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Abstract

In this study, the structure of polyethylene glycol polymer with
different molecular weights was investigated, and the physical properties
were studied in terms of pressure, volume and temperature using a
theory called Simha-Somcynsky (SS). which shows irregular lattice
structure in terms of the hole fraction depending on which thermody-
namic quantities are expressed in the statistical thermodynamics of
polymers. Therefore, it is necessary to determine the hole fraction and
occupied site fraction y. Thermodynamic properties and hole fraction
were investigated in the range of temperature between 283 - 450 K, and
at a pressure up to 150 MP. Average error and maximum error in specific
volume were determined as 0.036% and 0.28%, respectively, as the
highest error in peg302. The other important determination was that the
polyethylene glycol had glass transition temperatures ranging from 55 to
60 K.

1. Introduction:
Polymer materials exhibit different physical and thermody-

namic behavior due to microscopic defects in their structure.
These defects play a significant role in material characteriza-
tion, particularly in their durability, resistance, transparency
and brittleness. Polyethylene glycol is used in industries such
as medicine and pharmaceuticals, chemical applications, bi-
ological studies, personal care products, toothpastes, soap
industry, and ceramic production.

This study aims to examine the structure and physical
propertites (pressure, volume and temperature) of polyethy-
lene glycol polymer and establish the thermodynamic relation-
ship, such as phase transportations and glass transition tem-
perature of polyethyleneglycol at different molecular weights.
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2. Theory:
The monomers or segments are the smallest part of polymer

molecules. The repetition of these segments creates the poly-
mer molecule and their placement one by one in the lattice
structure creates the polymers statistics. Simha - Somcynsky
(SS) [1], [2] theory consists of filled and empty cells in the
same lattice [3]. The polymer segments make up the full
cell and the empty cell is in the same lattice, adding a new
understanding to the cell theory.

The cell theory has been applied to short-chain and long-
chain polymer structures [4] and their mixtures [5], [6], [7]
and very good results have been obtained. The volume frac-
tion ratio [8] of the filled and empty cells in the polymer lattice
structure is given below,

y =
Ns

Nh +Ns
= 1−h (1)

The configuration of the combinatorial factor [9], which
expression of the partition function [10] of occupied and
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empty cells, is given by,

Zcon f = g(N,y)
[

υ f (Ṽ ,y)
]

cN exp
[

E0(Ṽ , T̃ ,y)
kT

]
(2)

g(N,y) = y−N(1− y)−sN( 1−y
y ) (3)

The total energy of the polymer lattice structure is Eo

E0 =
1
2

yNqzε
∗
[

A
(

υ∗

ω

)4

−2B
(

υ∗

ω

)2]
(4)

Here ω = yV/sN is represent the occupied site fraction
value. The unoccupied site or hole fraction [11] value in the
lattice is given by,

υ f = υ
∗
{

y
[
(yṼ )1/3 −2−1/6

]
+(1− y)(yṼ )1/3

}3

(5)

Here, in the free volume, the first part denotes the void in
the occupied cell, and the second part denotes the unoccupied
cells in the lattice. The Helmholtz free energy [12] of the
polymer lattice structure was obtained.

Fcon f =− kT lnZcon f

=NkT lny+ kT sN
(

1− y
y

)
ln(1− y)

=−3kT cN
{

ln
[
(yṼ )1/3 −2−1/6y

]
+

1
3

ln(υ∗)

}
+

1
2

yNq2υ
∗(yṼ )−2

+
1
2

yNqzυ
∗(yṼ )−2

[
1.011(yṼ )−2 −2.049

]
(6)

The occupancy rate of the system remains constant only
in case of equilibrium state. Thus, the derivative of the
Helmholtz free energy with respect to y must be zero.(

∂F
∂y

)
V,T,c/s

=
s

3c

[
s−1

s
+

ln(1− y)
y

]
−

η − 1
3

1−η
− y

6T̃(
yṼ

)−2[
2.409−3.033

(
yṼ

)−2]
= 0

(7)

Here η = 2−1/6y(yṼ )−1/3. Derivative of the Helmholtz
energy with respect to V, the second equation of state [13] is
obtained.

P =−
(

∂F
∂V

)
T
= P[Ṽ , T̃ ] = P

[
Ṽ , T̃ ;y

(
Ṽ ,Ṽ

)]
(8)

P̃Ṽ
T̃

=
1

1−η
+

2y
T̃
(yỸ )−2

[
(1.011(yỸ )−2)−1.2045

]
(9)

The relationship between the theoretical and experimen-
tal PVT values and the explicit expression of the reduced
parameters [14]. are given below.

