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Bioinspired pressure-sensitive adhesive: evaluation
of the effect of dopamine methacrylamide
comonomer as a general property modifier using
molecular dynamics simulation

*

Mahmoud Heydari, Farhad Sharif 2™ and Morteza Ebrahimi©®

The use of catechol-containing comonomers as a general property enhancer to achieve unique properties
has received particular attention for designing bioinspired polymeric materials. In this study, molecular
dynamics simulation was used to investigate the role of dopamine methacrylamide (DMA) and N-
phenethyl methacrylamide (PMA) comonomers in chain conformation and their effects on the
mechanical properties and adhesion of poly(n-butyl acrylate-co-acrylic acid) copolymer. Addition of 4%
by weight of DMA comonomer in the terpolymer structure reduces the gyration radius of the poly(n-
butyl acrylate-co-acrylic acid) copolymer. This reduction is due to the formation of intramolecular
hydrogen bond interactions. A further increase in the DMA up to 12.2% by weight increases the radius of
gyration by 5%. The effect of PMA on the gyration radius of the poly(n-butyl acrylate-co-acrylic acid)
copolymer is more extensive, compared to DMA. While DMA enhances both van der Waals and
electrostatic components of the cohesive energy density through increasing m—m interactions and
hydrogen bond formations, PMA only improves the van der Waals component. Assessment of
mechanical properties revealed that the addition of DMA comonomer resulted in a transition from brittle
to tough behavior in poly(n-butyl acrylate-co-acrylic acid) pressure-sensitive adhesive. Ductility index
improvement by DMA is higher than that by PMA. DMA comonomers accumulate on the silica surface
resulting in the terpolymer chains approaching the dry silica surface from the hydroxyl groups of the
catechol. Accumulation of DMA only enhances the cohesive energy and does not improve the adhesive
energy.

Yang et al.® found that the radical polymerization of 5% by
weight of DMA with 2-methoxy ethyl methacrylate significantly

The use of catecholic amino acid as a property modifier for the
production of high performance products has received special
attention recently. Dopamine methacrylamide (DMA) contain-
ing 3-27% mussel foot proteins consists of amino acid and
catechol groups. The special properties of the DMA are due to
its catechol group containing a couple of hydroxyl groups
attached to a benzene ring. This group provides the ability to
interact with a variety of surfaces. These interactions include
hydrogen bond formation, - interaction, and the formation
of covalent and coordination bonds as chemical bonds."

DMA can be used in designing and manufacturing some prod-
ucts with advanced technology such as membranes,> antibacterial
nano-particles,* bioinspired hydro-gels with high memory capacity,®
dielectric materials with strong energy storage capability,® tissue
engineering,” and adhesives with special properties.®
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improved the adhesion properties. This percentage of DMA was
the optimal percentage for both the adhesion strength and the
contact angle with the substrate surface. In addition, Lee et al.*
showed that the use of this copolymer as a primer increased the
adhesion of commercial dental adhesives to the tooth surface.
Payra et al.™* investigated the effect of different percentages of
DMA on alkyl methacrylates with various alkyl chain lengths.
They found that DMA improved the mechanical properties of
branched alkyl methacrylates more than linear alkyls did.
Furthermore, they showed that small amounts of DMA in the
structure of alkyl methacrylates significantly improved the
corrosion resistance.’

Glass et al.™® found that coating the filament surface with
poly(dopamine methacrylate-co-methoxyethyl acrylate) copol-
ymer significantly enhanced its adhesion to the studied
surfaces. DMA improved adhesion more in the wet environment
compared to the dry condition. Tiu et al.** reported that DMA
comonomer improved the adhesion strength of poly(n-butyl
acrylate-co-acrylic acid) copolymer to different organic and
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metal surfaces. Furthermore, they showed" that a combination
of catechol and amino acid in a side group led to the highest
improvement in the performance of the adhesive based on
copolymers of poly(n-butyl acrylate-co-acrylic acid) in the
peeling, static shear and atomic force spectroscopy tests. As
a different approach, effect of hydroxyl and hydrogen group
groups on the adhesion of liquid to substrate have been dis-
cussed in literature'®"” by using fluorosilanes on the substrate.

