selection of solvents in

Industry.Their numeric estimationprovides

a quick and simple technique to predict the

solubility of many solutions. Their impor-

tance is shown in the diverse applications in

the technology and science of polymers

(coatings, colorants, paints, plastification,

formation of membranes, compatibility

studies, etc.).[20–29] Among other recent

applications is the extraction of pesticides

from the ground by solvents[30] and the

physico-chemical properties of fullerenes in

organic solvents and polymers.[31]

This property was initially applied for

non-associated and non-polar liquids.

Nevertheless, the concept was extended

to other types of systems such as polymer-

solvent and polymer-polymer amongst

others. In 1967, Hansen[21] proposed that

the concept of the solubility parameter

could be extended to polar systems and in

the presence of hydrogen bridges. A

solubility parameter (HSP) was proposed

in relation to the contribution of three

intermolecular forces: Dispersion (d),

Polarity (p) and Hydrogen Bonds (h).

d2o ¼ d2d þ d2p þ d2h (1)

The solubility parameter has been the

subject of various studies. There is a body of

experimental data for a great number and

variety of solvents and polymers[21,32–37]

along with models for their prediction

starting from state equations,[38–41] group

contribution methods[42–43] and molecular

simulation[44] in the determination of the

solubility parameter of polyolefins. In the

case of supercritical fluids, the prediction of

the solubility parameter as a function of

temperature and pressure has also been the

subject of study.[45–47]
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
In this work, the results of the molecular

simulation obtained in Part 1 together with

the relationship of solubility parameters

between the polymer and supercritical

solvent are compared. Extensive experi-

mental information of the LCST equili-

brium in the region of point u for various

polymer and biopolymer solutions under

conditions close to the critical point of the

pure solvent are included.
The Effect of Solubilty. A Theoretical

Approximation

The solubility of a solute in a solvent has

been theoretically associated, via the theory

of regular solutions, with the energy of

cohesion (CED, cohesive energy density), j

and with the solubility parameter d

j ¼ Dvapu

vL
(2)

where Dvapu the internal vaporization

energy and vL the volume of component i.

d ¼ Dvapu

vL

� �1=2
(3)

The relationship between the solubility

parameters solvent-solute is a measure of

compatibility of the solution that, related to

the Flory parameter x, corresponds to the

expression[48]

x ¼ vs

RT
dS � dPð Þ2 (4)

where S stands for solvent and P for

polymer.

For a good solubility x should be small,

in accordance with the Scatchard-Hildeb-

rand theory for non-polar components.

One criterion to define a good solvent for

a given polymer is that the solvent-polymer

solubility parameters be similar, such that

x approaches zero.

dS � dP (5)

This expression provides a practical

guide to the effect a solvent would have

on the solubility of a given polymer. The

greater the difference in parameters,

the more unstable a solution is expected
, Weinheim www.ms-journal.de
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to be. It would result in an incompatible

mixture, and therefore in the inmiscibility

of the solution.

The development of state equations of

liquid solutions that contain different sized

non-polar molecules, in principal, has been

based on the lattice theory arising from the

Flory-Huggins equation. In this type of

system, the components show differences in

the behavior of the free volume, and

therefore, varying degrees of expansion.

This variation should be taken into account

for the effect on the properties of the

solution and the phase stability.

The lattice theory of a molecular lattice

fluid (LF), developed by Sanchez-

Lacombe[49–50] from the Flory-Huggins

theory, considers empty sites in the lattice,

where the fluids can be accommodated in

the solution, emulating free volume. The

change of volume in the mixture is taken

into account, giving a good description of

phase behavior.

~r2 þ ~P þ ~T lnð1� ~rÞ þ ð1� 1=rÞ~r½ �

¼ 0 (6)

where r is the number of sites that occupy a

segment, ~T, ~P y ~r are the reduced

temperature, pressure and density, respec-

tively defined as:

~T � T=T�

~P � P=P�

~r � r=r�
(7)

whose characteristic parameters are T�, P�

and r�, obtained from PVT experimental

data and the equilibrium of the pure

component.[49]

In their parameters, the LF theory,

arising from the Sanchez-Lacombe equa-

tion, considers themolecular characteristics

of the components via the following

relationships,

"� ¼ kT� (8)

v� ¼ kT�=P� (9)

r ¼ MP�=kT�r� ¼ M=r�v� (10)

In their original pubication,[49] the

authors identify e� with the interaction
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
energy between nearby segments and v�

with the close packed volume of a segment.

The Sanchez-Lacombe equation there-

fore takes into account the energetic effect

and the size of the segments of themolecule

in the behavior of the solution. The total

molecular interaction energy r"� is equal to

the energy required to convert 1mol of fluid

from the close packed state ~r ! 1 to vapor

~r ! 0

The identification of r"� with the vapor-

ization energy in the close packed state of

the fluid helps towards a simple interpreta-

tion of "�=v�. This relationship is defined as

the characteristic pressure P
�
and is equal to

the cohesion energy of the fluid in the close

packed state.

CED ¼ Dvapu=v ¼ r"�=rv� ¼ P� (11)

At a finite temperature the energy of

cohesion is given by[50]

CED ¼ P�~r2 (12)

and the solubility parameter,

d ¼
ffiffiffiffiffiffiffiffiffiffiffi
CED

p
¼ ~r

ffiffiffiffiffiffi
P�

p
(13)

In this work, the solubility parameter

evaluated by the Sanchez-Lacombe equa-

tion will provide an estimate of the

behavior of a polymeric solution compared

to the results obtained by molecular

simulation. This is because the conforma-

tional parameter, C defined in Part 1 can

easily be related to the solubility para-

meter, and therefore to the cohesion

energy.

