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To extend the application of the COSMO-SAC model to phase-equilibrium calcula-
tions of polymer solutions, a new strategy for estimating the charge-density profile, the
cavity volume and the cavity surface area of polymer molecules is proposed by finding
reasonable parameters for the corresponding repeating structure units. The molecular
parameters for polymers are obtained by summing up the corresponding COSMO cal-
culated values of the repeating units calculated by the algorithms of DMol3 (a density
functional theory) or MOPAC (a semi-empirical method). Combining with the
COSMO-SAC model, the activities and equilibrium pressures for several typical poly-
mer solutions are satisfactorily predicted indicating that the proposed method can be
used for the prediction of vapor–liquid equilibrium of polymer solutions. It was also
found that both DMol3 and MOPAC can be used though the results obtained
from them are slightly different. The results in this paper show that the method
proposed has the potential to predict other phase-equilibrium properties of polymer
systems. VVC 2010 American Institute of Chemical Engineers AIChE J, 56: 2687–2698, 2010
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Introduction

The thermodynamic properties of polymer solutions have
a central role in the process of development of advanced
polymer material. For instance, the knowledge of phase
behavior is indispensable to the design and optimization of
separation and purification processes. To save the experi-
mental efforts, it is very important to develop appropriate
methods to estimate phase equilibria of polymer solutions.
Traditionally, there are two types of thermodynamic models:
One is the group contribution activity coefficient model1–4

and the other is the group contribution equation of state
model.5–12 Although the prediction methods can give many
effective guide of phase behavior of polymer solutions; how-

ever, the interaction parameters between functional groups in
these models must be obtained by fitting a large set of ex-
perimental phase equilibrium data. What is more, they also
suffer from the inability to distinguish between the molecular
isomers and to predict the parameters of new functional
groups which are not included in their existing database. So
it is desirable to develop a priori method for predicting
phase behavior of polymer solution without using any exper-
imental data.

Recently, a new method of ‘‘conductor-like screening
model for real solvent’’ (COSMO-RS) started from the quan-
tum chemical solvation calculations to predict macroscopic
thermodynamics properties was first proposed by Klamt and
co-workers.13–16 In principle, this method can be used to
estimate directly the activities of any species in any mixture
by quantum mechanical calculations and then to predict the
phase equilibrium of a mixture without any experimental
data. Later, Lin and Sandler17–19 developed a COSMO seg-
ment activity coefficient model (COSMO-SAC) based on the
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COSMO-RS method. In this model, the authors combined
COSMO calculations with the Staverman–Guggenheim equa-
tion to calculate the segment activity coefficient. Later, a
new model of COSMO-RS(ol) derived from COSMO-RS
and UNIFAC(Do) was given by Gmehling et al.20,21 These
methods have been applied for the calculation of phase equi-
librium of various mixtures of normal fluids and extended to
the calculation of phase behavior at elevated pressure. For
example, the approaches of COSMO-RS combined with
SRK22 and MSRK23 equations of state (EoS) were used to
predict vapor–liquid equilibrium (VLE) of hydrocarbons,
water and alcohol mixtures at high pressure. Lee and Lin24

employed COSMO-SAC and PR EoS to predict VLE of
some systems at elevated pressure. The COSMO-RS and
COSMO-SAC methods have also been extended to predict
thermodynamic properties of systems containing ionic
liquids.25,26 These applications suggest that the COSMO-
type models can provide promising description of thermody-
namic properties of small molecule solutions. However, to
our knowledge, there is only a little report on the application
of COSMO methods in polymer systems in references
reported currently and we would try to perform this exten-
sion in this work.

In COSMO method, the key is the quantum mechanical
calculation of the COSMO data for different molecules.
With the development of software of quantum chemical cal-
culations and computer hardware, it could be possible to
make calculations for more complex molecules. However, it
is a difficult and even impossible task at present to make
quantum mechanical calculations for a complete polymer
molecule composed of thousands of monomers. In this work,
we suppose that the polymer molecule is formed by a large
amount of the repeating unit. We then attempt to
extend COSMO-SAC model proposed by Sandler and
coworkers17–19 to predict VLE of polymer solutions. Two
procedures have been made. First, an assumption is made
that each polymer molecule is composed of a series of the
representative repeating structure units and the quantum
chemical data of polymer chain can be obtained by summing
up that of the repeating units. Second, we select DMol327

and MOPAC200928 packages for the quantum chemical cal-
culations of the repeating unit and test the effects of the two
different quantum mechanics algorithm on the results of
VLE of polymer solutions.

The rest of the article is organized as follows: in
COSMO-SAC model section, model is briefly reviewed. The
computational details of polymer COSMO data,29 especially
the procedure for obtaining the repeating unit COSMO data
are discussed in Application of COSMO-SAC to polymer
solutions section. In Results and discussion section, we pres-
ent the predicted results and the comparison with experimen-
tal results for several examples of typical polymer solutions
including the linear polymer, the polymer with side alkyl
group, the polymer with aromatic group, and the polymer
containing other elements besides carbon atoms in main
chain. Finally, the conclusion is made.

