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The aim of this report is to discuss the method of determination of lattice-fluid binary
interaction parameters by comparing well characterized immiscible blends and block
copolymers of poly(methyl methacrylate) (PMMA) and poly(ε−caprolactone) (PCL).
Experimental pressure-volume-temperature (PVT) data in the liquid state were corre-
lated with the Sanchez—Lacombe (SL) equation of state with the scaling parameters
for mixtures and copolymers obtained through combination rules of the characteristic
parameters for the pure homopolymers. The lattice-fluid binary parameters for energy
and volume were higher than those of block copolymers implying that the copolymers
were more compatible due to the chemical links between the blocks. Therefore, a com-
mon parameter cannot account for both homopolymer blend and block copolymer phase
behaviors based on current theory. As we were able to adjust all data of the mixtures
with a single set of lattice-binary parameters and all data of the block copolymers with
another single set we can conclude that both parameters did not depend on the compo-
sition for this system. This characteristic, plus the fact that the additivity law of specific
volumes can be suitably applied for this system, allowed us to model the behavior of
the immiscible blend with the SL equation of state. In addition, a discussion on the
relationship between lattice-fluid binary parameters and the Flory–Huggins interaction
parameter obtained from Leibler’s theory is presented.

Keywords block copolymer, immiscible blend, interaction parameter, lattice-binary
parameter, PVT

1. Introduction

Most of the studies of polymer–polymer phase behavior assume that homopolymer mix-
tures and block copolymer melts are controlled by a common segment–segment interaction
parameter known as the Flory–Huggins’ phenomenological interaction parameter, χ .[1,2]
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66 C. C. Riccardi et al.

There are relatively few examples of experimental studies that have simultaneously quanti-
fied block copolymer and homopolymer mixture phase behaviors. Lohse and coworkers[3]

studied blends of polyethylene and polypropylene in comparison with poly(ethylene-b-
propylene) block copolymers and concluded that a single χ -parameter could be used
to describe the phase behavior of these systems. However, Maurer et al.[4] pointed out
that the experimental error in this type of isothermal study could accommodate up to a
twofold difference between blend and diblock copolymer interaction parameters. Even
more, from the comparison of the Flory–Huggins interaction parameter obtained for a
polyethylene–polypropylene blend with the χ -parameter obtained for the homologous
block copolymer, extracted from order–disorder transition temperature (TODT) data, they
concluded that the current theories cannot account for both homopolymer blend and block
copolymer phase behaviors.[5]

The lattice theory of Sanchez—Lacombe (SL)[6,7] has been applied extensively to
both homopolymers blends[8–12] and copolymers[13–15] using pressure-volume-temperature
(PVT) data to determine the interaction parameter. In the framework of this theory, scaling
parameters of pure components are obtained by fitting PVT data, while model parame-
ters of miscible mixtures or block copolymers are calculated by using mixing rules as
a function of lattice-binary interaction parameters. There is some controversy in the lit-
erature concerning the relationship between the χ -parameter and the lattice-fluid binary
parameters. While some authors relate the SL lattice-fluid binary parameters with the
Flory–Huggins χ -parameter,[16–18] other authors relate the former parameters with the in-
tegral Flory–Huggins interaction parameter or residual energy of mixing, g.[11,19] In both
cases, the relationship between the parameters is obtained by equating the mixing Gibbs
free energy expressed through the respective theories. Callaghant and Paul[9] calculated
interaction energies for each one of the binary pairs of poly(styrene) (PS), poly(methyl
styrene) (PMS), and poly(methyl methacrylate) (PMMA) by fitting spinodal curves pre-
dicted by the Flory–Huggins theory and the SL equation of state to experimental cloud
point data of low molecular weight polymer blends. They concluded that, while interaction
energies calculated from the theories of SL and Flory–Huggins are essentially equal for
the PS/PMS pair when the upper and lower estimates are averaged, the corresponding
values for PMMA with PS or PMS are different due to the difference in their characteristic
temperatures.