Substituting the cohesion energy in

relation to the characteristic parameters

of the Sanchez-Lacombe equation in the

conformational parameter, the expression

becomes

C ¼ CEDm

CEDs
¼

P�~r2
� �

m

P�~r2ð Þs

¼ dm

ds

� �2
(14)

This relationship will enable the stability

of a polymeric solution in a supercritical

fluid obtained from experimental results to

be compared with those obtained by

molecular simulation, providing a clear

signal of the solution’s behavior.
, Weinheim www.ms-journal.de
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Strategy

Figure 2 shows the equilibrium limits at Tr

vs. Pr conditions of the solvent. The results

show that in the supercritical region of the

pure solvent, the presence of the LCST are

observed that depend on the conforma-

tional parameter in relation to the energetic

polymer-solvent interaction and the size of

the segment-solvent.

The results indicate that when C

increases, the chain tends to collapse,

provoking instability in the solution and

creating a poor solvent, widening the

immiscibility region. However, at small

magnitudes of C, the solvent becomes

efficient (a good solvent). The chain

expands and the solution is stable, leading

to the region of a phase, reducing the

immiscibility region. The further away this

parameter is, the greater the pressure

required to reach the conditions of solution

stability. The figure shows that there is a

closed miscibility loop given that the

increase in temperature again collapses

the chain occurring at the UCST. This

phenomenon has not yet been observed

experimentally.

These results were compared with varied

and extensive experimental information of

polymers and biopolymers in different

solvents close the supercritical region

where the LCST behavior occurs at point

u constructed in the Tr-Pr diagram.
Figure 2.

Equlibrium behavior of a polymer in the supercritical reg

different conformational relation between chain segme

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
For the comparison of the results

obtained from molecular simulation in

relation to the conformational parameter

C it was necessary to take the experimental

data to the same scheme. For that it was

necessary to have the solubility parameters

of the corresponding polymers and solvents

to hand, either obtained from the literature

or determined by the Sanchez-Lacombe

equation.

As an example consider the equilibrium

of the Poly (1H,1H-perfluorooctyl metha-

crylate) (PFOMA)-CO2
[51] system that

displays LCST behavior in the supercritical

region of pure CO2: Figure 3 shows the

increase in the equilibrium pressure (at the

LCST point) with the molecular weight of

the PFOMA, observing the point u at

different temperatures as well as its T-P

diagram.

In the PFOMA case, the characteristic

parameters of the Sanchez-Lacombe (S-L)

equation of state were not available. For

this reason, it was required to adjust

experimental PvT data to the S-L equation.

Table 1 reports the adjusted S-L para-

meters, the solubility parameters for

PFOMA and CO2, and the conformational

parameter C.

In Figure 4 the PFOMA Tr -Pr phase

diagram is compared to the molecular

simulation results. The experimental mea-

surements at different pressures of the
ion of the solvent obtained by molecular simulation to

nt-solvent.

, Weinheim www.ms-journal.de



Figure 3.

Critical P-T diagram in relation to the molecular weight of the PFOMA and the u point.
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LCST loci (at the u point), compared with

the molecular simulation, show a great

similitude as for the tendency in the

behavior of the system. This fact, regarding

the proposed conformational parameter,

has been corroborated for the first time

with experimental information. Even

though the conformational parameters C,

of the PFOMA-CO2 solutions were esti-

mated from the S-L parameters along with

experimental data, they have shown a

favorable stability behavior that was

expected for this kind of solutions in

agreement with the molecular simulation.
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
Information

Table 2 shows the systems under study. It

reports the polymer’s molecular weight, the

number of available data, the experimental

pressure and temperature ranges at the

LCST loci, and the Tr and Pr referred to the

critical T and P of the solvent. The data are

grouped in the following mixtures: polymer

þ CO2; polyolefines þ hydrocarbons,

polyacrilates, unique single systems and

biopolymers.

It is worth to note the wide range of

both: the temperature-pressure conditions

and the polymer-solvent mixtures reported.
, Weinheim www.ms-journal.de



Table 1.
S-L parameters of the PFOMA and solubility parameters of the polymer-solvent.

PFOMA CO2 C

MW T�, K P�, bar r�, g/cm3 r d(MPa)1/2

110000 542.73 3408.2 1.659 5007.88 16.83 13.43þ 1.57

þExperimental data (see Table 3).

Macromol. Symp. 2009, 283–284, 266–289272
At reduced conditions, however, it is

observed that the LCST loci appear in

the neighborhood of the solvent’s critical

point; around 0.6 to 1.2 of the pure solvent’s

reduced temperature. The molecular

weight, in most of the cases, ensures that

the u point is found for the solutions at

equilibrium. The authors have observed

that molecular weight above 100,000 is

sufficient to lie in the u point proximity

region.

Table 3 reports the mean values of the

solubility parameter reported in the litera-

ture for a number of pure solvents, the

corresponding predicted values using the

S-L equation, and the percentage of error

in the prediction. The error from the S-L

equation is smaller than 2% in average.

This value means that the prediction from

the S-L equation is acceptable even for

different temperatures as is shown for
Figure 4.

LCST to reduced conditions of the PFOMA in supercriti

Mounts to different C.

