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The effect of variation in polyethylene glycol molec-
ular mass in polyurethane coating on polyurethane

interaction energy with iron

Bardia Irajian'*, Paria Barari Jirandehi!, Muhammad Miri'
'Bachelor of Science, Polymer Engineering Group,
Polymer and Chemical Engineering Faculty, Tehran University

ABSTRACT

A simulation of the bond behavior in an
iron surface and polyurethane coating has
been carried out using molecular dynamics.
The influence of polyethylene glycol mo-
lecular mass on interaction energy between
polyurethane and iron surface was stud-
ied. All simulations were performed in the
BIOVIA Material Studio 2017. Construct-
ed polymers were put in an amorphous cell
to optimize and create a polymer-surface
layer. Model relaxation was operated in an
NVE dynamic run. The relaxed structures
were used to study interaction energy. The
total energy of the system was calculated
as well as polymer and surface energy to
estimate the interaction energy. The results
prove that polymer mass increase causes
larger surface area and bigger interaction
energy. (Absolut value) Metal surface en-
ergy approximately remains constant while
PEG-400’s polymer has the smallest en-
ergy and creates the most stable polymer.
Keywords: Polyurethane, PEG, Molecu-
lar Dynamics, Material Studio, Interac-
tion Energy

LINTRODUCTION

Materials Studio software is a powerful
tool designed to perform a wide range of
quantum computations, molecular dynam-
ics, and Monte Carlo simulations at various
scales. This software is used for computa-
tional studies in various branches of sci-
ence and engineering. [1]

Computational chemistry is a branch of
chemistry that is trying to solve chemistry
issues with the help of computers. In this

field, the results of pure chemistry, which
are based on computer programs, are used
to calculate the structure and properties of
molecules. The results usually complete
the information obtained from chemical
experiments. In some cases, it can also pre-
dict the non-observed chemical phenom-
ena. So far, many computational methods
have been developed to solve chemical
problems. These methods use quantum
mechanics, classical mechanics, or their
combination to solve problems. The choice
of the appropriate method for calculating
depends on the type and amount of the
studied structure as well as the type of in-
formation. [1]

BIOVIA Materials Studio Compass is a
powerful force field that supports atomistic
simulations of condensed phase materials.
BIOVIA Materials Studio Compass stands
for Condensed-phase Optimized Molec-
ular Potentials for Atomistic Simulation
Studies. It is the first ab initio force field
that has been parameterized and validated
using condensed phase properties in addi-
tion to various ab initio and empirical data
for molecules in isolation. Consequently,
this force field provides an accurate and
simultaneous prediction of structural, con-
formational, vibrational, and thermophys-
ical properties that exist in a broad range
of isolated and condensed phase molecules
and various conditions of temperature and
pressure. [2]

Polyurethane is one of the versatile poly-
mers which is used in a variety range of
applications. One of its applications is the
coating on many different materials includ-
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ing metals to improve their appearance,
performance, and lifetime. For example,
in the construction field, aliphatic polyu-
rethanes can provide more exterior gloss,
scratch, and corrosion resistance. Or in
construction and steel tethers, aromatic pol-
yurethanes cause more durability against
environmental deterioration. [3] Polyure-
thanes are used for coating the ironworks
in historical places. Iron alloys are used as
structural and decorative building materi-
als. The ironworks are exposed to various
corrosion factors. So, polyurethane acts as
a protective layer. [4]

Coatings for metals are done for two main
reasons: decorative and protective pur-
poses. There are some important features
in each purpose. For decorative purposes,
gloss, texture, and flatness are important.
These features are dependent on the for-
mulation. From the protective perspective,
the metal substrate is thermodynamically
unstable and is easily converted to a more
thermodynamically stable oxide. So a pro-
tective layer is needed to prevent oxidation
and physical damage. [5] The need for en-
hanced surface protection and an attractive
appearance has resulted in the widespread
use of polyurethane coating raw materials
in industrial coating applications. Polyu-
rethane coatings have become particularly
well established in general industrial coat-
ings and are also used in coil and can coat-
ing. [6] Such improvements are possible if
the interaction between polymer and metal
substrate is suitable.

Properties of the interface between polymer
and surface can be obtained from molecu-
lar modeling. Due to the loss of access to
the interfacial area, it is difficult to measure
some properties. Therefore, modeling of
the interphase can obtain information such
as Cohesive energy density, macromolecu-
lar packaging or localized movements in
the polymer chains (causing stretch, tor-
sion or angle deviation of the bonds), that
can't be obtained otherwise. [7]

The interaction energy is the total energy

@ 1F o | Cuiigus )| pliwy 6 lad

that is caused by the interaction between
the surface and the polymer. This interfa-
cial interaction energy has been studied
using ab initio simulation techniques in
which optimization of the molecular struc-
ture and models of adhesive molecules and
substrate surfaces to estimate the total en-
ergy of the optimum structure.[8] In this
research, The interaction energy was cal-
culated using equation 2.

2.SIMULATION

Four different PEGs were used to produce
polyurethane polymer which has a molec-
ular weight of 62 (Ethylene Glycol), 200,
400, and 1000 g/mol. TDI was used as iso-
cyanate and the polymer was constructed
in the BIOVIA Material Studio 2017 (MS).
The results were optimized geometrically
and coupled with Iron surface to create a
polymer-metal model. This model was re-
laxed in an NVE dynamic simulation in the
COMPASS forcefield. System, polymer
and metal energies were separately calcu-
lated to estimate interaction energy.

2.1 Polymer Modeling

Polyurethane is obtained by the reaction of
di-or multifunctional Isocyanate with Poly-
ols. The product contains urethane groups
which are simulated in MS.