Most of the published works propose the modeling of PVT data of the miscible zone to
predict spinodal and binodal curves of blends.[11,20–22] Sato et al. studied the miscibility and
volume changes of mixing in poly(vinyl chloride)/PMMA blends,[23] and specific volumes
as a function of the number of carbon atoms in branched chains of polyethylene copolymer
melts.[15] When an equation of state was used to predict the mixing behavior of two
substances that give place to a homogeneous solution, one assumes that both mixture and
components obey the same equation of state, that the hard-core volumes are additive and
that there are parameters that can take into account interactions between the molecules.[24]

To our knowledge, the modeling of PVT data of immiscible mixtures has not been done.
In addition to the requirements for miscible blends, the Flory–Huggins or lattice-fluid
parameters should be the same for both phases in immiscible blends, which means that they
must not depend on the composition.

With the aim to compare binary lattice-fluid parameters of immiscible blends and block
copolymers of the same components, we have studied mixtures and corresponding diblock
copolymers of PMMA and poly(ε-caprolactone) (PCL). The interest in blends of PCL
with other polymers stems from its biodegradability and their potential use in biomedical
applications. Because of its low glass transition temperature along with its biodegradability,
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Comparison of Lattice-Fluid Binary Parameters 67

blends of PCL with other polymers have been of interest. In contrast to PCL, which is
semicrystalline, PMMA is an amorphous polymer that has also a wide range of utilization
areas, including biomedical implants such as replacement for intraocular lenses, bone
cements, and dentures. The combination of biostable PMMA and biodegradable PCL
polymers provides interesting materials with good mechanical integrity.[25–27]

2. Experimental

2.1. Materials

ε-Caprolactone (CL) can be polymerized by ring-opening polymerization (ROP) whereas
methyl methacrylate (MMA) can be polymerized by atom-transfer radical polymer-
ization.[28] Eight semicrystalline poly(methyl methacrylate-b-ε-caprolactone) (PMMA-b-
PCL) diblock copolymers (MC) were synthesized following a two step route previously
reported in the literature.[29,30] ε-Caprolactone was homopolymerized by a ROP technique.
Two different PCL homopolymers with different molecular weight (PCL14 and PCL27, see
Table 1) were prepared and functionalized with methyl-α-bromo isobutyrate to be used as
precursors for the polymerization of MMA. In the second step, MMA monomer was poly-
merized by atom-transfer radical polymerization on the functionalized PCL.[31] The PCL
macroinitiator, dibromo bis(triphenylphosphine) nickel(II) catalyst, and dry MMA were
charged into a previously evacuated flask and allowed to stir at room temperature until the
macroinitiator dissolved. Tetrahydrofuran (THF) was added to the mixture to facilitate the
dissolution of the initiator and to reduce the viscosity during polymerization. The reaction
flask was then placed in an oil bath at 80◦C and allowed to react for about 5 h. The block
copolymer was extracted with hexane, then precipitated in methanol, isolated by filtration,
and finally dried under reduced pressure.

The MC1 to MC4 block copolymers were prepared from the same poly(ε-caprolactone)
precursor (PCL14), while MC5 to MC8 samples were prepared from the PCL 27 precur-
sor. A PMMA homopolymer (PMMA13) and three PMMA13-PCL14 mixtures (M1, M2,
and M3 with PMMA mass fraction equal to 0.25, 0.55, and 0.75, respectively), were also

Table 1
Molecular characterization of the polymers by GPC

Sample Mn 104 (g mol−1) Mw 104 (g mol−1) PDI

PMMA13 1.32 2.24 1.70
PCL14 1.42 2.15 1.52
PCL27 2.67 3.25 1.21
MC1 2.72 3.88 1.42
MC2 3.87 6.06 1.56
MC3 5.29 9.66 1.83
MC4 7.02 9.48 1.35
MC5 3.39 4.13 1.22
MC6 3.99 4.96 1.24
MC7 4.75 6.01 1.27
MC8 5.37 7.18 1.34
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68 C. C. Riccardi et al.

