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Introduction

To predict the various thermodynamic properties of petrole-
um mixtures that are necessary for processing design in both
the production and refining of crude oils, accurate knowl-
edge of their basic physical properties and phase equilibria
is important. Most of the methods used in the predictions
and correlations of the thermodynamic properties of fuel ad-
ditives, such as ethers or alcohols, which can enhance the
octane rating and reduce pollution effects, may incur signifi-
cant errors. The work described herein deals only with
binary mixtures of a polymer additive, which can be used to
enhance the lubricating properties of gasoline and motor
oils. The properties investigated were the solid–liquid equili-
bria (SLE) and the activity coefficients in saturated solution.
An accurate estimation of the solubilities of the polymer ad-

ditives is important in a number of reservoir engineering
calculations of the modified gasoline. Thus an estimation of
the interactions between isotactic poly(1-butene) and hydro-
carbons representative of petrol is very important if the
physical properties of gasoline are to be improved.

Isotactic poly(1-butene), iPBu-1, is a crystalline polyolefin
and is a major commodity polymer; it has excellent physical
properties and can improve the properties of polymer
blends. The polymorphic transformations[1] of isotactic iPBu-
1 increase its possible applications. Firstly, properly moulded
and processed objects made from iPBu-1 have very good re-
sistance to creep and environmental stress cracking.[2a]

Moreover, in some cases, such as in low temperature appli-
cations, iPBu-1 is preferred to isotactic polypropylene and
poly(4-methyl-1-pentene) in the production of house fur-
nishing, electrical apparatus and automotive parts in which
high impact resistance is needed.[2b] It has also been found
that the polybutene group compound can be applied to wa-
terproof telecommunication cables.[2c]

Isotactic poly(1-butene) can exist in several different crys-
talline forms which differ in their chain conformation and,
as a result, their unit-cell geometry and symmetry.[1e–l] How-
ever, only Forms I and II have been detected in melt-crystal-
lised samples in quiescent conditions. Form I[1a, f, i] has a hex-
agonal unit cell and is obtained by the spontaneous crystal–

Abstract: Isotactic crystalline low-mo-
lecular-weight poly(1-butene), iPBu-1,
was synthesised by using a metallocene
catalyst. The molecular weight was de-
termined by GPC. The chemical struc-
ture of iPBu-1 was verified by using
high-temperature 13C NMR spectrosco-
py and the thermal properties by differ-
ential scanning calorimetry (DSC). The
(solid+liquid) equilibria, SLE, of iPBu-1
with different hydrocarbons (n-hexa-
decane, 1-heptene, 1-heptyne, cyclo-
pentane, cyclohexane, cycloheptane, cy-
clooctane, benzene and propylbenzene)

were studied by a dynamic method. By
performing these experiments over a
large concentration range, the tempera-
ture–mole fraction phase diagrams of
the polymer–solvent systems could be
constructed. From these diagrams it
was found that iPBu-1 had the highest
solubility in small-ring cycloalkanes

and the lowest in n-hexadecane, 1-hep-
tyne and benzene in the mole fraction
range measured. The excess Gibbs
energy models were used to describe
the nonideal behaviour of the liquid
phase and to estimate the solubility of
iPBu-1 in the whole mole fraction
range. Activity coefficients at infinite
dilution of polymer and solvent were
determined from the solubility meas-
urements and were predicted by using
the UNIFAC FV model and molecular
Monte Carlo simulations.

Keywords: gasoline additives
hydrocarbons · isotactic
poly(1-butene) · phase diagrams ·
polymers · thermodynamics

[a] Prof. Dr. U. Domańska, M. K. Kozłowska
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crystal transformation of Form I’ or II. Form I exhibits a
high crystalline density and a melting temperature about
13 K higher than that of Form II. Form II[1e, g] has a tetrago-
nal unit cell and is the kinetically favoured form obtained
by melt crystallisation. Upon ageing at room temperature, it
slowly transforms into the more stable Form I.[1b, d] Form I’
has an untwinned hexagonal unit cell and can be obtained
by melt crystallisation of an iPBu-1 solution or by polymeri-
sation of 1-butene.[1d] The crystal forms and possible trans-
formations of iPBu-1 as well as the influence of n-alkanes
on polymer behaviour have been discussed in a previous
paper.[3]

Recent industrial applications of poly(1-butene) have in-
creased the demand for physicochemical and thermodynam-
ic data for this polymer. The thermodynamic phase behav-
iour of a polymer–solvent system is very important in every
polymer application. Phase diagrams of many polymer–sol-
vent diluent systems have been determined visually or by
other optical techniques, such as optical microscopy and
light scattering,[4] and also by differential scanning calorime-
try (DSC).[5] Furthermore, of these methods, being fast and
precise, thermal analysis is the most convenient one by
which to study the transformations of iPBu-1 in polymer sol-
utions. DSC is a well-known experimental technique by
which to study (solid+liquid) demixing (crystallisation)[4c]

and the vitrification[4a, 5b, 5d] of (liquid+liquid) demixed poly-
mer solutions. Berghmans and co-workers[5] have also used
DSC to determine the (liquid+liquid) equilibrium tempera-
ture. Their results were in very good agreement with the op-
tical observations.