COSMO-SAC Model

The COSMO-SAC model17–19 was developed based on
the COSMO-RS model13–15 and the group contribution sol-

vation model.17,30 In the later model, the segment activity
coefficients are calculated via the molecular solvation free
energy in solution, which is obtained from ab initio solvation
calculations.13,14,17,30 In the COSMO-SAC model, Lin and
Sandler employed a two-step process17 to calculate the sol-
vation free energy. They assumed that the charges on the
solute are first turned off, and then the charges are turn on.
The latter step is equivalent to the path proposed in
COSMO-RS in which the charges are first screened in a per-
fect conductor, and then the conductor is restored to the real
solvent. In the calculation for the restoring free energy, simi-
lar to COSMO-RS, the molecule is treated as surface seg-
ment muster and the restoring free energy is calculated by
summing interaction energies between surface segments.

The activity coefficient of a solute i in the COSMO-SAC
model is expressed by two terms contributed from the restor-
ing free energy of solute and the turning off free energy
(forming a hard sphere or cavity), respectively, as follows:

lnci=S ¼ ni
X
rm

PiðrmÞ½lnCSðrmÞ � lnCiðrmÞ� þ lncSGi=S (1)

where the first term on the right is the contribution of the
restoring free energy of solute, it is a summation over all
possible charge density rm in a molecule i. In condensed
phase, each segment is assumed to pair with another segment.
Therefore, for each rm, the surface segment activity coeffi-
cients in pure liquid i, Ci(rm), and in solution, CS(rm), are
calculated by the following equations,

ln CiðrmÞ ¼ �ln
X
rn

piðrnÞCiðrnÞexp �DWðrm; rnÞ
RT

� �( )

(2)

ln CSðrmÞ ¼ �ln
X
rn

pSðrnÞCSðrnÞexp �DWðrm;rnÞ
RT

� �( )

(3)

where pi(rn) and pS(rn) are the probability of finding a
segment with a surface charge density rn in pure liquid i and in
solution, respectively. The summation is over all possible
charge density rn, in other word, over all possible segment
pairs between rm of a molecule i and all other rn.

In the above equations, as the charge property of a mole-
cule, the r profile, p(r), of each component is the most im-
portant property in COSMO methods which is obtained
through the COSMO quantum chemical calculations.

For the pure liquid i, piðrÞ can be expressed as

piðrÞ ¼ niðrÞ
ni

¼ AiðrÞ
Ai

(4)

where ni(r) is the number of segments with surface charge
density r, Ai(r) is the surface area of segment with
surface charge density r, Ai ¼

P
r AiðrÞ is the total cavity

surface area, ni ¼
P

r niðrÞ is the contribution of surface
segments of each molecule i to the mixture. An adjustable
parameter17 aeff defined as a standard segment surface area is
needed in this method, and ni ¼ Ai=aeff , niðrÞ ¼ AiðrÞ=aeff ,
aeff ¼ 7:5ðÅ2Þ.
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For a solution, the r profile is the weighted sum of the r
profile of all of the components and can be calculated by

pSðrÞ ¼
P
i

xinipiðrÞP
i

xini
¼

P
i

xiAipiðrÞP
i

xiAi
(5)

where xi is mole fraction of component i.
The screening charge density r� from the COSMO output

is averaged to give the apparent charge r on a standard sur-
face segment using the following equation31:

rv ¼
P
u
r�u

r2ur
2
av

r2uþr2av
exp � d2uv

r2uþr2av

� �
P
u

r2ur
2
av

r2uþr2av
exp � d2uv

r2uþr2av

� � (6)

where rv is the average surface charge density on segment v,
rav is the averaging radius (an adjustable parameter
rav ¼ 0:81764 Å). duv is the distance between segments u
and v, and ru is the radius of segment u.

DWðrm;rnÞ17 in Eqs. 2 and 3 is called the exchange
energy, which is the energy required to form one pair of
(rm, rn) from a neutral pair. In COSMO-SAC model, the
exchange energy is calculated by

DWðrm; rnÞ ¼ a0

2

� �
ðrm þ rnÞ2

þ chbmax½0;racc � rhb�min½0; rdon þ rhb� ð7Þ
where a0 is the misfit energy constant, chb is the hydrogen-
bonding interaction energy, rhb represents a cutoff value for
hydrogen-bonding interaction. These parameters have been
given in COSMO-SAC model as shown in Table 1. racc and
rdon are the larger and smaller values of rm and rn,
respectively. The contribution of the nonelectrostatic interac-
tion coming mainly from the dispersion interaction disappears
because it is assumed as a constant and can be cancelled out.