Table 2
Molecular parameters of the synthesized diblock copolymers and mixtures

Copolymer NPMMA/NPCL NPMMA N φPMMA wPMMA

MC1 1.43 156.5 281.8 0.53 0.55
MC2 2.66 250.7 275.2 0.68 0.70
MC3 3.48 380.3 504.8 0.73 0.75
MC4 5.60 611.9 736.5 0.84 0.83
MC5 0.47 98.3 335.2 0.28 0.29
MC6 0.95 196.7 433.5 0.44 0.45
MC7 1.55 322.7 559.6 0.56 0.58
MC8 1.75 362.9 599.7 0.58 0.61
M1 – – – 0.24 0.25
M2 – – – 0.53 0.55
M3 – – – 0.73 0.75

studied. The mixtures were prepared using dichloromethane to facilitate the mixing pro-
cess, followed by solvent evaporation at 40◦C under reduced pressure until the theoretical
constant weight was achieved. The molecular parameter values for all the components used
in this study are reported in Tables 1 and 2.

2.2. Characterization Techniques

Polymer molecular weights and molecular weight distributions were measured by gel
permeation chromatography (GPC) using a liquid chromatograph (S-250, Perkin–Elmer,
USA) equipped with a UV detector (LC-235 UV, Perkin–Elmer, USA) and a refractive
index detector (LC-30 RI, Perkin-Elmer, USA). Three Waters Styragel columns (HR 2, HR
4, and HR 5E; USA) were used with THF as the elution solvent at a flow rate of 1 mL
min−1 at 25◦C. Calibration was performed using polystyrene standards due to absence of
Mark–Houwink constants for these block copolymers in THF.

Copolymer compositions were determined by 1H-nuclear magnetic resonance (1H
NMR) spectroscopy. The 1H NMR spectra were recorded with a Bruker 500 MHz spec-
trometer (Bruker Corporation, USA) using deuterated chloroform as solvent and tetram-
ethylsilane as an internal reference.

A PVT analyzer (SWO/Haake PVT 100, Thermo Fisher, USA) was used to measure
specific volume of the samples, v, as a function of temperature and pressure. The instrument
covers a temperature and pressure range from 25 to 400◦C and 200–2500 bar, respectively,
with 1 bar data being extrapolated from pressure data. Isobaric experiments were carried
out from 200 to 600 bars with 200 bar steps. Specific volume measurements were recorded
from 150◦C until 30◦C, with a cooling rate of 5◦C min−1.

Dynamic oscillatory shear measurements were performed using a rheometer (Rheo-
metrics Ares, TA Instruments, USA) equipped with 25 mm diameter parallel plates and a
transducer with an operating range of 0.02–200 g cm with the aim to determine the apparent
order–disorder transition temperatures, (TODTapp). The parallel plates were calibrated to
correct for thermal expansion. Samples of 13 mm diameter and around 1 mm of thick-
ness were made by pressing the sample at 165◦C in a press with a force of 10 ton. After
loading the sample in the rheometer, it was heated to 195◦C for 10 min to erase all prior
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Comparison of Lattice-Fluid Binary Parameters 69

themomechanical history. The sample was then cooled ensuring always that the normal
force was close to zero, so as not to induce any macroscopic alignment of the sample.
Dynamic isochronal temperature scans were performed at a frequency of 6.28 rad s−1. The
temperature range used for dynamic scans was from 40 to 240◦C, ensuring that the sample
did not degrade thermally.

Transmission optical microscopy (TOM) was used to follow the evolution of phases
after the melting process of PCL. A microscope (Leica DMLB, Germany) provided with a
video camera (Leica DC 100, Germany) and a hot stage (THMD 600, Linkman Scientific
Instruments Ltd., England) was employed. Optical transmittance measurements in the
wavelength of visible light were made using a photodetector incorporated into the optical
path of the microscope.

3. Results and Discussion

3.1. Characterization

3.1.1. Molecular characterization. Gel permeation chromatography was used to determine
the molecular characteristics of the samples. Number and weight average molecular weights,
Mn and Mw, and the polydispersity index, PDI = Mw/Mn, are shown in Table 1.

The 1H Nuclear magnetic resonance was used to determine the composition of each
copolymer. Figure 1 shows the spectra of the MC7 block copolymer, as a sample, and the
peak assignments in accord with published results.[32–35] From the 1H NMR spectra, the
ratio between the numbers of monomers of each polymer, NPMMA/NPCL, was obtained using

Figure 1. 1H NMR spectra of MC7 copolymer and its corresponding peak assignments.
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70 C. C. Riccardi et al.