The main focus of this work was to obtain a low-molecu-
lar-weight isotactic poly(1-butene) and to determine experi-
mentally the (solid+liquid) phase diagrams of the SLE of
iPBu-1 with different hydrocarbons at normal pressure by
using a dynamic method. The organic solvents that have
been studied are important components of gasoline and
motor oils. One of the challenges in engineering is to predict
solid–liquid phase transitions in poly(1-olefin) solutions.
These data are usually difficult to predict or correlate with
the equations of state. The SAFT equation of state has been
found to represent fluid–liquid and solid–liquid phase transi-
tions only in high-pressure polyolefin solutions.[6] Group-
contribution activity coefficient models have been used to
describe the nonideal behaviour of the liquid phase of semi-
crystalline polymers with different degrees of crystallinity
and molecular weight in different solvents.[7] Recently, new
entropic polymer models which predict solvent activity coef-
ficients in binary systems that contain polymers have been
developed.[8] The shape of the phase diagrams of polymer
blends is strongly influenced by the molecular-weight distri-
bution of the polymers, especially for low-molecular-weight
polymers. A useful discussion has been presented on the use
of group-contribution activity coefficient models [the
UNIFAC and entropic-FV (free volume) models] to predict
the solubility and liquid-phase nonideality of polymers.[7]

The main aim of the work described herein was to use
excess Gibbs energy models to correlate the liquidus curve
of a semicrystalline polymer in solvent and to estimate the
polymer solubility for the whole mole fraction from 0 to 1.
Finally, the polymer activity coefficients are discussed.

Results and Discussion

Synthesis of poly(1-butene): Isotactic iPBu-1 (Figure 1) was
produced as fine white granules of various diameters. The
high-temperature 13C NMR spectrum of the product is
shown in Figure 2. There are four peaks in the aliphatic
region. The peaks observed at d= 40.0 and 34.8 ppm have
been assigned to the main chain carbons C1 and C2, respec-
tively. The peak observed at d=27.6 ppm was assigned to
C3, which is the side chain methylene carbon directly
bonded to the main chain of the isotactic structure. The
peak observed at d= 10.4 ppm was assigned to C4, which is
the methyl carbon in the ethylene side chain. This data is in

Abstract in Polish: Przeprowadzono syntezę izotaktycznego,
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benzenie. Do opisu odchyleń od doskonałości fazy ciekłej za-
stosowano modele nadmiarowej energii Gibbsa. Mając para-
metry korelacji krzywych likwidusu wyznaczono rozpusz-
czalność iPBu-1 we wszystkich węglowodorach w całym za-
kresie ułamka molowego. Wyznaczano także współczynniki
aktywności polimeru i rozpuszczalnika w rozcieńczeniu nie-
skończenie wielkim z pomiarów rozpuszczalności oraz z
przewidywania modelem UNIFAC FV i metodą symulacji
molekularnej Monte Carlo.

Figure 1. The chemical structure of the isotactic poly(1-butene).
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good agreement with the low-temperature 13C NMR spec-
trum of iPBu-1 reported in the literature.[9] Thus the main
information on the isotacticity of the synthesised polymer is
provided by the 13C NMR spectra and the melting tempera-
ture of the isomer. It is well known that the melting temper-
ature is strongly dependent on the configurational regularity
of the chain. The melting temperature of the syndiotactic
poly(1-butene) is about 325 K,[9] whilst isotactic poly(1-
butene) (Form II) melts at 363.5 K.[3] The molecular-mass
distribution of iPBu-1 obtained after 24 h of reaction, as de-
termined by gel-permeation chromatography, is presented in
Table 1.

Differential scanning calorimetry : Multiple endotherms
were detected in the first heating cycle of the DSC experi-
ments performed on pure iPBu-1.[3] This was attributed to
the solid–liquid phase transition at the melting temperature
and to the solid–solid phase transition of the well-known
polymorphic forms: Form II!Form I’. After the next few
heating cycles for the same sample, one new endotherm was
detected,[3] which was attributed to the transformation of
iPBu-1 into the new high-temperature crystalline form:
Form I. Table 2 lists the melting parameters for the
(solid+liquid) phase transition of Form I: the onset temper-
ature and enthalpy were obtained from the DSC thermo-
gram after the fifth heating cycle of pure iPBu-1 of 100 %
crystallinity per unit of polymer.[3] The melting parameters for
the (solid+liquid) and solid–solid phase transitions of Form

II!Form I’ and the onset temperatures and enthalpies, were
discussed in our previous paper.[3] The molar volume for the
twinned hexagonal modification (Form I) was assumed to
be 20 % lower [Vm1(I)sc =49.13 cm3 mol�1] than the molar
volume of the tetragonal modification (Form II) [Vm1(II)sc =

61.41 cm3 mol�1] which was calculated from Equation (1),[10]

where Vm1a is the molar volume of the rubbery amorphous
polymer at 298.15 K (Vm1a = 65.24 cm3 mol�1) and c is the
degree of crystallinity (0<c�1). The degree of crystallinity
c for Form I is 0.62.[3] The molar volumes for the hydrocar-
bons (n-hexadecane, 1-heptene, 1-heptyne, cyclopentane, cy-
clohexane, cycloheptane, cyclooctane, benzene and propyl-
benzene) are presented in Table 3.

Vmla=Vmlsc ¼ 1ð1�0:0103cÞ ð1Þ

(Solid+liquid) equilibria : Dynamic experiments were per-
formed over a large concentration range at 291–398 K in
order to construct phase diagrams for the (iPBu-1+hydro-
carbon) system. The experimental data correspond to the
crystalline form (Form I) of iPBu-1. The melting tempera-
ture of Form I (376.83 K) of pure iPBu-1 was measured
after the fifth heating cycle. The results of the solubility
measurements, the equilibrium temperatures, TI, and the
corresponding activity coefficients, g1, at specific mole frac-
tions of the crystallographic modification of iPBu-1 (Form I)
x1, are presented in Table 4. The solid–liquid equilibria dia-
grams of iPBu-1 (1)+n-hexadecane, n-octadecane,[3] and cy-
clooctane (2) are shown as examples in Figure 3 for the con-
centration range measured.