The second term on the right of Eq. 1, lncSGi=S, is the contri-
bution of the turning off or cavity free energy, which comes
from the combinatorial entropy of the arrangement of mole-
cules and is calculated by the Staverman–Guggenheim
expression17:

lncSGi=S ¼ ln
/i

xi

� �
þ z

2
qiln

hi
/i

� �
þ li � /i

xi

X
j

xjlj (8)

where z is the coordination number, usually set to be 10, yi and
/i denote surface area fraction and the volume fraction for
component i, they can be calculated by:

hi ¼ xiqiP
j

xjqj
; /i

xiriP
j

xjrj
(9)

ri and qi are the normalized molecular volume and surface area
parameters for component i and can be calculated by COSMO
output cavity volume VCOSMO

i and cavity surface area ACOSMO
i

ri ¼ VCOSMO
i

r
; qi ¼ ACOSMO

i

q
(10)

Both r ¼ 66.69 (Å3) and q ¼ 79.53 (Å2)17 in Eq. 10 are
universal parameters in the COSMO-SAC. The parameter li
in Eq. 8 is defined as

li ¼ z

2
½ðri � qiÞ � ðri � 1Þ� (11)

The equations of activity coefficient are now completely
given. The COSMO calculations containing charge density
profile, cavity volume, and cavity surface area are performed
through quantum chemistry packages. The detailed informa-
tion about COSMO-SAC model can be found in original
paper.17

Application of COSMO-SAC to Polymer Solutions

There are many references concerning the applications of
COSMO-SAC in normal small molecule systems. As the cal-
culation of COSMO, different quantum chemistry software
can be conveniently used for these systems.17–19,31,32 In
COSMO-SAC model, the most time-consuming processes
are the optimization of molecular geometry. Currently, there
are 1432 kinds of compounds that COSMO files have been
provided.18,31,33 However, there is only a few of literature
reported about the application of COSMO-types model in
polymer systems.34,35 The reason may be attributed to the
fact that the polymer molecule is composed of thousands of
monomers and the quantum mechanical calculation could
not afford the arduous task using the existing computer
equipment. In this work, only the linear polymers were con-
sidered. We suppose that each polymer molecule in system
is composed of a series of repeating units and the molecular
parameters of polymer can be calculated by summing up the
values of the repeating units. The detailed calculation proce-
dure is given as following:
(1) An appropriate smallest repeating structure unit of

polymer was set. Because the repeating unit is generally un-
saturated, in the COSMO calculations for the segment
charge density of repeating structure unit, head groups
should be added to the repeating unit to complement the un-
saturated chemical bonds. The most common one used is the
hydrogen atom. In some cases, when the repeating unit has
side groups or has atoms other than carbon, they might nota-
bly influence on the electronic configuration of the head
group in the unit, therefore, a bigger one, such as the methyl
group ACH3, is used to replace the hydrogen atom as a head

Table 1. Parameters Used in the COSMO-SAC Model

Symbol Value Description

rav 0.81764 Å r averaging radius
aeff 7.5 Å Effective surface segment

surface area
chb 85580.0 (kcal/Å4)/(mol e2) Hydrogen-bonding constant
rhb 0.0084 e/Å2 r cutoff for hydrogen

bonding
a0 9034.97 (kcal/Å4)/(mol e2) Misfit energy constant
z 10 Coordination number
q 79.53 Å2 Standard area parameter
r 66.69 Å3 Standard volume parameter
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group. However, adding head groups inevitably leads to the
distortion of the structure of the true repeating unit. To elim-
inate this distortion by the head groups, considering the fact
that the longer is the chain the weaker is the influence of the
head groups, following strategy was adopted: several multi-
mers containing 1, 2, 3 to 10 smallest repeating units were
constructed, respectively. Each multimer contains two head
groups to complement its unsaturated chemical bonds.
(2) The geometry optimization and COSMO calculation

of the above multimers containing 1, 2, 3 to 10 smallest
repeating units in ideal gas state are performed by the
VWN-BP functional at the DNP basis set level35–37 in
DMol3 package.27 The specific parameters are cited from
references18,31 and the algorithm is the same as one in
VT2005.18,31,36 It is worthy to point out that the geometry
optimization and COSMO calculation can also be calculated
by using other quantum chemistry computation method such
as PM6 semi-empirical methods38 in MOPAC2009.28 As a
consequence, the COSMO files can be obtained to provide
the optimized molecular geometry. In calculations, the
needed atomic radii are listed in Table 2.13–15,17–19,31