30 40 50 60 70

0,90

0,95

1,00

v
(cm3 -1g )

T (ºC)

Figure 2. PVT scan of PCL14 at different pressures: (�) 0.1, (�) 20, (•) 40 and (�) 60 MPa.

the peak areas A3,6 and A4,1 corresponding to the signals of –CH3 of PMMA and –OCH2–
of PCL, respectively.

Combining 1H RMN and GPC data, the number of repeat units in the PMMA block,
NPMMA, in the PCL block, MPCL, and in the copolymer, N, were obtained. Furthermore, the
volume fractions of the PMMA block, φPMMA, were calculated using the densities of the
homopolymers at 25◦C (ρPMMA = 1.09 g cm−3, ρPCL [fully amorphous] = 1.188 g cm−3)[36]

and the expression derived by Helfand.[37] Results for each copolymer are summarized in
Table 2.

3.1.2. The PVT characterization. The PVT scans for the PCL14 and PMMA13 homopoly-
mers are shown in Figs. 2 and 3 respectively. The melting process of PCL can be seen in
Fig. 2. By the intercepts of the tangents of the curves at the beginning and the end of
the melting process the onset and the end melting temperature, TmO and TmE respectively,
were determined and listed in Table 3. It is worth noting that TmO and TmE increased for
higher pressures. In addition, the changes of melting temperatures with pressure were very
similar for the onset and the end ones: 0.101 and 0.092 K MPa−1, respectively. The pressure

40 60 80 100 120 140 160

0,85

0,90

0,95

v
(cm3 -1g   )

T (ºC)

Figure 3. PVT scans of PMMA13 at different pressures: (�) 0.1, (�) 20, (•) 40 and (�) 60 MPa.
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Comparison of Lattice-Fluid Binary Parameters 71

Table 3
The PVT parameters of homopolymers as a function of pressure

PCL14
PMMA13

P (Mpa) TmO (◦C) TmE (◦C) Tg (◦C)

0.1 34.5 41.7 102.3
20 35.8 43.1 104.5
49 38.3 44.9 111.9
60 40.4 47.2 114.7

dependence of the melting point of a number of polymers, including homo- and copolymers
(HDPE, LDPE, PP, and ethylene vinyl acetate copolymers [EVA]), has been found to be in
the range of 0.11 to 0.17 K MPa−1.[38] Our values are lower but of the same order.

The glass transition temperatures of PMMA, Tg, were determined from intercepts of
the tangents of the curves shown in Fig. 3. The obtained results are listed in Table 3. Their
values present a linear trend with pressure (not shown), as it has also been reported for
polystyrene and its copolymers with maleic anhydride.[39] The slope of the linear relation
between Tg and pressure was 0.254 K MPa−1, close to that reported by Wang et al. (0.238 K
MPa−1).[40] In addition, the Tg value at atmospheric pressure (102.3◦C) agrees with the
value reported by Kilburn et al. (103◦C) from PVT experiments.[41]

Figure 4 shows PVT scans at 0.1 MPa for the mixtures M1, M2, and M3. As PCL
content was decreased in the mixture, the melting process became less significant. The
comparison of the PVT behavior of a block copolymer and a mixture with the same PMMA
mass fraction is shown in Fig. 5 for copolymer MC1 and mixture M2, both with 55 wt%
PMMA, at 0.1 MPa. Whereas the PVT scan of the block copolymer shows the characteristic
features of the behavior of each block, the scan of the mixture shows the shift of the melting
process and the Tg toward higher and lower temperatures respectively. Similar results
occurred for the other compositions.