Figure 2. High-temperature 13C NMR spectrum of iPBu-1.

Table 1. Molecular characteristics of iPBu-1.[a]

t [h] 24

Mn [Da] 18708
Mw [Da] 35102
Mw/Mn 1.8760

[a] t, reaction time in hours; Mn, number average molecular weight of
polymer; Mw, weight average molecular weight of polymer; Mw/Mn, poly-
dispersity index.

Table 2. Physical constants[a] for iPBu-1 (Form I) per polymer unit.[3]

Tfus,1(I) [K] DfusH1(I) [J mol�1] Vm1(I)sc
[b] [cm3 mol�1]

376.83 4348.78 49.13

[a] Tfus,1(I), melting temperature; DfusH1(I), enthalpy of fusion;
Vm1(I)sc

298.15, molar volume for 62% crystallinity. [b] At 298.15 K. The
unit mol refers to the monomer.

Table 3. Molar volumes of solvents, Vm
298.15.[11a]

Solvent Vm
298.15 [cm3 mol�1] Solvent Vm

298.15 [cm3 mol�1]

n-hexadecane 294.11[11b] cycloheptane 121.70[11c]

1-heptene 141.76 cyclooctane 134.83[11d]

1-heptyne 132.05[11b] benzene 89.41
cyclopentane 94.72 propylbenzene 140.41[11e]

cyclohexane 108.75

Figure 3. The solubilities of iPBu-1 in three hydrocarbons (n-hexadecane,
n-octadecane,[3] and cyclooctane). The solid lines are derived from poly-
nomial correlations.
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U. Domańska and M. K. Kozłowska

www.chemeurj.org


The experimental phase diagrams of the SLE that have
been investigated in this work are mainly characterised by
the following:

1. Negative deviations from ideality were found for all of
the mixtures. Thus, the solubility was higher than the
ideal one and the activity coefficients were much less
than one, g1 !1 (see Table 4).

2. Generally, the solubility of iPBu-1 decreases as the
number of carbon atoms in the solvent increases (see
Figure 3 and Figure 4); the polymer was observed to
have the highest solubility in cyclopentane (Table 4) in
the measured mole fraction range.

3. iPBu-1 is more soluble in cycloheptane than in 1-hep-
tene or 1-heptyne (Figure 5), especially at higher concen-
trations. This may be explained by the fact that a poly-

Table 4. Experimental solid–liquid equilibrium temperatures, T, and the experimental activity coefficients, g1, for the polymer in [iPBu-1[a] (1)+hydrocar-
bon (2)] systems.

x1 TI [K] g1 x1 TI [K] g1 x1 TI [K] g1

n-hexadecane
0.0007 292.0 2.55 × 10�49 0.0038 334.0 1.18 × 10�22 0.0087 347.5 5.47 × 10�15

0.0008 292.1 2.68 × 10�49 0.0046 334.4 1.71 × 10�22 0.0091 347.2 7.81 × 10�15

0.0011 307.2 3.66 × 10�39 0.0050 335.9 1.27 × 10�21 0.0115 347.8 4.00 × 10�14

0.0014 310.1 2.73 × 10�37 0.0053 337.7 1.40 × 10�20 0.0130 351.6 8.09 × 10�13

0.0017 318.3 4.62 × 10�32 0.0059 341.5 2.39 × 10�18 0.0155 356.4 3.82 × 10�10

0.0020 321.2 2.63 × 10�30 0.0064 342.1 5.01 × 10�18 0.0183 360.0 3.47 × 10�08

0.0025 327.6 2.29 × 10�26 0.0074 343.0 1.46 × 10�17 1.0000 376.8[b] 1.00
0.0029 329.4 2.49 × 10�25 0.0078 346.4 1.36 × 10�15

1-heptene
0.0011 280.5 1.03 × 10�57 0.0013 310.4 4.73 × 10�37 0.0016 321.0 2.31 × 10�30

0.0011 295.2 3.17 × 10�47 0.0013 313.0 2.08 × 10�35 0.0018 329.2 3.08 × 10�25

0.0011 296.6 2.77 × 10�46 0.0014 315.0 4.40 × 10�34 0.0019 330.9 2.99 × 10�24

0.0012 300.6 1.34 × 10�43 0.0014 316.7 5.20 × 10�33 1.0000 376.8[b] 1.00
0.0013 304.3 3.85 × 10�41 0.0015 318.7 9.04 × 10�32

1-heptyne
0.0008 291.5 1.15 × 10�49 0.0013 318.4 6.53 × 10�32 0.0021 331.4 5.18 × 10�24

0.0009 298.5 7.31 × 10�45 0.0013 320.1 8.12 × 10�31 0.0023 332.7 2.92 × 10�23

0.0009 299.5 3.11 × 10�44 0.0016 322.4 1.92 × 10�29 0.0024 335.6 3.19 × 10�21

0.0011 303.5 1.39 × 10�41 0.0016 324.8 6.32 × 10�28 0.0026 336.0 2.91 × 10�21

0.0011 308.8 5.03 × 10�38 0.0017 325.3 2.32 × 10�27 0.0026 337.0 1.08 × 10�20

0.0011 310.0 2.91 × 10�37 0.0019 328.8 1.53 × 10�25 1.0000 376.8[b] 1.00
0.0012 316.1 2.28 × 10�33 0.0020 329.6 4.21 × 10�25

cyclopentane
0.0010 298.7 9.05 × 10�45 0.0010 300.7 2.08 × 10�43 0.0017 305.0 8.93 × 10�41