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
several substances. Table 3 includes the

solubility parameter of diethyl ether

because the uncertainty in the calculation

of this parameter for DME (which is in the

same family). As it is observed, the

percentage error in the prediction for

diethyl ether is smaller than that for the

DME. The DME presents the larger

prediction error from the S-L equation,

this in spite of the data used for the

adjustment were taken from recently

reported experimental PvT data. It is

possible that the deviation is due to the

high polarity of the DME which in turn

increases the solubility parameter. In the

cases of the methyl and ethyl acetates (used

also as reference), however, the predictions

are quite close to those reported in the

literature. These compounds possess a

higher polarity than that for the DME.

The S-L equation, according with our
cal CO2, comparative to the simulation results Carlo

, Weinheim www.ms-journal.de



Table 2.
ExperimentalinformationLCSTconditionsofpolymersandbiopolymerssolutionsinthesupercriticalregionofthepuresolvent.

System Nd MWpolymer, k Range Reference

T, 8C P, bar Tr Pr

PFOMA-CO2 4 110 30–60 125–220 1.00–1.10 1.69–2.98 [51]
PFOA-CO2 6 1,100 30–80 138–286 1.00–1.16 1.87–3.88 [52]
PFD-CO2 7 2.5 35–100 89.6–208.9 1.01–1.23 1.21–2.83 [53]
PHDFDA-CO2 4 254 25–100 115–331 0.98–1.23 1.56–4.49 [54]
PTAN-CO2 7 NA 24–70 116.4–253.9 0.98–1.13 1.58–3.44 [55]
PE-nButane 10 420 141.25–192.15 260–305 0.98–1.09 6.84–8.03 [56]
PE-nPentane 6 121 147.85–200.85 131–196 0.90–1.01 3.89–5.82 [57]
PE-nHexane 12 52 162.55–221.87 20.24–97 0.86–0.98 0.67–3.22 [59]
PE-Isohexane 18 52 138.56–222.28 18.93–122.73 0.83–1.00 0.63–4.08 [59]
PE-nHeptane 5 125 190–230 20–71 0.86–0.93 0.73–2.59 [60]
PP-1Butene 7 197 90–150 20.27–130.5 0.87–1.01 0.50–3.25 [61]
PP-nButane 6 245 100–150 21.48–114.4 0.88–1.00 0.57–3.01 [61]
PP-nPentane 13 95.4–216 151.85–196.85 15.6–77 0.91–1.00 0.46–2.29 [57,62–63]
PIB-nButane 11 1,660 0–142 48.2–305.9 0.64–0.98 1.27–8.05 [64]
PIB-2MB 6 1,660 57.1–150 15.6–176.1 0.72–0.92 0.46–5.20
PIB-nPentane 20 1,000–1,660 78.4–200 8.7–208 0.75–1.01 0.26–6.17
PIB-nHexane 4 1,660 141.5–187.5 8–84.1 0.82–0.91 0.27–2.79
PIB-nHeptane 6 1,000 170–220 13–83 0.82–0.91 0.47–3.03 [60]
PB-1Butene 9 1,280 133.38–172.04 102.2–164.7 0.97–1.06 2.54–4.10 [65]
POA-DME 8 100 51–179.7 25.9–222 0.81–1.13 0.49–4.24 [66]
POA-1Butene 4 100 120.8–179 46.6–132.8 0.94–1.08 1.16–3.30
POA-nButane 5 100 100.5–180.2 29.3–139.7 0.88–1.07 0.77–3.68
POA-Propylene 7 100 61.1–180.4 115.5–281 0.92–1.24 2.51–6.11
POA-Propane 8 100 52.9–182 105.2–277.6 0.88–1.23 8.90–12.96
PDA-DME 5 130 101.5–181.8 44.5–177.6 0.94–1.14 0.85–3.39 [67]
PDA-1Butene 4 130 121.9–181.7 53.5–139.7 0.94–1.08 1.33–3.48
PDA-nButane 6 130 81.4–181.6 19–143.1 0.83–1.07 0.5–3.77
PDA-Propylene 7 130 60.9–180.5 96.6–277.6 0.92–1.24 2.1–6.04
PDA-Propane 7 130 58.9–180.4 169–285.9 0.90–1.23 10.40–13.15
PNPMA-DME 5 480 102.2–183.1 36.9–200 0.94–1.14 0.70–3.82 [68]
PNPMA-1Butene 5 480 102.3–181.2 21.7–153.5 0.90–1.08 0.54–3.82
PNPMA-nButane 5 480 101.1–181.7 60.3–170.7 0.88–1.07 1.59–4.49
PNPMA-Propylene 7 480 60.3–180.8 115.5–322.4 0.91–1.24 2.51–7.01
PNPMA-Propane 7 480 59.4–181.4 208.6–332.8 0.90–1.23 11.34–14.26
PEHMA-DME 5 100 102.35–182.75 63.8–206.9 0.94–1.14 1.22–3.95 [69]
PEHMA-1Butene 5 100 101.55–182.25 29.3–150 0.89–1.09 0.73–3.73
PEHMA-nButane 5 100 103.95–181.95 46.6–153.5 0.89–1.07 1.23–4.04
PEHMA-Propylene 7 100 61.35–180.25 114.8–312.1 0.92–1.24 2.51–7.01
PEHMA-Propane 7 100 62.45–181.15 143.1–301.7 0.91–1.23 3.37–7.10
PEHA-DME 5 90 101.15–179.35 43.1–175.9 0.94–1.13 0.82–3.36
PEHA-1Butene 4 90 121.25–179.95 43.1–129.3 0.94–1.08 1.07–3.22
PEHA-nButane 5 90 100.55–180.25 23.5–141 0.88–1.07 0.62–3.71
PEHA-Propylene 5 90 100.75–180.75 170.7–287.9 1.02–1.24 3.71–6.26
PEHA-Propane 6 90 80.95–179.35 136.2–274.1 0.96–1.22 3.21–6.45
PIPA-DME 5 120 100.1–179.3 41–181 0.93–1.13 0.78–3.45 [70]
PDMS-Propane 7 626 80.3–168.3 37.2–157.9 0.96–1.19 0.88–3.72 [64]
PDMS-nButane 4 626 136.6–176.7 29.7–82.1 0.96–1.06 0.78–2.16 [64]
PS-Cyclohexane 6 101 223.2–242 20.6–51 0.90–0.93 0.51–1.25 [71]
PS-Methylacetate 6 1,800 122.1–198.4 12.3–161.7 0.78–0.93 0.26–3.46 [72]
PMMA-HCFC22 9 74 70–150 58.7–303.3 0.93–1.15 1.18–6.10 [73]
PVDF-DME 5 200 86.1–187.7 25–312.5 0.90–1.15 0.48–5.96 [74]
D,L-PLA-DME 6 30 55.5–99.8 24.7–137.3 0.82–0.93 0.47–2.62 [75]
D,L-PLA-HCFC22 6 30 65.1–109.6 33.5–155.5 0.92–1.04 0.67–3.13 [76]
D,L-PLA-HFC134a 8 30 30.5–99.9 252.4–401.2 0.81–1.00 6.22–9.89 [76]
L-PLA-DME 9 230 59.65–138.45 63–249 0.83–1.03 1.20–4.75 [77]
L-PLA-HCFC22 13 230–300 50.15–136.55 36–261 0.88–1.11 0.72–5.25 [77–79]
PCL-DME 9 170 55.8–198.4 261.7–496.6 0.82–1.18 4.99–9.48 [80]
PCL-HCFC22 13 170 39.6–171.1 43.1–454.8 0.85–1.20 0.87–9.15 [80]