Molecular dynamics simulation is a powerful method for
calculation of the behavior of polymers in an equilibrium state
and prediction of various properties. This tool can be used to
understand and determine the molecular mechanism and to
predict some macro properties such as mechanical,"®>* rheo-
logical characteristics,**** drug delivery,>*® and adhesion.>”"**
The role of comonomers and functional groups,** surface
modification,* surface topology,* additives, and small mole-
cules® in the adhesion of polymers to different surfaces can be
determined using molecular dynamics simulation.

Despite the increasing use of DMA in the design and
synthesis of various types of bioinspired adhesives, the litera-
ture lacks a comprehensive study about the mechanism of the
improvement of various properties using molecular dynamics
simulation method. In general, the explanations and mecha-
nisms presented in the literature about the reasons for
promoting adhesion, cohesion, and mechanical properties
observed in experimental data have not been proven at the
atomistic scale. It is very difficult and almost impossible to
evaluate these mechanisms in microscopic and atomic scales by
experimental methods. The present study aimed to explore
improvement mechanisms and to find answers about the
impact of DMA comonomer on inter-chain and intra-chain
interactions at the atomistic scale using the molecular
dynamics method. Studying these mechanisms helps to design
new adhesives using synthesis copolymers or surface modifi-
cation of substrates. In the present study, the effect of DMA
comonomer on the gyration radius, cohesive energy density,
hydrogen bond formation and mechanical properties of poly(n-
butyl acrylate-co-acrylic acid) copolymer was investigated using
the molecular dynamics simulation. For a more detailed study
of the role of the catechol group, a control sample of N-phe-
nethyl methacrylamide (PMA) was considered simultaneously.
The difference between these two comonomers is in the
hydroxyl groups on the benzene ring of DMA. Then, the inter-
action of different functional groups of terpolymer containing
DMA or PMA comonomer with the surface of a dry silica layer
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was investigated using molecular dynamics simulation to
determine the ordering, closeness, and affinity of various
functional groups of the terpolymers to the surface.

Methods

Table 1 presents the names of copolymers and terpolymers
abbreviated according to the comonomer composition used in
their structure. The chain length was considered 40 for the
copolymer and all terpolymers.

All simulation steps were performed using the Materials
Studio software version 4.3. According to a review of the litera-
ture, the COMPASS (condensed-phase optimized molecular
potentials for atomistic simulation studies) force field was used
in this study.***® The single chain energy of poly(n-butyl acry-
late-co-acrylic acid) copolymer, poly(n-butyl acrylate-acrylic acid-
dopamine methacrylamide), and poly(n-butyl acrylate-acrylic
acid-phenethyl methacrylamide) terpolymers was minimized
with a force convergence threshold and energy convergence
threshold of 0.005 kcal mol™* A™! and 0.0001 kcal mol™?!,
respectively.*»** Subsequently, 15 copolymer or terpolymer
chains were placed in simulation boxes with an initial density of
0.5. For coulombic interactions, the Ewald summation method
was applied with an accuracy of 0.001 kcal mol™'.** An atom
base method was used with a cut-off distance of 12.5 angstroms
for van der Waals interactions.** Again, simulation box relaxa-
tion was done using the smart algorithm with an energy
convergence threshold of 0.0001 kcal mol™' and a force
convergence of 0.005 kcal mol~! A~', The minimized simula-
tion boxes reached equilibrium density using the NPT ensemble
in 1 ns. Then, to remove any residual stress, the systems were
annealed twice in the NVT ensemble through heating from 298
K to 548 K and cooling back to 298 K with temperature and time
intervals of 50 K and 100 ns, respectively. In other words, the
entire annealing time was 2400 ps.