0.0010 299.4 2.59 × 10�44 0.0013 302.8 3.87 × 10�42 1.0000 376.8[b] 1.00
cyclohexane

0.0010 304.2 4.39 × 10�41 0.0019 311.6 1.74 × 10�36 0.0026 317.7 1.25 × 10�32

0.0013 306.3 9.45 × 10�40 0.0021 312.9 1.11 × 10�35 0.0027 318.6 4.23 × 10�32

0.0016 310.5 4.59 × 10�37 0.0023 315.2 3.44 × 10�34 1.0000 376.8[b] 1.00
cycloheptane

0.0014 306.5 8.62 × 10�47 0.0042 326.0 1.26 × 10�27 0.0077 340.5 4.45 × 10�19

0.0016 307.6 5.02 × 10�39 0.0049 328.0 1.89 × 10�26 0.0086 340.9 7.55 × 10�19

0.0017 313.0 1.67 × 10�35 0.0051 330.2 4.48 × 10�25 0.0089 342.0 2.97 × 10�18

0.0021 314.7 1.68 × 10�34 0.0053 330.4 5.06 × 10�25 0.0109 344.4 6.55 × 10�17

0.0023 316.4 1.91 × 10�33 0.0058 334.5 1.53 × 10�22 0.0128 353.6 1.25 × 10�11

0.0028 319.5 1.58 × 10�31 0.0059 335.4 5.34 × 10�22 1.0000 376.8[b] 1.00
0.0034 320.4 5.00 × 10�31 0.0076 339.3 8.82 × 10�20

cyclooctane
0.0018 316.4 2.68 × 10�33 0.0057 332.3 6.95 × 10�24 0.0118 347.6 4.32 × 10�15

0.0021 318.2 2.96 × 10�32 0.0065 335.8 8.67 × 10�22 0.0133 348.5 1.36 × 10�14

0.0027 320.7 9.97 × 10�31 0.0080 339.6 1.32 × 10�19 0.0158 352.2 1.60 × 10�12

0.0039 325.8 1.03 × 10�27 0.0085 342.3 5.22 × 10�18 0.0165 354.4 2.66 × 10�11

0.0042 327.3 8.66 × 10�27 0.0092 343.5 2.34 × 10�16 0.0187 355.6 1.09 × 10�10

0.0050 328.7 4.88 × 10�26 0.0097 345.2 2.23 × 10�16 0.0232 357.1 6.59 × 10�10

0.0054 330.5 6.24 × 10�25 0.0111 345.5 3.00 × 10�16 1.0000 376.8[b] 1.00
benzene

0.0012 320.1 8.84 × 10�31 0.0020 327.3 1.77 × 10�26 0.0032 335.8 1.61 × 10�21

0.0012 322.5 2.70 × 10�29 0.0028 334.3 2.41 × 10�22 1.0000 376.8[b] 1.00
propylbenzene

0.0001 321.2 8.21 × 10�29 0.0022 325.5 1.26 × 10�27 0.0072 328.7 3.61 × 10�26

0.0006 322.9 1.04 × 10�28 0.0033 327.3 1.06 × 10�26 1.0000 376.8[b] 1.00
0.0009 323.6 1.96 × 10�28 0.0050 328.4 3.15 × 10�26

0.0017 324.7 4.83 × 10�28 0.0057 328.5 3.54 × 10�26

[a] The crystallographic phase of iPBu-1, Form I. [b] DSC measurements.
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mer is a macromolecule built from chains that are swol-
len when the solvent concentration in the mixture is low.
Cycloheptane is an example of a cyclic solvent that pen-
etrates into the macromolecule’s chains. The chains
straighten as the solvent content in the mixture increases
and a macromolecule is more soluble in a linear solvent
even with double or triple carbon�carbon bonds (see
Figure 5).

4. iPBu-1 is more soluble in cyclohexane than in benzene
or propylbenzene (see Figure 4).

5. Generally, the differences in the solubilities of iPBu-1 in
the various hydrocarbons in the measured mole fraction
range are noticeable but very small.

The solubility measurements of crystalline polymers are
usually presented as the temperature, T, as a function of the
weight fraction of the polymer, which is more appropriate
for high-molecular-weight compounds. The solubilities of

iPBu-1 in three different hydrocarbons (an alkane, a cycloal-
kane and an aromatic solvent) are compared in Figure 6 to-
gether with a correlation of the liquidus curves.

Correlation of solid–liquid equilibria : From the equality of
the fugacities of the polymer in the crystalline (S) and so-
lution (L) phases we have Equation (2), where x1 is the
mole fraction of the polymer, g1 is the activity coefficient of
the polymer in solution, fS is the fugacity of the solid poly-
mer and fL is the fugacity of the subcooled liquid polymer,
which is used as the standard state fugacity to which g1

refers.

f S ¼ x1g1f L ð2Þ

The solubility of a polymer (1) in a liquid that undergoes
a solid–solid phase transition before fusion may be ex-
pressed in a very general manner by Equation (3). The solu-
bility equation at temperatures below that of the phase tran-
sition must include the effect of the transition.[12] The result
for the first-order transition is given in Equation (3), where
x1, g1, DfusH1, DfusCp1, Tfus,1 and T represent the mole fraction,
activity coefficient, enthalpy of fusion (100 % crystallinity),
the difference between the heat capacity of the polymer in
the solid and liquid states at the melting temperature, the
melting temperature of the solute (1) and the equilibrium
temperature, respectively. DtrH1 (100% crystallinity) and
Ttr,1 represent the enthalpy of the solid–solid transition and
the transition temperature of the polymer, respectively.
Equation (3) is valid for simple eutectic mixtures with com-
plete immiscibility in the solid phase and full miscibility in
the liquid phase. In this work the eutectic point for all the

Figure 4. The solubilities of iPBu-1 in three hydrocarbons (cyclohexane,
benzene and propylbenzene). The solid lines are derived from poly-
nomial correlations.