Nd, number of data points.

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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Table 3.
Calculation results of the solubility parameter of solvents with the S-L equation.

Component Mean Reference S-L %AAD Reference

Propylene 13.41 [21,33,81] 12.75 4.93 [85]
Propane 12.97 [21,33,35,41,81] 12.35 4.82 [86]
1-Butene 13.81 [21,33,81] 14.17 �2.63 [64]
n-Butane 13.94 [21,32–33,35,37,41–42,82] 13.83 0.75 [86]
Pentane 14.38 [21,32–33,35,37,41,81] 14.44 �0.43 [87]
80 8C 13.46 [83] 12.78 5.04
120 8C 11.27 [84] 11.21 0.57
Isopentane 13.77 [21,33,35,81] 14.08 �2.26 [86]
n-Hexane 14.86 [21,32–33,35,37,41–42,81–82] 14.71 1.06
80 8C 13.80 [83] 13.39 2.99
120 8C 12.17 [84] 12.22 �0.38
Isohexane 14.49 [33,41–42] 14.71 �1.49
Cyclohexane 16.77 [21,32–33,35,37,41,81] 16.99 �1.29
80 8C 15.60 [83] 15.65 �0.30
120 8C 14.26 [84] 14.48 �1.55
n-Heptane 15.19 [21,32–33,35,37,41,81] 15.18 0.01
80 8C 14.07 [83] 13.97 0.74
120 8C 12.84 [84] 12.91 �0.58
CO2 13.43 [33,41] 12.32 8.25 [87–88]
HCFC-22 14.93 [21,33,35] 14.63 2.02 [87–88]
DME 17.78 [21,33,35] 14.58 18.00 [89]
Diethyl ether 15.47 [21,32–33,35,41–42,82] 15.48 �0.01 [86]
Methyl acetate 19.15 [21,32–33,35,37,42] 19.28 �0.66
80 8C 17.93 [83] 17.52 2.27
120 8C 15.95 [84] 15.97 �0.11
Ethyl acetate 18.38 [21,32–33,35,37,41–42,82] 18.14 1.28
80 8C 16.79 [83] 16.49 1.79
120 8C 15.10 [84] 15.03 0.47

Rel. Error 1.55
Abs. Error 2.38
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calculations, resulted in a suitable model

for the prediction of the solubility para-

meter.

For polymers, Table 4 reports also the

deviations of the predicted values from the

S-L equation. There are additional poly-

mers because in this way we have a better

reference for the predictions. The relative

average error is smaller than 1% which

suggests an adequate prediction. However,

there is an absolute average error of 6.4%.

It is necessary to point that the magnitude

of solubility parameters of polymers lies in

an interval of values which is determined

from an assortment of experimental tech-

niques and groups of solvents. The solubi-

lity parameter of polymers is determined by

indirect procedures; measuring the solubi-

lity of these macromolecules in a diversity

of solvents and applying the Flory para-

meter x (Eq. 4). Several experimental

techniques such as the IGC (Inverse Gas
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
Chromatography),[85–86,101–104] intrinsic

viscosity measurement, density measure-

ment are commonly used.

The S-L equation of state resulted in a

suitable predictive model to determine

solubility parameter of diverse solvents

and polymers considered for study in this

work. The calculated conformational para-

meter C will provide therefore a close

idea about the solution’s behavior around

the LCST loci from the S-L equation of

state.
Results and Disscusion

Table 5 registers, for the experimental

systems compiled in this work, the con-

formational parameter C obtained from

two sources: calculated with the S-L

equation and from literature. It is

evident that this parameter clarifies the
, Weinheim www.ms-journal.de



Table 4.
Calculation results of the solubility parameter of polymers with the S-L equation.