The Tg values of PMMA in mixtures and block copolymers, as a function of pressure,
are listed in Table 4. The Tg values of the PMMA blocks were more or less the same for each

20 40 60 80 100 120 140 160

0,90

0,95

1,00

1,05

M3

M2

v
(cm3 -1 g  )

T (°C)

M1

Figure 4. Comparative PVT scans at 0.1 MPa for mixtures M1 to M3.
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v
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0,90

0,95

1,00

1,05

Tm,PCL

v
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M2

Tg,PMMA
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Figure 5. PVT scans at 0.1 MPa of a mixture and a block copolymer with same composition,
wPMMA = 0.55.

copolymer and agree with previously reported results.[41] The value at 0.1 MPa, averaged
from all samples, was equal to 104.4◦C, coincidental with the value obtained by DSC.[42]

Figure 6 shows the averaged Tg values vs. pressure; they have a slope of 0.221 K MPa−1,
close to that of PMMA homopolymer (0.194 K MPa−1).

The Tg values for the mixtures were lower than those of the corresponding block
copolymers, as seen in Table 4. This effect is a consequence of the PCL content dissolved
in the PMMA-rich phase (α). The mass fractions of PCL in the PMMA-rich domains
in the mixtures (wα

PCL) were obtained by applying the Fox equation[43] for the glass
transition temperature determined at 0.1 MPa and taking into account that the Tg of PCL
is −63◦C.[44] The calculated values of wα

PCL were: 0.076 for M1, 0.038 for M2, and 0.014
for M3. Note that the mass fraction of PCL in the PMMA-rich phase increased with the

Table 4
The Tg values of PMMA in mixtures and block copolymers as a function of pressure

Tg PMMA (◦C)

Mixtures Block copolymers

P (MPa) M1 M2 M3 MC1 MC2 MC3 MC4 MC7 MC8

0.1 81.2 92.2 98.3 103.6 105.0 105.6 100.4 105.9 105.9
20 82.8 98.5 100.6 107.1 109.6 110.3 106.6 107.9 109.2
40 85.8 105.3 113.9 110.9 113.9 114.5 113.0 114.0 112.9
60 88.6 108.4 116.2 116.4 116.2 117.0 119.0 118.4 117.0
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Figure 6. Glass transition temperature of PMMA block as a function of pressure from PVT data.

global concentration of PCL in the mixture. Similar results were obtained by extrapolation
from DSC thermograms published for mixtures of PCL and PMMA by Iannace et al.[27]

3.1.3. Rheological characterization of the copolymers. Dynamic isochronal temperature
scans of the storage modulus, G′, at a frequency of 6.28 rad s−1 for the block copolymers
are shown in Fig. 7. These scans were taken above the melting temperature, Tm, of the PCL
block, and thus the magnitudes of both G′ and G′′ were expected to be nearly constant up to
the glass transition temperature of the PMMA block. Except for the lower molecular weight
block copolymer, MC5, a gradual drop in the magnitude of G′ that finally approached to a
plateau value can be observed around 110◦C, which corresponds to the α relaxation mode
for the PMMA block which can be associated with its Tg. At higher temperatures a second
drop in the magnitude of G′ occurred. It can be clearly observed that the Tg of the PMMA
block, the plateau region and the fall of G′ magnitude diminished as molecular weight of
MC copolymers decreased. In the case of the MC5 block copolymer, both the Tg and the
second drop of G′ apparently overlapped probably due to its low molecular mass. Following

80 120 160 200 240
102

103

104

105

106

107

108

MC5

MC4

MC8

MC7

MC6

G
' (

P
a)

T (ºC)

Figure 7. Dynamic isochronal temperature dependence of the storage modulus at a frequency of
6.28 rad s−1 for several block copolymers. Arrows indicate TODTapp.
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74 C. C. Riccardi et al.

Table 5
Order-disorder transition temperatures of the block copolymers

Block
copolymer φPMMA TODTapp (◦C) χNLEIBLER N

MC4 0.83 187.7 ± 5.7 31.45 736.5
MC5 0.29 81.4 ± 3.7 15.14 335.2
MC6 0.40 123.4 ± 8.4 10.70 433.5
MC7 0.58 147.2 ± 4.8 11.30 559.6
MC8 0.61 162.1 ± 4.5 11.54 599.7

the rheological criteria [45,46] that the temperature at which G′ begins to abruptly drop
in the plot of log G′ vs. temperature signifies the order–disorder transition, we can determine
the TODTapp for MC block copolymers, which are indicated by arrows in Fig. 7. These
temperatures have allowed us to compare the binary lattice fluid parameters with the Flory’s
interaction parameter.