P̃ =
P
P∗ , Ṽ =

V
V ∗ , T̃ =

T
T ∗ , (10)

where,

P∗ =
cT ∗R
mV

∗
, V ∗ =

υ∗s
m

, T ∗ =
qzε

∗

c
(11)

(
P∗ V ∗

T ∗

)
Mo =

(
c
s

)
R (12)

Mo represents the mass of the segment and R is the gas con-
stant.

3. Results and Discussions:
The scaling parameters P∗, V∗ and T∗, in addition to the

structural flexibility parameter of the polymers (with 3c = s +
3 and 3 c/s) were calculated from equations 7 and 9 [15], [16]
overlaying the experimental PVT data of polyethyleneglycol
of different molecular weight onto the theoretical surface.
Here, c was assumed as an adjustable parameter. On the other
hand, expanding preassure and tempreture values to the first
power in V∗ and T∗, would lead to N equations obtained from
N Matrix experimental PVT data and solved for two unknowns
V∗ and I∗ using Pseudo Inverse Matrix Technique (PIMT) [17].
We used the minimum absolute deviation method to calculate
the relative percent error in a specıfıc volume using Eq.13.

∆V (%) =
100
N ∑

i

∣∣∣∣V exp
i −V calc

i

∣∣∣∣
V exp

i
(13)

∆V (max) = max(∆Vi) We selected and evaluated the best c
values with the scaling parameters P∗, V∗ and T∗ at the point
where the error was minimum. The parameters acquired with
the mean and maximum percent error in a specific volume are
reported in Table 1 for the specified polymers.

The mean percentage deviation is 0.03% , 0.0% and 0.04%
for PEG302, PEG692 and PEG18500, respectively, and the
maximum percentage errors are 0.28% , 0.16% and 0.12%,
respectively. These parameters can be easily used to calculate
the hole fraction and their derivative models. The results are
illustrated in Figure1, Figure2 and Figure3.

The vibration of atoms and the mobility of the molecular
caused an increase in the hole fraction. However, as the
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Figure 1. The hole fraction as a function of temperatures for
PEG302 at different pressure.

Figure 2. The hole fraction as a function of temperatures for
PEG302 at different pressure.

Figure 3. The hole fraction as a function of temperatures for
PEG302 at different pressure.

Figure 4. The specific volume as a function of temperatures
for PEG302 at different pressure.

pressure increases, it causes a contraction in the polymer
structure and thus a decrease in the hole ratio occurs. As
the molecular weight increases, the viscosity of the polymers
increases, but has a smaller hole fraction. Thus, differences in
hole fraction can be attributed to molecular weight as well as
structural disorder due to differences in molecular weigh.

The calculation of specific volume and hole fraction was
investigated at 283-443 K and up to pressure ranges (0.1,25,
50, 75, 100, 125 and 150) MPa. The specific volume and
Simha somcynsky hole fraction were calculated by adapting
the equations (7) and (9) (SS theory). N experimental data
number, Vi experiment and Vitheory the mean and the max-
imum percentage deviation in the specific volume, were ob-
tained from the equations 13. hss Represent the hole fraction
value that calculated by simha somcynsky theory.

In Figure 4, Figure5 and Figure 6, of PEG302, PEG692
and PEG18500 respectively, the variation of the specific vol-
ume with temperatures from 283 K to 443K, is plotted adi-
abatically for pressure values of 0.1, 25, 50, 75, 100, 125
and 150 MPa. The pressure values increase as you go down,
and each curve gives us isobars curves. It is seen that the
specific volume increases as the temperature increases for
each isotherm. In these regions, the mobility of the polymer
molecules increases and causes an increase in the specific
volume.

The nonlinear behavior at low temperatures is due to the
non-equilibrium of the polymer structure at temperatures be-
low the glass transition temperature. It behaves linearly at
temperatures above the glass transition temperatures. The
variation of the specific volume exhibits parabolic behavior at
low pressures and linear behavior at very high pressures.

Figure 7 The specific volume was plotted with the inverse
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Figure 5. The specific volume as a function of temperatures
for PEG692 at different pressure.

Figure 6. The specific volume as a function of temperatures
for PEG18500 at different pressure.

Figure 7. The hole fraction as a function of temperatures for
PEG302 at different pressure.

Figure 8. The hole fraction as a function of temperatures for
PEG302at different pressure.
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of the molecular weight at three different temperatures. As the
degree of polymerization increased, a relative decrease in the
specific volume was detected, the physical reason is that the
chain structure has formed cross-links and thus the pressure
inside the system has increased. Figure 8 The hole fraction
is plotted with molecular weight inverse at three different
temperatures. As the degree of polymerization increased, a
relative increase was found in the hole fraction, the physical
reason being the polymer chain structure has flexibility.