(3) According to the results of the COSMO calculation,
the average segment charge density and the r-profiles of the
above multimers with different number of smallest repeating
units within the range of –0.025 to 0.025 e/Å2 are calculated
by using Eqs. 4 and 5, respectively. In evidence, the differ-
ence between the multimers of a neighboring pair of them is
just the true repeating unit. So the difference of the r-pro-
files of the neighboring two multimers can be regarded as an
approximation for the r-profile of the true repeating unit.
The same is that the differences of the cavity surface area
ACOSMO
unit and the cavity volume VCOSMO

unit of neighboring two
multimers can then be obtained which are regarded as the
approximation for ACOSMO

unit and VCOSMO
unit of the true repeating

unit. Because there are 10 multimers containing 1, 2, 3 to 10
smallest repeating units were constructed, respectively, nine
samples data of approximated r-profile, ACOSMO

unit and VCOSMO
unit

of repeating unit should be got when this difference method
for the neighboring two multimers was carried out. The r-
profile pi(r) of the true repeating unit are obtained by taking
the ensemble average of selected samples of these nine
approximated r-profiles. The cavity surface area ACOSMO

unit and
the cavity volume of the repeating unit VCOSMO

unit are also
given by similar average method. To eliminate the fluctua-
tion in r-profile calculation due to the influence of head
groups, generally, last four samples, viz. 7-6, 8-7, 9-8 and
10-9, were selected as an ensemble.

(4) The number of the smallest repeating structure unit in
a polymer molecule is calculated by Nunit ¼ Mpolymer=Munit

where Mpolymer and Munit represent the molecular masses of
the polymer and the repeating unit, respectively. The param-
eters of cavity volume and cavity surface area for a polymer
molecule are then obtained

VCOSMO
polymer ¼ Nunit � VCOSMO

unit (12)

ACOSMO
polymer ¼ Nunit � ACOSMO

unit (13)

Although the approach proposed here is similar to the
group contribution method of Mu et al.21 and the group con-
tribution solvation model of Lin et al.,32 the strategy is dif-
ferent from them in principle. The polymer molecule is
assumed to be composed of the repeating structure unit in
this work instead of the group pieces. The assumption of
this model can better characterize the properties of the real
polymer molecule. The feasibility of this model can be
tested through the phase equilibrium calculations. In calcula-
tions, the COSMO files of DMol3 package for solvent mole-
cule are directly adopted from the VT2005 Database,18,31,33

and the COSMO files of MOPAC package are calculated by
using the MOPAC2009 package.

After the polymer molecular COSMO data are obtained,
the segment activity coefficients can be calculated by Eqs. 2
and 3 for pure liquid and mixture and the solute activity
coefficients are given via Eq. 1. During this process, the r-
profile of polymer molecule is obtained through Eq. 5. The
activity coefficient from the cavity free energy contribution
is calculated by Eq. 8 after obtaining ri and qi via Eqs. 10,
12, and 13.

Once COSMO data of the repeating unit of the polymer
were obtained, the phase equilibrium of different polymer
solutions can be predicted by using COSMO-SAC model
due to there are many of compounds that COSMO files have
been provided.18,31,33 Therefore, the COSMO data of the
repeating units can be as a part of the database, which pro-
vides advantage for application of COSMO-SAC model.

Results and Discussion

To test the feasibility of this model, several examples of
typical polymers are selected and the comparison between
predicted and experimental results of VLE is presented. The
selected polymers contain a linear polymer [polyethylene
(PE)], two polymers with alkyl side group [polypropylene
(PP) and polyisobutylene (PIB)], a polymer with aromatic
side group [polystyrene (PS)] and a polymer including other
atoms besides carbon in main chain [polydimethylsiloxane
(PDMS)].

In general, the polymer has very low volatility and the
solubility of molten polymer in gas phase can be ignored.
The equilibrium equation for binary mixtures containing
polymer at a fixed temperature can be written as

piui ¼ psati usat
i ai ¼ psati usat

i cixi (14)

where pi is the gas phase pressure of component i, psati is the
saturated vapor pressure, ci ai and xi are the activity factor,

Table 2. Atomic Radii for Creating the COSMO
Molecular Cavity

Element Cavity Radius (Å) Element Cavity Radius (Å)

H 1.30 S 2.16
Li 1.57 Cl 2.05
B 2.048 K 2.223
C 2.00 Zn 1.626
N 1.83 Ge 2.70
O 1.72 As 2.35
F 1.72 Se 2.20
Na 1.80 Br 2.16
Si 2.20 Sn 2.55
P 2.12 I 2.32
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activity, and mole fraction, respectively. ui is the fugacity
coefficient of component i in gas phase and usat

i is the fugacity
factor of saturated vapor of component i obtained from the
equation of state truncated at second virial coefficient.39 The
predicted results and the comparison between theoretical and
experimental values40,41 are discussed as follows.