Annealing was performed from 298 K, as the ambient
temperature, to 548 K, which is sufficiently higher than the
glass transition temperature of copolymer and terpolymers,* to
ensure system relaxation. A review of the literature indicated
that a temperature interval of 50 K is appropriate for our
system.*"*> Moreover, the temperature interval of 50 K was
selected for annealing steps to reduce computational time and
cost. The temperature and potential energy fluctuations of
copolymer and terpolymers in each step of annealing

Table 1 Names and comonomer contents of copolymer and terpolymers

Number of dopamine Number of N-phenethyl

Number of butyl acrylate Number of acrylic methacrylamide methacrylamide Number
Name monomers acid monomers monomers monomers of chains
36-4 36 4 0 0 15
DMA 35-4-1 35 4 1 0 15
DMA 34-4-2 34 4 2 0 15
DMA 33-4-3 33 4 3 0 15
PMA 34-4-2 34 4 0 2 15
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demonstrated that 100 ns is a sufficient time for the system to
reach the equilibrium condition.

Finally, the systems were equilibrated again for 2 ns at 298 K.
In order to ensure the equilibrium state, the method proposed
by Liu et al** was evaluated for the studied systems, which
states that temperature and energy fluctuations less than 5%
around a constant value confirm an equilibrium condition.
Other researchers have also used this method for evaluating the
equilibrium condition.*>*¢

Furthermore, in order to investigate adhesion to the silica
surface, a layer of copolymer or terpolymer was placed on
a silica layer (dimensions: a = 54.052, b = 51.057, ¢ = 16.461).
The silicon and oxygen atoms of the silica layer were saturated
with hydroxyl and hydrogen groups, respectively.*” A vacuum
layer with a thickness of 100 angstroms was considered on the
copolymer or terpolymer layer to build the final simulation box.
This vacuum layer was considered to limit interactions with the
upper atoms of the silica layer and to increase the computing
speed.*® Considering the silica layer as a fixed and rigid layer,
the minimization of the final simulation box was performed
using the smart method. Again, the relaxed simulation box was
annealed twice from 298 K to 598 K and back to 298 K in the
NVT ensemble. Finally, it was equilibrated in the NVT ensemble
for 2 ns. For a more detailed analysis of the simulation results,
the atoms of comonomers used in the copolymer and the
terpolymers were named according to Fig. 1. Hydrogen atoms
were named according to the bonded atom as subtitles. For
example, Ho, means a hydrogen atom bonded to O4 oxygen
atoms or Hy means a hydrogen atom bonded to N atom.

Results and discussion

The presence of DMA and PMA comonomers led to extensive
changes in the conformation, internal energy, mechanical
properties, adhesion, and cohesion of poly(n-butyl acrylate-co-
acrylic acid) copolymer as below.

Gyration radius

The equilibrium radius of gyration is a measure of the size of
the polymer chain in the equilibrium state and is equivalent to
the square root of the distance between the segments of the
polymer chain and its center of mass.

i=N

> mir 2

R = ’:iN 1)
> mi
i=1

In this equation, R, r;, and N are the radius of gyration, distance

of segment i from the center of mass, and number of segments,

respectively.

The effect of different compositions of DMA and PMA
comonomers on the distribution of gyration radius and average
gyration radius of the terpolymers in the equilibrium state are
shown in Fig. 2. PMA 34-4-2 terpolymer containing PMA
comonomer had the largest radius of gyration compared to
other terpolymers containing DMA comonomers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Naming the atoms of comonomers used in the structure of
copolymer and terpolymers (a) butyl acrylate, (b) acrylic acid, (c)
dopamine methacrylamide, and (d) N-phenethyl methacrylamide.

Initially, the presence of one unit of DMA comonomer in the
terpolymer chain, equal to 4.3% by weight, reduced the gyration
radius of DMA 35-4-1 terpolymer compared to 36-4 copolymer.
The hydroxyl groups on the benzene ring could increase the
intramolecular interaction by hydrogen bond formation,
resulting in a reduction in the size of chains and the gyration
radius. However, the gyration radius increased with an increase
in the DMA content in the chains up to 2 and 3 units, equal to
8.7% and 12.82% by weight, in DMA 34-4-2 and DMA 33-4-3
terpolymers compared to 36-4 copolymer. The large side group
of DMA containing a benzene ring creating steric effects causes
the polymer chains to expand in space in DMA 34-4-2 and DMA

RSC Adv, 2021, 11, 20557-20569 | 20559
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Fig. 2