4. Conclusion:
It is very important industrially to learn about the structure

and thermodynamic properties of polymers. Experimental
measurement of thermodynamic properties, especially at high
pressure, high density and temperatures, is a very difficult and
challenging task. Guiding experimental data gains importance
in theoretical studies.

The SS theory, which provides the thermodynamic param-
eters, was used for this purpose. This theory is applicable
in homogeneous and in homogeneous polymer systems, and
its quantitative success encourages to extract the characteris-
tic properties of other polymer structures. The fact that the
number of polymers is very low in nature, polymer synthesis
processes are now inevitable for the scientific world.

These synthesized polymers can be in the form of oligomers
or macromolecules Finding the thermodynamic properties
and physical characteristic parameters of new polymers using
SS theory has been the reason for this study. It will not be
difficult to determine from the graphs of the specific volume-
temperature relationship that the polyethylene glycol glassy
transsition temperature is between (55 - 60) K.
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Table 1. Shows the characteristic parameters of polyethylene glycol at different molecular weights. The characteristic
paramePes P∗, V and T∗ are experimental data [12] at equilibrium state.

Polimerler <c> P∗(Mpa) V ∗(cm3/gr) 10−3 T*(K) ε∗(K) s mo(kg) %∆ V %∆ Vmax

PEG302 3.6 1080.720 0.85 9274 389.4 8 0.03606 0.03 0.28

PEG692 8.2 1038.530 0.86 9138 386.3 19 0.03604 0.03 0.16

PEG18500 216 1035.500 0.86 9268 389.9 513 0.0360 0.04 0.12

Table 2. The specific volume values corresponding temperatures at different pressure for PEG302.

T(K) 283 293 303 313 323 333 343 353 363 373 383 393 403 423 443

0.92 0.927 0.934 0.942 0.946 0.949 0.956 0.964 0.971 0.975 0.979 0.987 0.995 0.999 1.003

The 0.91 0.917 0.923 0.93 0.934 0.937 0.943 0.95 0.957 0.96 0.964 0.97 0.977 0.981 0.985

specific 0.901 0.908 0.914 0.92 0.923 0.926 0.932 0.938 0.944 0.948 0.95 0.957 0.963 0.966 0.97

volume 0.894 0.899 0.905 0.911 0.914 0.917 0.922 0.928 0.934 0.936 0.939 0.945 0.951 0.954 0.957

for 0.886 0.892 0.897 0.903 0.906 0.908 0.913 0.919 0.924 0.927 0.929 0.934 0.94 0.942 0.945

PEG302 0.88 0.885 0.89 0.895 0.898 0.9 0.905 0.91 0.915 0.918 0.92 0.925 0.93 0.933 0.935

0.874 0.878 0.883 0.888 0.891 0.893 0.898 0.903 0.907 0.91 0.912 0.917 0.921 0.924 0.926

Table 3. The specific volume values corresponding temperatures at different pressure for PEG692.

T(K) 283 293 303 313 323 333 343 353 363 373 383 393 403 423 443

0.897 0.904 0.91 0.917 0.923 0.927 0.934 0.94 0.947 0.951 0.954 0.962 0.969 0.977 0.9813

The 0.888 0.894 0.9 0.906 0.912 0.915 0.921 0.927 0.934 0.937 0.94 0.946 0.953 0.96 0.963

specific 0.88 0.885 0.891 0.896 0.902 0.905 0.911 0.916 0.922 0.925 0.928 0.934 0.939 0.946 0.949

volume 0.872 0.877 0.883 0.888 0.893 0.896 0.901 0.906 0.912 0.914 0.917 0.922 0.928 0.933 0.936

for 0.865 0.87 0.875 0.88 0.885 0.888 0.893 0.897 0.902 0.905 0.907 0.912 0.917 0.923 0.925

PEG692 0.859 0.864 0.868 0.873 0.878 0.88 0.885 0.889 0.894 0.897 0.899 0.904 0.908 0.913 0.916

0.853 0.858 0.862 0.867 0.871 0.873 0.878 0.882 0.887 0.889 0.891 0.895 0.9 0.905 0.907
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Table 4. The specific volume values corresponding temperatures at different pressures for PEG18500.