Polymer Mean Reference S-L %AAD Reference

PE 16.45 [21,32–33,35–37,39,41–42] 19.47 �18.34 [86]
166 8C 17.75 [90] 17.59 0.88
PP 17.87 [21,35–37,39] 16.18 9.44 [63]
PB 16.98 [39] 17.12 �0.82 [65]
PIB 15.96 [33,35–37,39,42,82] 17.37 �8.88 [86]
PS 19.50 [21,32–33,35–37,39,41–42,82,91] 19.19 1.57
PDMS 16.41 [36–37,39,42] 15.28 6.87
PMMA 21.92 [21,32–33,35–37,39,41–42,82,92] 21.25 3.04 [52]
PMA 20.45 [32,36–37,39] 20.64 �0.94 [86]
PEA 19.13 [33,36,39] 19.44 �1.61 [86]
PPA 18.50 [36] 21.00 �13.50 [96]
PNBA 19.39 [21,33,35–36] 20.85 �7.52 [96]
PEMA 19.55 [33,35–37,39,82,92] 19.63 �0.41 [86]
PBMA 18.59 [33,35–37,39,92] 19.07 �2.58 [86]
PVDF 23.23 [21] 17.79 23.42 [97]
PA 27.64 [21,32,35–37,41] 22.58 18.32 [86]
PVC 20.49 [21,32–33,35–37,39,41–42] 19.48 4.94
PVAC 20.18 [21,32–33,35–37,39,41–42] 20.94 �3.77
L-PLA 21.73 [93] 22.37 �2.94 [96]
DL-PLA 20.76 [94–95] 21.56 �3.87 [87]
PCL 20.20 [39] 20.29 �0.46 [86,98]

Rel. Error 0.14
Abs. Error 6.39
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compatibility between the polymer and the

solvent in the solution. For a fixed T and

low values of C, turning the polymer and

solvent mutually compatible in the solution

needs a relatively low pressure. As the

parameter C increases the solution’s com-

pounds become incompatible each other.

As a consequence of this, the pressure must

be increased in order to stabilize the

solution and make the polymer soluble in

the solvent. In these cases, the polymer-

polymer and solvent-solvent molecular

interactions are the dominant ones due to

the polar nature of the strong interactions

of the components in the mixture.

For the analysis of results it has been

considered the polar interaction that some

solvents or polymers present, the discussion

is based on the Hansen’s solubility para-

meter (HSP) that includes the polar

character of the substance. Grouping the

two polar terms (dp, polarity and dh,

hydrogen bonds), being analyzed the con-

tribution that these have on the parameter

of solubility and in the compatibility of the

studied systems in relation to C. The polar

contribution is evaluated in terms in the
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
quadratic way of the equation (1).

% polar contribution

¼ ðd2p þ d2hÞ
.
d2o � 100 (15)

The graphs shown in the discussion

section of this work the value of C for

each mixture is indicated in parenthesis.

The values were determined using the

solubility parameters reported in the lit-

erature. In the following, the analysis of

each experimental system studied is pre-

sented.

Fluorinated Polymers in CO2

Figure 5 presents Pr vs. Tr curves for

polymers soluble in CO2. It is observed

that the LCST curves, for most of the

systems studied, are located aroundC¼ 1.5

in agreement with the molecular simulation

results. The PFOMA is lightly more

compatible than the PFOA which is

indicated also from the values of their

conformational parameter of 1.57 and 1.8,

respectively (see details in Figure 5). The

PHFDA and PTAN present similar beha-
, Weinheim www.ms-journal.de



Table 5.
Calculation of the conformational parameter, C, for
the studied mixtures.

System CS-L Clit.

PFOA-CO2 2.13 1.80
PFOMA-CO2 1.87 1.57
PFD-CO2 1.48 1.25
PDMS-CO2 1.54 1.45
PE-nButane 1.98 1.39
PE-nPentane 1.82 1.31
PE-Isohexane 1.75 1.29
PE-nHexane 1.75 1.22
PE-nHeptane 1.28 1.08
PP-nButane 1.37 1.67
PP-1Butene 1.30 1.71
PP-nPentane 1.26 1.57
PIB-nButane 1.58 1.31
PIB-2MB 1.52 1.34
PIB-nPentane 1.45 1.23
PIB-nHexane 1.15 1.15
PIB-nHeptane 1.14 1.05
PB-1Butene 1.46 1.51
POA-Propane 1.96 1.77
POA-Propylene 1.83 1.66
POA-nButane 1.56 1.54
POA-1Butene 1.49 1.56
POA-DME 1.40 0.94
PDA-Propane� 1.88 1.71
PDA-Propylene 1.77 1.60
PDA-nButane 1.50 1.48
PDA-1Butene 1.43 1.51
PDA-DME 1.35 0.91
PDMS-Propane 1.53 1.56
PDMS-nButane 1.22 1.35
PS-Cyclohexane 1.13 1.15
PS-Methyl acetate 0.99 1.02
PMMA-HCFC22 2.11 2.11
PVDF-DME 1.49 1.71
D,L-PLA-DME 2.19 1.36
D,L-PLA-HCFC22 2.17 1.93
D,L-PLA-HFC134a 2.58 2.39
L-PLA-DME 2.35 1.49
L-PLA-HCFC22 2.34 2.12
PCL-DME 1.94 1.29
PCL-HCFC22 1.92 1.83

�Parameters S-L of PDA[104]
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vior. For this pair there is not information

available about their solubility parameter,

however, are both fluorinated polymers

that exhibit compatibility with supercritical

CO2.
[54,55] For the PFD the curve lies below

the corresponding one for the calculated

conformational parameter (around 1.3-1.5).