As mentioned earlier, we construct samples from one
smallest repeating unit to 10 smallest repeating units for ev-
ery polymer and obtain the corresponding differences of the
neighboring pairs. To eliminate the distortion by the head
groups, the neighboring pairs of 7-6, 8-7, 9-8, 10-9 are
selected for PE, PP, PIB as an ensemble. Good prediction
results are obtained compared with experimental values.
However, for PDMS and PS, unsatisfied results were
obtained. The reason might lie in the fact that they contain
aromatic side group and silicon for main chain of polymer,
the influence of head groups are not as important as that for
PE, PP, and PIB. On the other hand, as shown in Figures 1d,
e, the fluctuations of the differences of the neighboring pairs
are quite notable indicating the inadequacy inherited in the
quantum chemistry method. When the method is applied to
real system containing the PS and PDMS, we tried to select
all the nine differences of the neighboring pairs as an ensem-
ble and calculate the ensemble average. Fortunately, the pre-
diction results are greatly improved. The results of PDMS
systems are almost consistent with experimental values and
that of PS are also improved.

Linear polymer—polyethylene (PE)

As mentioned earlier, the first step is to set the appropriate
repeating structure unit of polymer molecule. As PE is a
product of polymerization of ethylene, the group of
ACH2ACH2A should be considered as the smallest repeat-
ing unit. Because of the unsaturated bond contained in the
group of ACH2ACH2A, the hydrogen atom must be added
to the ACH2ACH2A group to avoid the unsaturated bond in
calculation. Thereby, the molecule calculated is ethane.
Sequentially, the multimers of repeating unit of PE including
6–10 smallest repeating units are n-hexane to n-eicosane,
and the difference between the multimers of the neighboring

pair is the true repeating unit of ACH2ACH2A. Four neigh-
boring pairs, 7-6, 8-7, 9-8, 10-9 are selected as an ensemble.

The charge density distribution of the smallest repeating
unit of PE is obtained by taking the ensemble average of the
difference between the multimers of a neighboring pair for
the ensemble. Table 3 shows the differences of the r-profiles
of the multimers of 7-6, 8-7, 9-8, 10-9 and the averaged
results. Based on our assumption, the averaged results are
not only the r-profiles of the repeating unit ACH2ACH2A
but also the r-profiles of a PE molecule. It must be point
out that a negative profile value could be appeared when this
difference method for only one neighboring pair is adopted,
but the influence would be eliminated by taking the ensem-
ble average. Therefore, this average method for multisamples
could avoid furthest the chanciness and randomicity from
only one sample. As shown in Figure 1a, the charge density
distribution of the repeating unit ACH2ACH2A changes
within a limited range. The average values can be considered
as the most reasonable charge density distribution of the
repeating unit and used to represent the PE profiles, piðrÞ.
The calculation of phase equilibrium can then be carried out
by piðrÞ and others COSMO output data.

A comparison between experimental data41 and COSMO-
SAC predicted results for PE þ cyclopentane mixture is
showed in Figure 2. The COSMO calculation is performed
in DMol3 package27 and the fugacity coefficients are used to
characterize the nonideality of gas phase. In the figure, w1 is
the weight fraction of solvent, the symbols are experimental
data and the solid lines represent theoretical results. The pre-
dicted results are consistent with experiments. However, if
the gas phase is treated as an ideal gas, as shown by the dot-
ted line, a little deviation occurs. The same procedure is also
applied to calculate VLE of PE þ 3-pentanone and PE þ n-
propylacetate as shown in Figures 3 and 4, respectively.41 In
these systems, the average molecular weight of PE is 76 kg/
mol.41 From these figures, satisfactory results for PE þ 3-
pentanone at two different temperatures can be observed,
and the predicted results at low temperature are slightly bet-
ter than those at higher temperature for PE þ n-propylace-
tate. In addition, the deviation between the predicted equilib-
rium pressure and experiments at elevated pressure enhances

Table 3. The Margin Values and Average Value of the Charge Density Profile of PE Repeating Units

Charge Density

Dp(r) Distribution Profile

Average Profile7-6 8-7 9-8 10-9

�0.025 0 0 0 0 0
l 0 0 0 0 0

�0.004 0 0 0 0 0
�0.003 0.021677941 0.045886265 0.033309528 0.021265172 0.022513553
�0.002 0.201753836 0.128518735 0.210505119 0.159375613 0.176372095
�0.001 0.206869881 0.248517862 0.181401528 0.250897443 0.240626865

0 0.172087537 0.192724673 0.194457659 0.191964924 0.201774967
0.001 0.207760755 0.178305215 0.172062644 0.209754983 0.175570006
0.002 0.145999799 0.172890079 0.139091937 0.13208531 0.104455674
0.003 0.038104891 0.035144769 0.064931212 0.031008343 0.075759204
0.004 0.005377893 �0.00128091 0.004727493 0.004614488 0.002927635
0.005 0 0 0 0 0
l 0 0 0 0 0
0.025 0 0 0 0 0

There are negative profile values due to difference of the neighboring repeating units for certain polymer molecules, but the influence would be eliminated dur-
ing samples’ averaged processes. The other polymers average profile and volumes can be found in the supporting information.
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with the increase of solvent concentration even using noni-
deality correction. In general, the predicted VLE for PE sol-
utions using COSMO method are satisfactory without any
experimental data adopted.