Figure 5. The solubilities of iPBu-1 in three hydrocarbons (1-heptene, 1-
heptyne and cycloheptane). The solid lines are derived from polynomial
correlations.

Figure 6. The solubilities of iPBu-1 in three hydrocarbons (n-hexadecane,
cyclooctane or benzene) presented as the temperature versus weight frac-
tion of iPBu-1. The solid lines are derived from the correlation with the
UNIQUAC equation.
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measured systems was at very low temperatures, that is,
below the melting point of the solvent, and at very low poly-
mer concentrations (close to zero). Physical data for 62 %
crystalline iPBu-1 per unit and for the hydrocarbon solvents
are presented in Table 2 and Table 3, respectively. The
molar volume of the crystalline, twinned Form I was as-
sumed to be 20 % lower than that of Form II, as was dis-
cussed previously. DfusCp1 for the crystallographic form (I) is
the difference between the solid and liquid state heat ca-
pacities at the melting temperature. The values of the solid
and liquid heat capacities at 298.15 K were calculated by a
group-contribution method and were extrapolated to the
melting temperature of the polymer. The results are present-
ed in Table 5. The need to use the DfusCp1 term in Equa-

tion (3) when the solubility is to be evaluated at low temper-
atures has been discussed previously.[7] For a semicrystalline
polymer, Equations (2) and (3) may be presented as Equa-
tion (4),[6b, 7] where c is the degree of crystallinity of the solid
semicrystalline polymer and u is the degree of polymeri-
sation. The degree of polymerisation is given by u= Mn/
Mmer =333.43. The chemical potential of the polymer and
lnx1g1 are proportional to the degree of polymerisation, u.

�ln x1g1 ¼
DfusH1

R

�
1
T
� 1

T fus,1

�

þDtrH1

R

�
1
T
� 1

T tr,1

�
�DfusCp1

R

�
ln

T
T fus,1

þT fus,1

T
�1
� ð3Þ

ln
f S

f L ¼ ln x1g1 ¼ c � u
�

ln
f S

f L

�
cryst:unit ð4Þ

In this study three correlating equations were used to de-
scribe the Gibbs excess energy, GE: the Wilson,[13a] UNI-
QUAC[13b] and NRTL[13c] models. The exact mathematical
forms of these equations were presented in our previous
paper.[13d] The pure component structural parameters r
(volume parameter) and q (surface parameter) in the UNI-
QUAC equation were obtained by means of the following
simple relationships [Eq. (5) and Eq. (6)],[13e] where Vmi is
the molar volume of the pure component i at 298.15 K
(Form I), Z is the coordination number, assumed to be
equal to 10, and li is the bulk factor; it was assumed that li =

0 for chain-like molecules and li =1 for cyclohydrocarbons.
Model parameters were found by minimisation of the objec-

tive function W using Marquardt’s algorithm [Eq. (7)],[14]

where n is the number of experimental points and Texp
i and

Tcal
i denote, respectively, the experimental and calculated

equilibrium temperatures corresponding to the concentra-
tion x1i. P1 and P2 are the model parameters that result from
the minimisation procedure. The root-mean-square devia-
tion of temperature was defined by Equation (8).

ri ¼ 0:029281Vmi ð5Þ

qi ¼
ðZ�2Þri

Z
þ 2ð1�liÞ

Z
ð6Þ

W ¼
Xn

i¼1

½Ti
exp�Ti

calðx1i,P1,P2Þ�2 ð7Þ

sT ¼
�Xn

i¼1

ðTi
exp�Ti

calÞ2
n�2

�
0:5 ð8Þ

The calculations were carried out by using the molar vol-
umes for the polymer and hydrocarbons presented in
Table 2 and Table 3, respectively. Each equation that was
used has two adjustable parameters per binary mixture
except for the NRTL equation in which an additional pa-
rameter, a12, a constant of proportionality similar to the non-
randomness constant, was set to a12=a21 =0.8, 0.95 or 0.5.

Equation (3) was used for the correlation of the experi-
mental points on the assumption that the mixtures under
study exhibit a single eutectic; this was confirmed in our
previous work in which the solubilities of iPBu-1 in n-alka-
nes were measured by the DSC method.[3] In particular the
eutectic point for the (iPBu-1+n-tricosane) system was de-
scribed in detail.[3]

Table 6 shows the results of the correlation of the solubili-
ty data obtained by using the Wilson, UNIQUAC and
NRTL equations. The values of the model parameters are
shown together with the corresponding root-mean-square
deviations, sT. For the cyclic and aromatic hydrocarbons, an
acceptable description of the (solid+liquid) equilibrium was
obtained with all three equations and the average standard
deviation, sT, was 2.5 K. Note, however, that for most of the
systems tested the best mathematical description was ob-
tained by using the UNIQUAC model.

The SLE data for solutions with high concentrations of
polymer are very difficult to measure experimentally. Thus
the results of the correlations may be used to estimate the
solubility of such solutions. In fact, this is the easiest way to
estimate the solubility of the polymer at higher concentra-
tions. The results obtained with the UNIQUAC and Wilson
equations are presented in Table 7. For example, for ben-
zene mole fractions x1 =0.5 and x1 =0.8 the transition tem-
peratures are 376.0 and 376.6 K, respectively.