This is because the experimental values for

a molecular weight of 2500 do not corre-

spond to the LCST curve at the u point. It

can be expected that as the molecular

weight is increased, the curve moves up to a
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
high pressure region; in the zone of the

fluorinated polymers. The experimental

data, however, are useful to show the

relevance of the molecular simulation

results.

Polyolefins with Hydrocarbon Solvents C4 –

C7
For polyethylene solutions a favorable

effect in solubility can be observed as the

carbon number of solvent increases. This

tendency is observed in both: the LCST

curve behavior and themagnitude ofC (see

Figure 6). Albeit the PE-heptane the LCST

lies lightly above the corresponding curve

for the PE-hexane, -contrary to the

expected behavior since the hexane’s

solubility parameter is smaller than the

one for the heptane- the discrepancy obeys

mainly to the fact that the molecular weight

of PE en the mixture with hexane is

reported as 52,000 (to the similar with the

iso-hexane) and this is not sufficient enough

to reach the u point conditions. The

molecular weight of PE in the mixture with

heptane is reported as 125,000 which ensure

the u point conditions. The LCST curves for

the mixtures of PE with either hexane or

iso-hexane at the u point would migrate to

higher pressure regions, producing in this

way, a better congruency with the expected

results.

The conformational parameter calcu-

lated from the S-L equation deviates from

that obtained from literature data (see

Table 5) the equilibrium is obtained at

larger C with respect to the molecular

simulation results. This is, perhaps, because

the polyethylene possesses a small polar

contributions to the solubility parameter

(dd¼ 16, dp¼ 0.8, dh¼ 2.8)[21] but this con-

tribution in hydrocarbons is null. This small

difference may produce a deviation in the

polymer solubility so a larger pressure is

required to homogenize the solution. TheC

values from the S-L equation are larger

than those obtained from experimental

data. This is in agreement with the simula-

tion results.

For the polyisobutylene mixtures (see

Figure 7) the tendencies are similar than
, Weinheim www.ms-journal.de



Figure 5.

Experimental LCST curves to reduced conditions of the pure solvent. Mixtures of fluorinated polymer-

supercritical CO2 in comparison with molecular simulation in C terms.
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those obtained from molecular simulation.

However, the deviations are larger con-

sidering the C values. In this case, the

polyisobutylene presents appreciable con-

tributions of both: polarity and hydrogen

bonds: (dd¼ 14.5, dp¼ 2.5, dh¼ 4.7)[33,35,82]

in comparison to polyethylene. The polar

contribution to the solubility parameter
Figure 6.

Reduced LCST of polyethylene-hydrocarbon solvent C4-C

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
amounts the 12% of total. This polar

contribution is reflected in the LCST

curve’s displacement to a high pressure in

order to compatibilize the solutions despite

of larger polyethylene solubility was

expected. In both, the PE and PIB cases,

the polymer-polymer molecular interac-

tions are dominant in the mixture behavior.
7.
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Figure 7.

Reduced LCST of polyisobutylene-hydrocarbon solvent C4-C7.
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This make the LCST curves to be displaced

to high pressures so the stability of the

solution is reached.

For the polypropylene (dd¼ 18.0,

dp¼ 0.0, dh¼ 1.0)[21] the polar contribution
Figure 8.

Reduced LCST of polypropylene-hydrocarbon solvent C4

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
is essentially null with a solubility para-

meter greater than those for polyethylene

and polyisobutylene (18.04 vs. 16.44 and

15.96 respectively). It is expected, there-

fore, LCST curves in the high C value
-C5.

, Weinheim www.ms-journal.de
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region. However since the polar contribu-

tions are not significant, the LCST curve

behavior are quite similar to the molecular

simulation results as well as the C calcu-

lated from literature data (see Table 5).

Observe how C calculated from simulation

are in agreement with experimental data. In

the polybutene þ 1-butene mixture the

LCST curve behavior is similar to that of

polypropylene.

Although the solubility parameter rela-

tionship is a simple reference, it results in a

strong support about the analysis of the

polymeric solutions behavior in the critical

region of the pure solvent. In addition, the

molecular simulation results reflect the

tendencies of the experimental LCST

curves.
Polyacrylates

To carry out a comparative of the experi-

mental data of the systems studied (POA

and PDA) and the molecular simulation,

were estimated the solubility parameters of

these polymers, since don’t have the data.

For poly-(alkyl acrylates) and poly-(alkyl

metacrylates) the solubility parameters

were correlated with the carbon number

of the alkyl group using available literature

data. In the Figure 9 the correlations are

shown so much for the poli(alquil acrilatos)

as poli(alquil metacrilatos) this last one

used as reference.

Using these correlations, the solubility

parameters of the linear poly-(alkyl acry-

lates) POA and PDA were estimated

resulting in 17.3 and 17 respectively. The

solubility parameter curve for the linear

poly-(alkyl metacrylates) derivatives shows

similitude in the data for both poly-

acrylates. The descendent behavior of the

curve as an effect of the same alkyl radical

growth in the polymeric chain is confirmed

in Figures 9a and 9b.