Polymer with alkyl side group—polypropylene (PP)
and polyisobutylene (PIB)

In PP molecule, the group of ACH(CH3)ACH2A is set as
the smallest repeating unit. These repeating units connect
orderly together as ACH(CH3)ACH2ACH(CH3) ACH2A to
construct a PP molecule, the deviant group such as
ACH(CH3)ACH2ACH2ACH(CH3)A would not exist. For

ACH(CH3)ACH2A, a hydrogen atom is added the group of

ACH2A and a methyl group is added the other head of

ACH(CH3)A to form a saturated molecule. For PIB, the

smallest repeating unit is AC(CH3)2ACH2A and a hydrogen

atom is added the group of ACH2A and a methyl group is

added the group of AC(CH3)2 to eliminate the unsaturated

bonds. The profiles piðrÞ for PP and PIB were shown in Fig-

ures 1b and c, respectively. Four neighboring pairs, 7-6, 8-7,

9-8, 10-9 are selected as an ensemble.

The comparison between the predicted activities and the
experimental data at 298.15 K for PP solutions in three sol-
vents including 3-pentanone, 2,4-dimethyl,3-pentanone, and

Figure 1. The average charge density profile of repeating units for (a) PE, (b) PP, (c) PIB, (d) PS, and (e) PDMS.

There are negative profile values due to difference of the neighboring repeating units for certain polymer molecules, but the influence
would be eliminated during samples averaged processes. The line is average value and the points are samples value. The unit of charge
density r is e/Å2.
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tetrachloromethane40 are shown in Figure 5–7. The corre-
sponding average molecular masses of PP are 20, 20, and
15 kg/mol,40 respectively. To test the effect of different
quantum chemistry calculation method on VLE, DMol3, and
MOPAC2009 package are applied to perform the quantum
mechanical calculation of the repeating unit of polymer. In
Figures 5–7, the solid line denotes the results from COSMO-
SAC-DMol3 and the dash line represents ones from
COSMO-SAC-MOPAC. Good predicted activities compared
with experimental data are obtained by using different QM
software, although there is a little deviation observed
between the two approaches. For 3-pentanone þ PP mixture,
the results from COSMO-SAC-MOPAC are better than that
from COSMO-SAC-DMol3 at low concentration region of
solvent, while the opposite phenomena is observed at high

concentration region, as shown in Figure 5. For 2,4-di-
methyl-3-pentanone þ PP and tetrachloromethane þ PP sys-
tems, the predicted results by both DMol3 and MOPAC are
given in Figures 6 and 7, respectively. The predicted results
are in good agreement with experimental data.

The calculated results for three systems containing PIB
are shown in Figures 8–10. These systems include n-pentane
þ PIB, cyclohenxane þ PIB, and benzene þ PIB40 and the
corresponding average molecular masses of PIB are 2250,
100, and 45 kg/mol,40 respectively. Both DMol3 and
MOPAC2009 package are used to perform quantum chemis-
try calculation and the results are denoted by the solid line
and dash line in the figures, respectively. For n-pentane þ
PIB and cyclohenxane þ PIB, both DMol3 and MOPAC can
well reproduce the experimental data. For n-pentane þ PIB,

Figure 2. VLE for cyclopentane (1) 1 PE (2) at 425.65 K
(square) and 474.15 K (triangle).

Solid line: the predicted results from COSMO-SAC-DMol3
þ non-ideality correction; dash line: the predicted results
from COSMO-SAC-DMol3 þ ideal gas

Figure 3. VLE for 3-pentanone (1) 1 PE (2) at 425.15 K
(square) and 477.15 K (triangle).

The lines have same means as Figure 2.

Figure 4. VLE for n-propylacetate (1) 1 PE (2) at 426.15
K (square) and 474.15 K (triangle).

The lines have same means as Figure 2.

Figure 5. The activity of solvent in 3-pentanone (1) 1
PP (2) at 298.15 K.

Solid line: the predicted results from COSMO-SAC-DMol3,
dash line: the predicted results from COSMO-SAC-
MOPAC.
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the predicted results are lower than the experiments at low
concentration region of n-pentane. However, for benzene þ
PIB system, the obtained results from MOPAC are obviously
better than ones from DMol3.

The predicted results for different average molar mass of
PP systems and PIB systems show that when the piðrÞ,
ACOSMO
unit , and VCOSMO

unit of the repeating units were obtained
and average molar mass of the polymer were known, the
piðrÞ, VCOSMO

polymer , and ACOSMO
polymer of the polymer can be also

obtained and these information is one and only for a given
polymer. So the average molar mass of the polymer is also
one of the input data. The good prediction results show
again that the appropriate COSMO data of the repeating
units of the polymer can be completely served as a part of
the database.