As expected, the lower the temperature, the lower the sol-
ubility and, as can be seen from Equation (3), the lower the
fS/fL ratio. Figure 7, Figure 8 and Figure 9 show the variation
of the logarithm of the activity of the solid polymer per
structural unit (for crystalline Form I) versus Tfus/T, as ex-
pressed by Equation (3), which represents a measure of the

Table 5. Heat capacities [J mol�1 K�1] at 298.15 K and at the melting tem-
perature.[a]

Cpl
S(298.15 K)[b] Cpl

L(298.15 K)[b] Cpl
S[Tm1(I)][c] Cpl

L[Tm1(I)][c] DfusCpl(I)[d]

97.2 118.65 120.91 131.72 10.81

[a] Cpl
S, in the solid phase; Cpl

L, in the liquid phase; DfusCpl, difference be-
tween the solid and liquid heat capacities of the polymer at the melting
temperature per unit of polymer. [b] Calculated by the group-contribution
method.[10] [c] Calculated from the polynomial.[10] [d] Calculated at the
melting temperature.[10]
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polymer subcooling. These curves exhibit minimal concave
character similar to the results obtained with the total solu-
bility equation (without the term for the solid–solid phase
transition) by Harismiadis and co-workers.[7] The logarithm
of iPBu-1 activity per structural unit, ln (fS/fL)cryst.unit, in all
hydrocarbons decreases monotonically with decreasing mole
fraction of the polymer (see Figure 7, Figure 8 and
Figure 9).

The infinite dilution activity coefficients could also be ob-
tained by extrapolating values of the correlation of the ex-
perimental data. By using two equations, UNIQUAC and

Table 6. Correlation of the solubility data, the SLE, of [iPBu-1 (1)+hydrocarbon (2)] by means of the Wilson, UNIQUAC and NRTL equations: values
of parameters and measures of the standard deviations.

Parameters [J mol�1] Deviations [K]
Solvent Wilson UNIQUAC NRTL[a] Wilson UNIQUAC NRTL[a]

g12–g11 Du12 Dg12 sT
[b] sT

[b] sT
[b]

g12–g22 Du21 Dg21

hexadecane 1440.66
�1294.27

4613.33
�2450.41

�10172.70
9687.95

9.5 5.2 8.1

1-heptene �333.22
297.86

– �10198.36
10968.58

13.0 – 9.1

1-heptyne �1019.86
927.28

– �8893.27[c]

9678.53[c]
12.0 – 9.3[c]

cyclopentane �1089.93
965.80

1557.02
�834.82

�14150.70[d]

�15185.11[d]
0.84 0.60 0.58[d]

cyclohexane �1063.39
953.60

2416.83
�1335.43

�10055.50
�5221.71

2.2 0.78 0.96

cycloheptane �915.71
823.79

3080.42
�1708.97

�10240.72
9113.04

6.1 2.9 4.7

cyclooctane �1035.94
943.61

2493.73
�1502.22

�10 087.75
8086.90

3.6 1.6 3.9

benzene �2690.94
2490.80

3523.25
�1348.31

�9905.44
8902.73

4.4 1.0 3.8

propylbenzene – �1006.66
1566.68

– – 2.5 –

[a] Calculated with the third nonrandomness parameter a=0.8. [b] According to Equation (3) in the text. [c] Calculated with the third nonrandomness
parameter a=0.95. [d] Calculated with the third nonrandomness parameter a= 0.5.

Table 7. Predicted solid–liquid equilibrium temperatures, TI (crystallo-
graphic phase, Form I), for [iPBu-1 (1)+hydrocarbon (2)] systems.

x1 TI [K] x1 TI [K]

n-hexadecane
0.035 371.8 0.500 376.1
0.100 374.9 0.700 376.3
0.300 375.5

1-heptene
0.038 360.0 0.500 376.1
0.100 370.2 0.700 376.5
0.300 375.0

1-heptyne
0.043 362.2 0.500 376.0
0.100 370.4 0.700 376.3
0.300 375.0

cyclopentane
0.020 346.2 0.500 376.0
0.049 363.6 0.700 376.5
0.200 373.7

cyclohexane
0.021 349.0 0.500 376.0
0.050 365.0 0.700 376.5
0.200 373.8

cycloheptane
0.100 370.8 0.500 376.0
0.300 375.1 0.800 376.6

cyclooctane
0.100 370.6 0.500 376.0
0.300 375.1 0.700 376.5

benzene
0.020 354.6 0.500 376.0
0.063 367.8 0.800 376.6
0.200 373.7

propylbenzene
0.020 348.5 0.500 376.0
0.073 368.0 0.800 376.6
0.300 374.9

Figure 7. The logarithm of the activity of the solid polymer in saturated
solutions of n-hexadecane, cyclopentane, cyclooctane and propylbenzene
per structural unit versus Tfus/T. The degree of crystallinity is 62 %.
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Wilson, the “experimental” activity coefficients at infinite
dilution of polymer, glexp

¥, and solvent, g2exp
¥, were calculat-

ed for x1 =0 and x2 = 0, respectively.
Many combinatorial-free-volume expressions have been

proposed for polymer solutions in the last 10 years. The
UNIFAC-FV model was used in this work to predict the sol-
vent activity coefficients, g2exp

¥, at infinite dilution.[5a,b] For
comparison, the molecular Monte Carlo simulation (MS)
method was also used to study the polymer–solvent systems
following a method proposed by Sheng et al.[15] for bead-
spring polymers dissolved in a monomeric solvent as a func-
tion of the number of beads in the polymer. The chain-in-
crement method was used for chain lengths up to 60. The
simple expression for g2pred

¥, the activity coefficient of a sol-
vent in polymer, according to Sheng et al. is shown in the
footnotes to Table 8. The solvent weight-fraction activity co-
efficients, W2exp

¥ and W2pred
¥, were calculated and are pre-

sented in Table 8 together with other values discussed
above. However, only the activity coefficients at infinite di-
lution obtained by using the Wilson equation are given be-
cause the other values differ from the predicted one (for the
solvent) about 90 % of the time. For example, in cyclopen-
tane g2exp

¥=4.51 (UNIQUAC model) whilst the predicted
value, g2pred

¥
, is 0.0127. Wilson’s equation appears to provide

a good representation of the excess Gibbs energies for a va-
riety of miscible mixtures and is particularly useful for solu-
tions with nonpolar solvents. One can assume that the best
description would be obtained from a correlation of the ex-
perimental data by using the local composition model with a
free volume term (LCM FV), however the results given by
the Wilson model are acceptable.