Figure 10 depicts the results for the POA

with different hydrocarbon solvents and

DME. Surprisingly, the molecular simula-

tion reproduces the experimental data

tendencies quite well even though the

acrylic polymers have strong polar con-
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
tributions which influence the solubility

behavior. For example: the poly-(butyl

acrylate) (dd¼ 16.2, dp¼ 9.0, dh¼ 3.0)[21]

has a polar contribution of 25%, the

poly-(ethyl metacrylate) (dd¼ 17.6,

dp¼ 9.7, dh¼ 4.0)[33] of 26% and the PMMA

(dd¼ 18.1, dp¼ 10.5, dh¼ 15.1)[21] of 29%.

Tendencies about the solvent strength

for the different compounds are in agree-

ment with C. The increase in its value

displaces the LCST curves to high pres-

sures. The order in the solubility strength,

from low to high is: propane< propylene <

n-butane < 1-butene < DME. The solvent

strength of 1-butene is improved by its

polar contribution (dd¼ 13.2, dp¼ 1.3,

dh¼ 3.9)[21] which effects lightly its role as

solvent (9% polar) with respect to its

solubility parameter comparatively to n-

butane. This is observed in the Figure 10.

Exceptionally in the case of the mixture

POA-DME, the LCST curve is located to

more pressures of that waited according to

the solubility parameter of the DME andC

comparative with the experimental beha-

vior.C indicates a good compatibility of the

polymer and therefore low pressures to

solvate the polymeric chains. However, this

is not completely true. It seems that the

polar contributions of the solubility para-

meter of DME (dd¼ 15.2, dp¼ 6.1,

dh¼ 5.7)[21] representing the 23% of total,

are in competence with the polar contribu-

tions of the poly-(alkyl acrylates). This

competence promotes the polymer-poly-

mer and the solvent-solvent interactions

in detriment of the polymer-solvent inter-

actions, bringing about a displacement of

the mixture compatibility and therefore

higher pressure are needed to reach the

solubility. This is reflected in the solution

behavior when the LCST curve is located a

larger C.

The conformational parameters C cal-

culated from the molecular simulation,

from literature data and from the S-L

equation are similar. In the Figure 10 the

LCST curve for the PIPAþDMEmixture is

shown. Identical to the previous cases, the

curve shows a reproducible behavior from

the molecular simulation results.
, Weinheim www.ms-journal.de



Figure 9.

Effect of the carbon number of the alkyl group number of atoms of carbon in the parameter of solubility of the

poly-(alkyl acrylates) (a) and poly-(alkyl metacrylates) (b).
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Figure 11 depicts the LCST curves for the

PDA mixtures. The molecular simulation

results adequately adjust the experimental

data, following the right tendency with the

effect of C. In this case also, the mixtures

PDAþ 1-butene and PDAþDME behave

similar than the POA mixture, corroborat-

ing the previously observed.
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Figure 12 shows the LCST curves for the

rest of the poly-(alkyl acrylates) and poly-

(alkyl metacrylates) mixtures. All of them

depict a tendency which is equivalent to

those already analyzed. Even though the

solubility parameters of the polymers are

not available it is expected that all of them

exhibit a similar behavior which is also
, Weinheim www.ms-journal.de



Figure 10.

Reduced LCST of POA-solvent and PIPA-DME.
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present in the case of fluorinated polymers

with CO2.

The same as in the previous cases, the

solubility parameters provide an assertive

reference for the polymeric mixture beha-

vior in the supercritical region of the pure

solvent. On the other hand the simulation

results replicate the LCST curves of the

polyacrylate mixtures.

Other Mixtures

Systems where the polar contributions

influence the mixture behavior are pre-
Figure 11.

Reduced LCST of PDA-solvent.
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sented. Figure 13 depicts different solutions

having this kind of behavior, mainly with

the PS, PMMA and PVDF polymers. In the

PDMS case, where the polar effects are less

significant with solvents with no polar

contribution, the molecular simulation

results and C are congruent with the

experimental data. Instead, for the other

cases, a strong effect is observed possibly

influenced by the molecular interaction

between the polymer and solvent.

For the polystyrene (dd¼ 18.5, dp¼ 4.5,

dh¼ 2.9)[21] (polar contribution 8%) sys-
, Weinheim www.ms-journal.de



Figure 12.

Reduced LCST of PNPMA (a), PEHA (b) y PEHMA (c) with different solvents.

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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Figure 13.

Reduced LCST of different polymeric solutions.
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tems it is observed that in the mixture with

cyclohexane the polarity of PS does not

influence the solution’s behavior. In this

case the cyclohexane does not exhibits

polar effects. On the other hand, the

mixture PSþmethyl acetate is strongly

affected by the polar contributions of

acetate (dd¼ 15.5, dp¼ 7.2, dh¼ 7.6),[21]

(polar contribution of 31%). In this way

the polymer-polymer and solvent-solvent

interactions become dominant and there-

fore high pressure is required in order to

solvate the PS.

For the PMMAþHCFC22 mixture the

effect is contrary to the one presented by

the PSþmethyl acetate mixture. In this

case the polar contributions of PMMA

(dd¼ 18.1, dp¼ 10.5, dh¼ 15.1,[21] polar con-

tribution of 29%) and HCFC22 (dd¼ 12.3,

dp¼ 6.3, dh¼ 5.7,[21] polar contribution of

32%) are similar. The equilibrium between

the intermolecular forces compensates the

favorable interactions that improve the

compatibility of the solution even though

its behavior is reflected by the LCST curve

appearance. It is observed that the C

relationship is being modified at the Tr

and Pr conditions, evolving from 1.5 to 2.