The TODTapp for the MC block copolymers are shown in Table 5. The TODT de-
creased as volumetric fraction of PMMA did. Similar results were obtained by studying the
order–disorder transition of a series of symmetric poly(oxyethylene-b-oxypropylene)[45]

and a series of eleven diblock copolymers of poly(oxyethylene-b-oxybutylene).[46]

3.1.4. Optical characterization of the mixtures. The mixtures were phase separated in the
range of 50–200◦C, as observed in the optical microscopy photograph of M1 shown in
Fig. 8. This mixture had a phase (α) rich in PMMA with a volume fraction, φα, of 0.224
calculated by image analysis. As previously mentioned, the mass fraction of PCL in the
PMMA-rich domains (wα

PCL) in the mixture M1 was equal to 0.076. Consequently, the
mass fraction of PMMA in the α phase (wα

PMMA) was 0.924.
The composition of the β phase and the total mass fraction of the α-phase, wα, were

calculated with mass balances. The mass fraction of PMMA in the PCL-rich phase (β),
wβ

PMMA, was equal to 0.029. So, the mass fraction of PCL in the β phase (wβ
PCL) was

0.971. Finally, wα was equal to 0.244. With these values, we have studied the additivity of
specific volumes.

3.2. Modelling Results

3.2.1. Theoretical background. The lattice model of SL, which was developed to describe
the thermodynamic properties of pure fluids and their solutions, is comprised of a Van
der Waals-type attractive term with a lattice-gas repulsive term. As a function of reduced
variables, the SL equation of state is expressed as[6,7]

ρ2 + P + T

[
ln (1 − ρ) +

(
1 − 1

r

)
ρ

]
= 0, (1)

where r is the number of lattice sites occupied by a molecule, and ρ, P , and T are the reduced
density, pressure, and temperature, respectively. These reduced variables are defined as:

T = T

T ∗ P = P

P ∗ ρ = ρ

ρ∗ , (2)
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Comparison of Lattice-Fluid Binary Parameters 75

Figure 8. Optical microscope picture of mixture M1 at 180◦C.

where ρ, P, and T are the solution density, system pressure, and absolute temperature,
respectively; while ρ∗, P∗, and T∗ are the corresponding scaling parameters. A pure fluid
can be completely characterized by the three scaling parameters (ρ∗, P∗, T∗), or by three
molecular parameters, i.e., the interaction energy (ε), the closed-packed molar volume (ν),
and the molecular size parameter (r). The relationships among these parameters are

T ∗ = ε

R
P ∗ = ε

ν
r = MP ∗

RT ∗ρ∗ , (3)

where M and R are the molecular weight and the gas constant, respectively. In the SL theory,
the hard-core volume of the polymer segment (1/ρ∗), which means the specific volume of
the occupied lattice sites, is fixed and can not be chosen arbitrarily, in contrast to other
lattice models.[16]

After adjusting the scaling parameters for pure homopolymers (as described below), it
is necessary to define scaling parameters for mixtures and copolymers. Calculations were
performed using quadratic mixing rules for both parameters, ε and ν, which allows the best
correlation of data with a set of binary parameters:[15,47–51]

As a first hypothesis, we assumed the hard-core volumes were additive; so, we supposed
that the interaction parameters were the same for both phases

νmix =
∑ ∑

φi φj νij and εmix = 1

νmix

∑ ∑
φi φj εij νij (4)

with νij = 1
2 (νii + νjj)(1 − lij) and εij = (εiiεjj)1/2(1 − kij),
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76 C. C. Riccardi et al.

where φi is the volume fraction of component i, ν ii is the pure i-component characteristic
volume, εii is the pure i-component interaction energy, and kij and lij are lattice-fluids binary
parameters of mixtures for energy and volume, respectively.

Orbey et al.[49] compared the ability of different equations of state to simulate phase
equilibria in polymer production processes. They concluded that the use of two binary
interaction parameters improves the prediction capability of the SL model. For the r value
the combination rule is:[52]

1

r
=

∑ φi

ri

(5)

with φi = wi

/
ρ∗

i∑
wj

/
ρ∗

j

where wi and φi are mass and volume fractions of the component i.