The values of the polymer activity coefficients, presented
in Table 8 as lng1exp

¥, are very small and range from �62 to
�111. Values of the experimental solvent activity coeffi-
cients, g2exp

¥, are comparable with solutions of other poly-
mers, for example, 0.0287 for iPBu-1/n-hexadecane and
0.0262 for iPBu-1/cyclohexane, whilst values of 0.0882 and
0.0095 are given for polyethylene(PE: 7400)/n-dodecane[17a]

and PE(35 000)/cyclohexane, respectively.[17a] The experi-
mental solvent weight-fraction activity coefficients at

Figure 8. The logarithm of the activity of the solid polymer in saturated
solutions of cyclohexane and benzene per structural unit versus Tfus/T.
The degree of crystallinity is 62 %.

Figure 9. The logarithm of the activity of the solid polymer in saturated
solutions of 1-heptene, 1-heptyne and cycloheptane per structural unit
versus Tfus/T. The degree of crystallinity is 62 %.

Table 8. Activity coefficients for iPBu-1 solutions with hydrocarbons at infinite dilution.[a]

Solvent Lng1exp
¥ [b] g2exp

¥ [b] g2pred
¥ [c]/AD [%] g2pred

¥ [d]/AD [%] W2exp
¥ [e] W2pred

¥ [f]

n-hexadecane �88.3 0.0287 – 0.0532/85.5 2.37 –
1-heptene �96.9 0.0263 0.0214/18.6 0.0230/12.2 5.00 4.09
1-heptyne �79.9 0.0315 – 0.0226/28.3 6.12 –
cyclopentane �111 0.0230 0.0127/44.8 0.0165/28.4 6.13 3.39
cyclohexane �96.9 0.0262 0.0139/46.9 0.0198/24.7 5.83 3.09
cycloheptane �91.0 0.0279 – 0.0230/17.3 5.31 –
cyclooctane �77.6 0.0323 – 0.0263/18.5 5.39 –
benzene �61.9 0.0399 0.0184/53.9 0.0183/54.0 9.55 4.40

[a] Lng1exp
¥, logarithm of the experimental polymer activity coefficients; g2exp

¥, experimental, and g2pred
¥, predicted (with the UNIFAC-FV model or by

using the molecular-simulation-based equation) solvent activity coefficients; AD, absolute percentage deviation between experimental and predicted
values; W2exp

¥, experimental, and W2pred
¥, predicted (with the UNIFAC-FV model) weight-fraction activity coefficients. [b] Calculated from the correlation

with the Wilson equation. [c] Calculated according to the formula g2pred
¥=W2pred

¥M2

M1
, assuming the solvent weight fraction is equal to zero; W2pred

¥ was pre-
dicted by using the UNIFAC FV model at room temperature (298.15 K).[16] [d] Predicted according to the molecular-simulation-based equation g2pred

¥=

4.391/n,[15] where n is the ratio between the polymer and the solvent molecular weights. [e] Calculated according to the formula W2exp
¥= g2exp

¥M2

M1
, assuming

the solvent weight fraction is equal to zero.[16] [f] Values predicted by the UNIFAC FV model at room temperature (298.15 K).[16]
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298.15 K, W2exp
¥, presented in Table 8 are, for example, 5.83

for iPBu-1/cyclohexane and 9.55 for iPBu-1/benzene. These
data are comparable to the literature values for polyisobuty-
lene (PIB) at 323.2 K: 4.56 for PIB(53000)/cyclohexane[17b]

and 5.90 PIB(53000)/benzene.[17c] Recently it was stated[17a]

that the infinite dilution solvent weight-fraction-based activi-
ty coefficients, W2pred

¥, of a polyolefin could be assumed to
be constant (4.39), independent of the system, the polymer
molecular weight and temperature. This is valid for poly-
mers like PE and PIB with normal and cycloalkanes.[17a] Our
values range from 2.37 (n-hexadecane) to 6.13 (cyclopen-
tane). Both models, UNIFAC FV and MS, underestimate
the infinite dilution solvent activity coefficients measured in
the experimental procedure (correlated values) with the ex-
ception of n-hexadecane (MS method).

Conclusion

Isotactic low-molecular-weight poly(1-butene) was obtained
by using a metallocene catalyst. The characteristics of the
polymer were established by GPC, 13C NMR spectroscopy
and DSC. The temperature and enthalpy of fusion of the
crystallographic form (I) of the polymer were determined.
Polymer iPBu-1 was used directly to study the mutual influ-
ence of different hydrocarbons on the macromolecule in
binary mixtures using the dynamic method presented in our
previous work.[3] From the thermodynamic point of view
Form I has to be accepted as the stable form relative to
Forms II and I’ (metastable forms).[3] On the basis of the dy-
namic method, the main conclusion found was that the solu-
bility of iPBu-1 in different hydrocarbons increases as the
solvent molecular weight decreases. No miscibility gap in
the liquid phase was observed for iPBu-1 in nine different
hydrocarbons in the range of the experiment. It has been
shown that the correlation of the SLE in polymer solutions
with activity coefficient models can be obtained with reason-
able accuracy although the results were much worse than
those obtained for typical organic mixtures. High negative
deviations from ideality were observed, which are typical of
polymer solutions. Figure 10 shows as an example the com-
plete calculated liquidus curve of iPBu-1 in cyclooctane to-
gether with experimental points and calculated ideal solubil-
ity.