The same behavior is present with the
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
mixture PVDFþDME [PVDF (dd¼ 17.0,

dp¼ 12.1, dh¼ 10.2 polar contribution of

46%) and DME (dd¼ 15.2, dp¼ 6.1, dh¼ 5.7

polar contribution of 23%].[21] The strong

molecular interactions influence, similarly,

in the solution’s behavior.
Biopolymers

In the biopolymer solutions the polar

effects are important regarding the solu-

tion’s behavior. This is confirmed mainly in

the mixtures with DME which exhibit large

deviations. Figure 14 depicts the results for

the three biopolymers under study.

It is evident that the polar contributions

to the solubility parameter influence

strongly in the solutions’ behavior. Mix-

tures with high values of C are presented

for this type of systems, excepting with

DME where the magnitudes ofC are in the

order of the previously studied mixtures.

Let’s analyze the case of mixtures with

the biopolymer L-PLA. The Table 6 pre-

sents, for L-PLA, DME and HCFC-22, the

Hansen’s solubility parameter (HSP), the

dipole moment and the critical density. For

these compounds the polar contributions

are relatively high. For L-PLA is 27.5%
, Weinheim www.ms-journal.de



Figure 14.

Reduced LCST of biopolymeric solutions.

Table 6.
Properties of L-PLA, DME y HCFC-22.

Component HSP, MPa1/2 rc, g/cm3 a�1025, cm3 m, D Other interactions

dd dp dh do

L-PLA 18.5 9.7 6 21.73 – –
DME 15.2 6.2 5.7 17.34 0.258 52.2 1.3 H bonds
HCFC-22 12.3 6.3 5.7 14.95 0.522 44.4 1.4 H bonds

References: solubility parameter: L-PLA[93]; DME and HCFC-22[21]; others properties[80]
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and, as mentioned above, for DMA the

polar contribution is 23% meanwhile for

the HCFC-22 this contribution is greater

than 32%. It is observed that the behavior

of the LCST curves is dominated by the

polar forces of the components, for the C

calculated from the solubility parameters

move away from the experimental curves.

Even, the LCST curves for the biopoly-

merþDME andþHCFC-22, are contrary

to those expected. The solubility strength of

DME referred to its solubility parameter is

higher than expected, however the experi-

mental results indicate the contrary for all

the biopolymer mixtures under study.

It is observed, from Table 6, that the

polarity and dipolar moment of DME and

HCFC-22 are quite similar, it is possible
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that the solubility strength of the HCFC-22

is high because its critical density is large in

comparison to that of the DME. This

provides the HCFC-22 with a better

solvency power, in addition to its polar

nature, to solvate biopolymer chains. Con-

trary to the HCFC-22, the DME with low

critical density requires higher pressures.

Similar results are presented for the

other two biopolymers (PCL and D,L-

PLA) where the LCST curves of the

systems with -DME and -HCFC-22 is

contrary with regard to the calculated C

value, again the solvency power of the

HCFC-22 stabilizes the biopolymeric solu-

tions comparatively to smaller pressures

when the solvent is the DME. In all the

cases the high effect of polar interaction of
, Weinheim www.ms-journal.de
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the systems is shown (to also see the system

DL-PLA-HFC134a in the Figure 14).

It is worth to note that for all poly-

merþDME mixtures under study in this

work, the solubility parameter of DME, in

the literature data, seems to be over-

estimated. It would be interesting to per-

form a study about this topic.
Conclusions

It has been proved the utility of molecular

simulation in the knowledge and analysis of

the polymeric chain collapse in a super-

critical solvent at the limits of LCST curve

in the u point. For the very first time the

conformational parameterC is proposed as

the ratio of the structure-energy interac-

tions between the polymer and the solvent.

This parameter defines the behavior of

these mixtures at the supercritical region of

the pure solvent and it has been widely

verified with experimental data which

confirm its application.

C has been related to the solubility

parameters of both polymer and solvent

using the simulation results reported in part

1 and has been analyzed with experimental

data. In most of the cases, the tendencies in

the behavior of the experimental systems

are similar to those obtained from simula-

tion, with the solubility parameter as an

important support to characterize the

compatibility of the mixtures. Mixtures

with large C exhibit their LCST curves

displaced to high pressures and this com-

portment is related with the difference

between the solubility parameters of the

polymer and the solvent. On the contrary,

when C approaches 1.0, the LCST curves

are displaced to lower pressures, in agree-

ment with the simulations and evidenced

with the experimental data.

It was observed that the polar contribu-

tions of both the solvent and the polymer

alter the behavior of the solutions. They put

in evidence, for some cases, the influence of

the dominant polymer-polymer and sol-

vent-solvent interactions that deviates the

stability to larger pressures than those
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expected. On the other hand, for systems

where the polymer-solvent interaction is

the dominant one, the stability of the

solution is reached at lower C. In this

aim, the Hansen’s solubility parameter

(HSP) has been used to relate the polar

contribution with the solution behavior.

Finally, the experimental evidence is a

clear indication that for these systems the

equilibrium near to the solvent’s super-

critical conditions is adequately repre-

sented through the analysis by molecular

simulation, extended to reduced conditions

by mean of the conformational parameter

C. The relationship structure-energetic

interaction between the polymer and the

solvent -generalized by the employment of

the solubility parameter- proves that this

kind of systems can be analyzed in the view

of thermodynamic fundamentals supported

with the application of a suitable model

such as the S-L equations of state.
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