3.2.2. Scaling parameters of pure homopolymers. The first step in this study was to analyze
the behaviors of the pure homopolymers in order to determine their scaling parameters. For
this purpose, the following method of parameter estimation was used. From the experimental
PVT data in the liquid state, a table with the values of density (ρ) and temperature (T)
for each pressure (P), was built up. Then, a nonlinear least-square fit was carried out by
minimizing the following expression:

S =

N∑
i=1

(ρexperimental − ρcalculated)2

Nt

(6)

where ρexperimental and ρcalculated are the density measured and predicted by Eq. (1) at given
T and P, and Nt is the number of experimental points. The minimum of the S function was
searched by using an optimization program that operated over the scaling parameters.

Table 6 lists the scaling parameters obtained for PMMA and PCL, while the goodness
of the fit for the specific volumes is shown in Fig. 9. There is some discrepancy in the
scaling parameters reported in the literature for PMMA.[7–8,53] The range for T∗ is from
696 to 758 K, for P∗ from 500 to 671 MPa, and for ρ∗ from 1246 to 1300 kg m−3. The
scaling parameters reported for PCL are 641 K, 540.1 MPa, and 1182 kg m−3, for T∗, P∗,
and ρ∗ respectively.[54] Note that the P∗ and ρ∗ parameters obtained in this study are similar
to those previously reported for the same homopolymers, whereas the T∗ parameters are
lower but of the same order. It is pertinent to mention that Orbey et al. found that different
sets of the three input parameters in the SL equation of state gave equally acceptable pure
component property estimates.[49]

Table 6
Scaling parameters of homopolymers

T∗ P∗ ρ∗ ε ν

Polymer (K) (MPa) (kg.cm−3) (J.mol−1) (cm3.mol−1)

PMMA13 573.29 556.47 1,283.32 4,766.33 8.56
PCL14 486.46 540.63 1,206.11 3,894.74 7.20
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PMMA

Figure 9. Predictions of Sanchez-Lacombe (SL) equation of state for the specific volumes in the
liquid state of the homopolymers. Experimental points: (�) 0.1, (�) 20, (•) 40 and (�) 60 MPa.
Predicted values (---).

3.2.3. Lattice-fluid binary parameters. As a hypothesis, we assume that the parameters kij

and lij do not depend on the composition, and that the molecular weight of the homopolymers
in the mixtures and the size of the blocks in the copolymers are sufficiently high that they
do not influence these parameters. Nevertheless, PVT data of mixtures and copolymers
were correlated separately as it is feasible to suppose that the chemical bonds between the
blocks increased the compatibility and diminished the interaction parameter. As pointed
out by Nicolas et al.,[53] kij and lij show appreciable temperature dependence and they could
be well correlated with equations of the form a + b/T .[8]

To obtain a and b factors of the lattice-fluid binary parameters, a method of parameter
estimation by nonlinear least-square optimization similar to that used to determine the
scaling parameters of the pure homopolymers was used. The scaling parameters obtained
for the pure homopolymers were used to solve simultaneously Eqs. (1), (4), and (5) and to
calculate the density values (ρcalculated) of the mixtures or block copolymers. These values
were then used in Eq. (6) to determine the factors a and b of each lattice-fluid binary
parameter. The results are shown in Table 7 and the corresponding lij and kij are plotted in
Fig. 10. For both lattice-fluid binary parameters, those for the mixtures were higher than
those for the block copolymers, suggesting that the copolymerization process increased the
compatibility between the two components. As an example, the goodness of the fit is shown
in Fig. 11 for the mixture M2 and for the block copolymer MC2.