In most reports in the literature the effects of the heat ca-
pacities at the melting point were neglected. It has been
shown herein that it is possible to extrapolate DfusCp1 to the
melting temperature and perform the calculations more
properly. Qualitative predictions of polymer-–solution solu-
bility at higher temperatures and concentrations have also
been presented. The accuracy of the predictions depended,
as expected, on the model used to describe the nonideality
of the liquid phase (here Wilson and UNIQUAC work quite
well) and also on the solid polymer data. The predicted sol-
ubilities were very similar in the different solvents, which
are considered to be model components of gasoline. The sol-
ubility data of gasoline additives should result in improved

physical properties of gasoline and motor oil ; this will be
the subject of further investigations on such systems.

Experimental Section

Materials : 1-Butene (99+ %, 106-98-9), toluene (99.5+ %, 108-88-3), n-
hexadecane (99%, 544-76-3), 1-heptene (97%, 592-76-7), 1-heptyne
(98%, 628-71-7), cycloheptane (99%, 291-64-5), benzene (99%, 71-43-2)
and propylbenzene (98%, 103-65-1) were purchased from Aldrich Chem-
ical Company. Cyclopentane (99.8%, 287-92-3) was purchased from
Merck & Co., Inc. and cyclohexane (99%, 110-82-7) from Int. Enzymes
Limited. Cyclooctane (>99%, 292-64-8) was purchased from Janssen
Pharmaceutica Products, L.P. 1,2-Ethylenebis(5-indenyl)zirconium di-
chloride (catalyst) and methylaluminoxane (MAO), 30 wt.% solution in
toluene (Al 5100/30T, pure, 120144-90-3), were purchased from WITCO
Eurocen. All the solvents were fractionally distilled over different drying
reagents to a mass-fraction purity better than 0.998 and 0.999. Liquids
were stored over freshly activated molecular sieves of type 4A (Union
Carbide).

Synthesis of poly(1-butene): Low-molecular-weight isotactic poly(1-
butene) was synthesised as follows: the reaction was carried out under
conditions free of water and oxygen. An autoclave (600 mL) equipped
with stirrer, thermocouple, heating jacket, manometer and pressure
gauges was filled with dry 1-butene (2 atm), solvent (toluene, 300 mL)
and MAO (2.0 × 10�2 mol) and after 10 min of mixing a catalyst (2.0×
10�5 mol) was added. The reaction was carried out for 1, 1.5, 2 or 24 h at
303.15 K.[3] The reaction was completed by the addition of methanol and
then the mixture was washed with 5 % HCl/methanol solution to remove
any residual catalyst. The differences in the molecular-mass distribution
after the different reaction times were not significant. In this paper the
final form of the polymer obtained after 24 h of reaction was used.

Gel-permeation chromatography: The molecular-mass distribution of
iPBu-1 obtained after 24 h is presented in Table 1. GPC was performed
at 408.15 K with a Waters GPC 150CV chromatograph equipped with a
Styragel HT4 MS column by using atactic polystyrene as the standard
and 1,2,4-trichlorobenzene as the eluent.
13C NMR spectroscopy: The high-temperature 13C NMR spectrum was
obtained on a VARIAN GEMINI-200BB spectrometer at 413.15 K using

Figure 10. Schematic diagram of the (solid+liquid) equilibrium for the
[iPBu-1(1)+cyclooctane (2)] binary mixture. The solid line is derived
from the correlation by the UNIQUAC equation. The dotted line repre-
sents ideal solubility.
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4 mm o.d. tubes inset in 5 mm o.d. tubes. In the thinner one was pure
iPBu-1 and in the thicker one was dimethyl sulfoxide (DMSO) used as
the internal reference. Also the low-temperature 13C NMR spectrum was
obtained on the same apparatus using 5 mm tubes with deuteriated ben-
zene as the solvent and TMS as the internal reference. The sample con-
centrations were approximately 50 mg/2.5 mL.

Differential scanning calorimetry : The thermal properties of iPBu-1 were
studied by using a Differential Scanning Microcalorimeter Perkin-Elmer
Pyris 1 calibrated against an indium sample with 99.9999 mol % purity.
Five scans were performed from room temperature to 393.15 K and the
samples then cooled with air. All heating cycles were performed at a rate
of 2 K min�1. The calorimetric accuracy was �1 % and the calorimetric
precision was 0.5%.

Dynamic method : Solid+liquid equilibrium temperatures were deter-
mined by using a dynamic method which has been described in detail
previously.[18] The samples (the mixtures of iPBu-1 and a solvent) placed
in a thermostatted, Pyrex glass cell were first heated quickly to achieve
dissolution and then after crystallisation in the solvent the samples were
heated again very slowly (at less than 2 K h�1 near the equilibrium tem-
perature) with continuous stirring. The temperature at which the crystal
disappeared during the second or third heating cycle was detected visual-
ly and measured with an electronic thermometer P 500 (DOSTMANN
electronic GmbH) with the probe totally immersed in the thermostatted
liquid. The accuracy of the temperature measurements was �0.01 K. The
error in the mole fraction did not exceed dx1 = 0.0005.
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