Polymer with aromatic side group—polystyrene (PS)

The PS molecule contains aromatic side group. The small-
est repeating unit is a group of ACH(C6H5)ACH2A. Simi-
larly, a hydrogen atom is added the group of ACH2A and a
methyl group is added the other group of ACH(C6H5)A to
make the unit saturated. All neighboring pairs are selected as
an ensemble. The piðrÞ for PS is shown in Figure 1d. Both
DMol3 and MOPAC2009 package are used to perform quan-
tum chemistry calculation to test the effects of the two dif-
ferent quantum-mechanics algorithm on the results of VLE
of polymer solutions, and the results are showed by the solid
line and dash line in the succeeding figures, respectively.

Figure 11 shows the comparison between experiments and
COSMO-SAC predicted results for PS þ cyclopentane system
at 318.15 K and the average molecular mass of PS is 154 kg/

Figure 8. The activity of solvent in n-pentane (1) 1 PIB
(2) at 298.15 K.

The lines have same means as Figure 5.

Figure 9. The activity of solvent in cyclohenxane (1) 1
PIB (2) at 298.15 K.

The lines have same means as Figure 5.

Figure 6. The activity of solvent in 2,4-dimethyl,3-pen-
tanone (1) 1 PP (2) at 298.15 K.

The lines have same means as Figure 5.

Figure 7. The activity of solvent in tetrachloromethane
(1) 1 PP (2) at 298.15 K.

The lines have same means as Figure 5.
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mol.40 The predicted results from MOPAC are consistent with
experiments; whereas, the predictions from DMol3 are slightly
higher than experiments. The predicted and experimental
results for the mixture of benzene and PS (the average molecu-
lar weights of PS is 20 kg/mol40) at 293.15 K are given in Fig-
ure 12. The results from both MOPAC and DMol3 are greater
than the experiments, although the former algorithm can give
comparable good results. The similar phenomena for PS (290
kg/mol40) þ trichloromethane is also given in Figure 13. The
inaccuracy may be attributed to the reason that the used
repeating structure unit of PS is not the optimized structure.
From Figure 1d, the differences of charge density profile
between the neighboring multimers for PS fluctuate larger
than that of other polymers indicating that the selection of the
repeating unit plays an important role in calculation of phase
equilibrium.

Polymer containing silicon and oxygen
atoms—polydimethylsiloxane (PDMS)

The PDMS is a linear polymer molecule with the silicon
and oxygen atoms included in the main chain. The smallest
repeating unit is ASi(CH3)2AOA. Two methyl groups are
necessary to eliminate the unsaturated bond. One of them is
used to keep the geometry configuration of the repeating
unit and the other is used to keep the electron cloud density
distribution uniform. If only adding a hydrogen atom to the
oxygen group, the electron cloud density might be attracted
by oxygen atom and the profile of electron density could not
follow the fact of a symmetric electron cloud density distri-
bution of polymer. All neighboring pairs are selected as an
ensemble. The charge density profile piðrÞ for PDMS repeat-
ing unit is shown in Figure 1e. Similarly, both DMol3 and

Figure 10. The activity of solvent in benzene (1) 1 PIB
(2) at 338.15 K.

The lines have same means as Figure 5.

Figure 11. The activity of solvent in cyclohenxane (1) 1
PS (2) at 318.15 K.

The lines have same means as Figure 5.

Figure 12. The activity of solvent in benzene (1) 1 PS
(2) at 293.15K.

The lines have same means as Figure 5.

Figure 13. The activity of solvent in trichloromethane
(1) 1 PS (2) at 298.15 K.

The lines have same means as Figure 5.
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MOPAC are used to perform the quantum chemistry calcula-
tions and the results are denoted by the solid line and dash
line in the following figures, respectively.

The relations of the mass fraction and activity for mix-
tures of PDMS with benzene, toluene, or 2,2,4-trimethylpen-
tane40 are illustrated in Figures 14, 15, or 16, respectively.
The average molecular mass of PDMS is 4170 g/mol40 for
all systems. Figure 14 shows the comparison between theo-
retical values and experiments for benzene þ PDMS system.
The predicted and experimental results for tolueneþ PDMS
system is given in Figure 15. Figure 16 compares the pre-
dicted results and experiments for 2,2,4-trimethylpentane þ
PDMS system. In general, the quantum chemistry calculation
from both DMol3 and MOPAC package can well reproduce

the experimental data, although the predicted activity values
from both methods are slightly higher than experiments.

Conclusion

To extend the COSMO-SAC model to phase equilibrium
calculations of polymer solutions, a new method for calculat-
ing the charge density distribution, cavity volume, and cavity
surface area of polymer was proposed. In this method, each
polymer molecule is assumed to be composed of a series of
repeating structure unit, and the quantum chemistry data of
polymer can be obtained by summing up the corresponding
values of the repeating unit. The parameters of the repeating
unit are obtained by taking average of an ensemble com-
posed of several neighboring multimer pairs. This work
shows that the VLE of polymer solutions can be satisfacto-
rily predicted by COSMO-SAC model without using any ex-
perimental information.