2.1.1 Isocyanate

TDI is used as isocyanate. The chemical
$tructure of TDI is shown in figl.

NCO

NCO

Figure -} TDI Chemical Structure



2.1.2Polyol

Polyethylene Glycol (PEG) with various
molecular weights, from 62 g/mol which
is known as Ethylene Glycol, to 1000 g/
mol, was used. The degree of polymeri-
zation was calculated from equation 1, in
which DPn is the degree of polymerization.

MolecularMass = DPn*44 +18

Tablel. PEGs degree of polymerization

Moleclar
Polyol Mass DPn
Ethylene
Glycol 62 1
PEG-200 200 4
PEG-400 400 9
PEG-1000 1000 22

2.1.3 Polyurethane

The repeating unit (RU) of the polymer
was created in MS and polymerized with
10 units using homopolymer. The polymer
in which RU is TDI and PEG-200 is rep-
resented in figure 2. Head and tail atoms
are specified. Figure 3 shows the chemical
structure of RU in this case.

Figure 2. TDI and PEG-200 repeating unit

o

Figure 3. TDI and PEG-200 RU chemical

2.2 Iron Surface

Preconstructed iron BCC unit cell was
loaded from software structures. Unit cell
thickness was expanded four times using
cleave. This action is necessary due to the
cut-off distance in the force field. Creating
the surface was done by multiplying the
dimension five times. Setting the vacuum
of structure to zero, converted the cell to
a three-dimensional cell. The constraint
condition was applied to all atoms except
three upper layers which contact with the
polymer. Geometry optimization was start-
ed in the COMPASS force field. The struc-
ture was optimized in 30 steps. The result
is presented in figure 4.

Figure 4. Iron surface

2.3 Surface and Polymer Layers
2.3.1 Polymer Amorphous Cell

All polymer structures created in section
2.1.3 were put in an amorphous cell. Den-
sity was set to 1.2 g/(cm”3 ) and the task
was set to the Confined Layer. No geome-
try optimization was done in this step. The
cell was created using the COMPASS force
field. The size of the cell was the same as
the size of the iron surface which created
an orthorhombic lattice type. The cell ge-
ometry then was optimized in 50000 steps
in the same force field.

2.3.2 Creating Layers

“Building Layer” was used to create a lay-
er of Iron and optimized polymer. The first
layer was Iron and the second one was the
polymer. Due to polymer movements, the
vacuum for the second layer was set 30.
The final cell parameters were the same as
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the first layer parameters. All of the iron
elements were fixed by constraint condi-
tions. A new geometry optimization task
was started to minimize structure energy.
(Figure 5)

Figure 5. A layer of Iron and polyurethane from PEG-1000

2.3.3 NVE Dynamics

All structures were relaxed with an NVE
dynamic run. The Process was done in
50000 steps (50 ps), and the output frame
was taken every 250 steps. The iron atoms
were fixed, and the temperature was as-
sumed 298K. Force field and other interac-
tions were the same as the last parts.
2.3.3 Energy Calculation

The energy of the relax structures (fig 6),
the polymer (fig 7), and the surface (fig 8)
was calculated using the energy task. All
the constraint conditions were cleared to
avoid any error in energy calculation. The
interaction energy of polymer and surface
was calculated using equation 2.

Efn.’mc‘.’ion = ETO.’HJ’ =3 (EPO."_Vmer = ESM_‘fucc)

Figure 6. Polymer (PEG-400) and Iron relaxed system

Figure 8. Iron surface only
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3.RESULT

Table 2 provides information about the to-
tal energy of the system, polymer, and sur-
face that was used to calculate interaction
energy. The molecular mass of PEGs and
PUs were calculated to demonstrate the
general increase of the mass that increases
the interaction energy. Metal energy had an
average value of about 44500 kcal/mol and
remained constant around this value. PEG-
400 had the most stable condition com-
pared to other polymers. The system ener-
gy decreased as a result of polymer mass
increase. (Figure 9) PEG mass increase
caused longer polymer chain and more
common surface area with Iron. Therefore,
absolute interaction energy increased and
stayed stable. In other words, a longer pol-
ymer has better interaction with the sur-
face. (Figure 10)



Table 2. System total energy and individual energies to calc
late interaction energy

PEG Mass | PU Mass
(g/mol) (g/mol) | E total (kcal/mol) | E polymer (kcal/mol) | E metal (kcal/mol) | E interaction (kcal/mol)

62 2360 44036.68805 67.283705 44499 8783 -530.473957
200 3740 43320.84002 -649.938251 44513.67783 -542.899563
400 5740 4322488069 -754.403586 44504.0182 -524.733928
1000 11740 43338.10163 -295.548139 44507.26771 -873.617943

—u— E total (kcal/mol)
=— E polymer (kcal/mol)
=— E metal (kcal/mol)
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Figure 9. System total energy and individuals
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Figure 10. Interaction energy as a function of PEG mass
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4.CONCLUSION

Polyurethanes are used for metal coating.
A molecular dynamic simulation has been
operated to recognize the effect of polymer
mass on polymer-surface interaction ener-
gy. A series of polyurethanes were consid-
ered in which the isocyanate was TDI and
polyols were a series of PEGs. Structures
were optimized in the COMPASS force
field and created a metal-polymer layer. An
NVE dynamic calculation has led to struc-
tural relaxation. The total system, polymer,
and surface energy were calculated sepa-
rately to estimate interaction energy. The
results show that an increase in polymer
mass increases absolute interaction energy
and makes the system more stable due to
higher polymer surface and interaction.
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