T(K) 283 293 303 313 323 333 343 353 363 373 383 393 403 423 443

0.918 0.925 0.928 0.931 0.934 0.938 0.944 0.951 0.955 0.958 0.962 0.969 0.976 0.98 0.983

The 0.908 0.914 0.916 0.919 0.922 0.925 0.931 0.938 0.941 0.944 0.947 0.953 0.96 0.963 0.967

specific 0.898 0.904 0.906 0.909 0.912 0.915 0.92 0.926 0.929 0.931 0.934 0.94 0.946 0.949 0.952

volume 0.89 0.895 0.897 0.9 0.902 0.905 0.91 0.915 0.918 0.921 0.923 0.929 0.934 0.937 0.94

for 0.882 0.887 0.889 0.891 0.894 0.896 0.901 0.906 0.908 0.911 0.913 0.918 0.923 0.926 0.929

PEG18500 0.875 0.879 0.881 0.884 0.886 0.888 0.893 0.897 0.9 0.902 0.904 0.909 0.914 0.916 0.919

0.868 0.872 0.875 0.877 0.879 0.881 0.885 0.89 0.892 0.894 0.896 0.901 0.905 0.907 0.91

Table 5. The hole fraction (hss = 1 - y ) values corresponding temperatures at different pressures for PEG302.

T(K) 283 293 303 313 323 333 343 353 363 373 383 393 403 423 443

0.077 0.083 0.089 0.096 0.099 0.101 0.108 0.111 0.114 0.117 0.120 0.127 0.133 0.136 0.139

The 0.072 0.078 0.083 0.089 0.092 0.095 0.101 0.103 0.106 0.109 0.112 0.118 0.124 0.12 0.130

specific 0.067 0.072 0.078 0.083 0.086 0.089 0.094 0.097 0.099 0.103 0.105 0.111 0.116 0.119 0.122

volume 0.063 0.068 0.073 0.078 0.081 0.083 0.089 0.091 0.094 0.097 0.099 0.104 0.109 0.112 0.115

for 0.059 0.064 0.069 0.074 0.076 0.079 0.084 0.086 0.089 0.091 0.094 0.099 0.104 0.106 0.109

PEG302 0.055 0.060 0.065 0.069 0.072 0.074 0.079 0.081 0.084 0.086 0.089 0.093 0.098 0.101 0.103

0.052 0.057 0.061 0.066 0.068 0.070 0.075 0.077 0.079 0.082 0.084 0.089 0.093 0.096 0.098

Table 6. The hole fraction (hss = 1 - y ) values corresponding temperatures at different pressures for PEG692.

T(K) 283 293 303 313 323 333 343 353 363 373 383 393 403 423 443

0.076 0.082 0.088 0.094 0.100 0.103 0.109 0.115 0.12 0.125 0.128 0.134 0.140 0.146 0.149

The 0.070 0.076 0.082 0.087 0.093 0.096 0.102 0.107 0.113 0.116 0.119 0.125 0.130 0.136 0.139

specific 0.065 0.071 0.076 0.082 0.087 0.090 0.095 0.100 0.106 0.109 0.111 0.117 0.122 0.128 0.130

volume 0.061 0.066 0.071 0.076 0.082 0.084 0.089 0.094 0.099 0.102 0.105 0.110 0.115 0.120 0.123

for 0.057 0.062 0.067 0.072 0.077 0.079 0.084 0.089 0.094 0.097 0.099 0.104 0.109 0.114 0.116

PEG692 0.053 0.058 0.063 0.067 0.072 0.074 0.079 0.084 0.089 0.091 0.094 0.098 0.103 0.108 0.110

0.050 0.055 0.059 0.064 0.068 0.071 0.075 0.079 0.084 0.087 0.089 0.093 0.098 0.102 0.105

Table 7. The hole fraction (hss = 1 - y ) values corresponding temperatures at different pressures for PEG18500.

T(K) 283 293 303 313 323 333 343 353 363 373 383 393 403 423 443

0.093 0.099 0.102 0.105 0.108 0.111 0.117 0.123 0.126 0.129 0.132 0.138 0.145 0.147 0.151
The 0.086 0.092 0.095 0.098 0.101 0.104 0.109 0.115 0.117 0.121 0.123 0.129 0.135 0.138 0.140

specific 0.081 0.086 0.089 0.092 0.094 0.097 0.102 0.108 0.110 0.113 0.116 0.121 0.126 0.129 0.132
volume 0.076 0.080 0.084 0.086 0.088 0.091 0.096 0.101 0.104 0.106 0.109 0.114 0.119 0.122 0.124

for 0.071 0.076 0.079 0.081 0.083 0.086 0.091 0.096 0.098 0.100 0.103 0.108 0.112 0.115 0.117
PEG18500 0.067 0.072 0.074 0.077 0.079 0.081 0.086 0.090 0.092 0.095 0.097 0.102 0.107 0.109 0.111

0.064 0.068 0.070 0.072 0.075 0.077 0.081 0.086 0.088 0.090 0.093 0.097 0.101 0.104 0.106
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