Several examples for typical polymer solution have been
given and the predicted results are in good agreement with
the experimental data for the investigated mixtures indicating
that the proposed approach for polymer quantum mechanical
calculation based on different quantum chemistry algorithms
can give reasonable prediction in practice for polymer solu-
tions. Besides the different calculated results can be repro-
duced by using VWN-BP function at the DNP basis set
level35–37 in DMol3 package and by using PM6 semiempiri-
cal methods38 in MOPAC2009 package, the quantum chem-
istry calculations in MOPAC2009 software are faster on PC
computer. However, if the computer hardware could not be
upgraded quickly with the increase of the atom number in a
molecule, the calculated jobs would not be performed in
MOPAC2009. The DMol3 package needs less hardware
resource in comparison with MOPAC2009 package and it
can complete any calculation jobs only with enough time.
Therefore, any quantum chemistry software can be chosen
when the COSMO-SAC model is used to the phase equilib-
rium calculation of polymer solution.

Figure 14. The activity of solvent in benzene (1) 1
PDMS (2) at 298.15 K.

The lines have same means as Figure 5.

Figure 15. The activity of solvent in toluene (1) 1
PDMS (2) at 298.15 K.

The lines have same means as Figure 5.

Figure 16. The activity of solvent in 2,2,4-trimethylpen-
tane (1) 1 PDMS (2) at 298.15 K.

The lines have same means as Figure 5.
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In COSMO-SAC model,17 two universal parameters,
namely the effective surface segment surface area aeff and the
hydrogen-bonding constant chb, obtained by fitting the experi-
mental data of small molecular are needed and their values are
affected by the selected samples. Lin et al.17 show that the
predicted results from COSMO-SAC are worse than that of
UNIFAC model for some special systems in which some new
segments (samples) were not contained in the database of
COSMO-SAC. However, the COSMO-SAC model still has an
extensive range of practical application in comparison with
the UNIFAC model because the interaction parameters
between groups in UNIFAC model obtained by regressed the
experimental data must be given in advance, while no new pa-
rameter is needed in the COSMO-SAC model. In this work,
we assume that the generalized parameters obtained from the
small molecule samples in COSMO-SAC model can be used
for polymers. On the other hand, polymer is considered as
monodispersed chains composed of an identical number of
repeating structure unit and the charge density distribution,
cavity volume, and cavity surface area of polymer molecule
are calculated by summing up the corresponding parameter
values of the repeating unit. In addition, it is a question that
whether the nonelectrostatic mostly dispersion interactions
between segments could be ignored in calculating the
exchange energy DWðrm;rnÞ for some special substances
such as PS. Thus it is not surprising that some deviations
between the theoretical and experimental values have been
observed for some polymer solutions. However, our work, as
a preliminary and exploratory guide, show that the COSMO-
SAC model can be satisfactorily extended to predict the phase
behavior of polymer solutions once the appropriate repeating
structure unit of polymer is found.

This work is an attempt that the VLE of polymer solutions
is predicted by quantum chemistry calculations. However,
the present work only focuses on the simply homopolymer
and the copolymer and nonlinear polymer are not taken into
account. The comparison of the results between the group
contribution activity coefficient model or the group contribu-
tion equation of state model and this model has not been
made as well. Furthermore, there are many other important
works, such as the prediction of liquid–liquid equilibrium of
polymer solution using COSMO-SAC model, finding more
quickly quantum chemistry estimation method for polymers
and so on, also needs to be performed in the future.
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Notation

aeff ¼ effective contact surface area of a segment
ACOSMO
polymer ¼ cavity surface area of polymer

ACOSMO
unit ¼ cavity surface area of the repeat unit

chb ¼ hydrogen-bonding coefficient

duv ¼ distance between the uth and vth segment
k ¼ Boltzmann constant

Mpolymer ¼ polymer molecular weight
Munit ¼ the repeat unit molecular weight
Nunit ¼ the numbers of the repeat unit

ni ¼ contribution of molecule i to the surface segments in the
solution

pi(r) ¼ probabilistic surface charge distribution for pure component
i

ps(r) ¼ probabilistic surface charge distribution for mixture s
q ¼ normalized area parameter
r ¼ normalized volume parameter

rav ¼ averaging radius
R ¼ universal gas constant
T ¼ temperature

VCOSMO
polymer ¼ cavity volume of polymer

VCOSMO
unit ¼ cavity volume of the repeat unit

DW ¼ exchange energy
x ¼ mole fraction in the liquid phase
w ¼ the weight fraction of solvent
r ¼ screeing charge density
a/ ¼ misfit constant

rhb ¼ cutoff screening charge density for hydrogen bonding
rdon ¼ screening charge density for hydrogen-bond donor
racc ¼ screening charge density for hydrogen-bond acceptor

Ci(r) ¼ segment activity coefficient for pure component i
CS(r) ¼ segment activity coefficient for mixture S

ciS ¼ component activity coefficient in the mixture S
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