Regardless of the composition thereof, all mixtures were represented by one set of
parameters whereas all block copolymers were represented by a different set. Thus, we

Table 7
Lattice-fluid binary parameters for mixtures and block copolymers

kij lij

a b(K) a b(K)

Mixtures −0.456 196.07 2.142 −794.90
Copolymers −0.637 236.17 2.440 −964.36
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Figure 10. Lattice-fluids binary parameters plotted vs. 1/T .
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Figure 11. Predictions of SL equation of state for the specific volumes in the liquid state of: (a) M2,
and (b) MC2. Experimental points: (�) 0.1, (�) 20, (•) 40 and (�) 60 MPa. Predicted values (---).
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v
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m
3  g
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)

T(ºC)
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Figure 12. The dotted lines show the predicted specific volumes of each phase, vα and vβ. The solid
lines represent the total predicted volume of the mixture M1 considering it to be miscible blend or a
phase-separated mixture.

can conclude that our supposition that the lattice-fluid binary parameters do not depend on
composition is valid for the studied systems.

3.2.4. Specific volumes of phase-separated mixture. In the following, we compare the
predicted specific volume of the M1 mixture with that arising from the combination of the
predicted volumes of each phase. The predicted values of specific volume of each phase are
shown in Fig. 12 together with the calculated specific total volumes of a mixture with mass
fraction of PMMA equal to 0.25 obtained (a) by considering the mixture as homogeneous

60 80 100 120 140 160
0,0000

0,0025

0,0050

0,0075

0,0100

0,0125

0,0150

∆
 v

 (c
m

3  g
-1
)
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Figure 13. Deviations from the specific volume additivity law.
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N

0.29
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Figure 14. �(χN) values from: lattice-fluids binary parameter for energy (�), lattice-fluids binary
parameter for volume (�).

or (b) by combining the specific volumes of each phase through the following mass balance:

v = vα wα + vβ (1 − wα) . (7)

The difference between the two calculations, �v, is shown in Fig. 13. Deviations are
of the same order of magnitude as those determined by Arce and Aznar for miscible blends
of poly(ethylene oxide) and poly(ether sulfone) by using the SL equation.[55] The small
differences obtained between the two calculations suggest that our hypothesis of specific
volume additivity law is valid.

3.2.5. Comparison with Flory-Huggins interaction parameter. In spite of the controversy
in the meaning of the lattice parameters kij and lij, we are interested in relating these
parameters with the interaction parameter of Flory–Huggins, χ .[16–18] With this objective in
mind, we compared the χN values at the TODTapp arising from the phase diagram of block
copolymers predicted by Leibler (listed in Table 5) with the kijN and lijN values calculated
by using the TODTapp temperatures in the expressions of the form a + b/T obtained for
kij and lij (Table 7). The differences between χNLEIBLER and kijN (�(χN)k), and between
χNLEIBLER and lijN (�(χN)l), are plotted as a function of N in Fig. 14. The results show
that the lattice-fluids binary parameter of volume (lij) was not adequate as an interaction
χ -parameter. The smaller difference obtained with the product kijN allows us to think that
the lattice-fluids binary parameter of energy is a better representation of the Flory–Huggins
interaction parameter. Although the term �(χN) has negative values for copolymers of high
N, Fredrickson and Helfand[56] and later Barrat and Fredrickson[57] reformulated Leibler’s
mean-field theory to include fluctuations which effectively raised the value of (χN)TODT.

4. Conclusions

Firstly, we can conclude, in accord with Maurer et al.,[4] that a single set of lattice fluid
parameters cannot be used to equally describe the phase behavior of mixtures and block
copolymers. As we adjust all data of mixtures with a single set of lattice-binary parameters
and all data of block copolymers with another single set, it can be concluded that both lij
and kij do not depend on the composition for this system. This result, plus the fact that
the additivity law of specific volumes can be suitably applied for this system, allowed us
to model the behavior of an immiscible blend with the SL equation of state. As expected,
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Comparison of Lattice-Fluid Binary Parameters 81

the block copolymer parameters showed a more compatible system due to the chemical
linkage between the homopolymers.

By comparing lattice-fluid binary parameters with the Flory–Huggins interaction pa-
rameter determined with Leibler’s theory we conclude that binary parameter of energy is a
better representation of the Flory–Huggins interaction parameter.

Nevertheless future work with mixtures of partially miscible homopolymers and the
corresponding block copolymers is necessary to be able to compare SL’s results with those
which ensue from the application of Flory–Huggins’s equation.
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