33-4-3 terpolymers. PMA comonomer increased the gyration
radius more than DMA because of the absence of hydroxyl
groups on the benzene ring of PMA. As mentioned earlier,
intramolecular hydrogen bond formation by hydroxyl groups on

a

1 12 13 14 15 16 17 18
Radius of gyration (Angstrom)

270000000

260000000

& 250000000

240000000 -

230000000 ~

220000000

Cohesive Energy Density (J/m®)

210000000

200000000

T T T T T

36-4

35-4-1 DMA
34-4-2 DMA
33-4-3 DMA
34-4-2 PMA

¢4dpeon

Y

o S i Sl

T T T
1900 1950 2000
Time (ps)

40000000

38000000

ty (Jm’) ©

ensi
w
=]
=]
=]
=1
8
o
1

> 34000000
2
2 32000000 -
w
‘2 30000000
w
% 28000000
© 26000000
o
S 24000000 -
172}

g
% 22000000

)
L 20000000

35-4-1 DMA
34-4-2 DMA
33-4-3 DMA
34-4-2 PMA

Fig. 3

T T T
1900 1950 2000

Time (ps)

T T
1800 1850

20560 | RSC Adv, 2021, 11, 20557-20569

View Article Online

Paper

16

14

Radius of gyration (Angstrom)

T

—a— 36-4
e 35-4-1 DMA
—a&— 34-4-2 DMA
—v— 33-4-3 DMA
—&— 34-4-2 PMA

T T T
1940 1960 1980

Time (ps)

T
1920

(a) Distribution of gyration radius and (b) average gyration radius in equilibrium state of copolymers and terpolymers.

1
2000

DMA diminished the chain expansion caused by the steric
effects of large side groups.

A larger radius of gyration and a greater chain expansion
mean a closer contact between chains, which improves inter-
molecular interactions. To investigate this issue, the cohesive
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Table 2 Number of hydrogen bonds of copolymer and terpolymers

Name Number of hydrogen bonds
36-4 62

DMA 35-4-1 115

DMA 34-4-2 175

DMA 33-4-3 217

PMA 34-4-2 58

energy densities of the terpolymers were compared with 36-4
copolymer.

Cohesive energy density

Cohesive energy density is a measure of intermolecular inter-
actions and is equal to pulling out a molecule from its neigh-
boring interactions. DMA and PMA comonomers increased -7
and hydrogen bond interactions between the chains, which
increased the van der Waals and electrostatic interactions,
respectively. The total cohesive energy density and van der
Waals and electrostatic components of the copolymer and
terpolymers are shown in Fig. 3. According to Fig. 3a and b, the
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van der Waals component of the cohesive energy density of 36-4
copolymer and other terpolymers was much larger than the
electrostatic component confirming the main role of van der
Waals interactions among the chains. DMA and PMA comono-
mers increased the cohesive energy density of poly(n-butyl
acrylate-co-acrylic acid) copolymer. As shown in Fig. 3a, the
increase in the total cohesive energy due to the presence of PMA
in PMA 34-4-2 terpolymer compared to 36-4 copolymer was
about 17%, which was approximately equal to the increase in
the total cohesive energy in DMA 33-4-3 and DMA 34-4-2
terpolymers due to the presence of DMA. Fig. 3b shows that
DMA and PMA comonomers significantly improved the van der
Waals interaction between the chains. The increase in van der
Waals interactions by PMA in PMA 34-4-2 terpolymer was
greater than the increase by DMA comonomers in DMA 34-4-2
and DMA 33-4-3 terpolymers. As mentioned earlier, the larger
gyration radius caused by PMA compared to DMA comonomers
led to chain expansion and more contact between the
terpolymer chains creating greater van der Waals interactions.

The similarity of the gyration radius of DMA 34-4-2 and DMA
33-4-3 terpolymers caused a similar increase in their van der
Waals component of the cohesive energy density relative to 36-4
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Fig. 4 Radial distribution functions between Ho4 hydrogen atoms and (a) O1, (b) O2, (c) O3, and (d) O4 oxygen atoms of 36-4 copolymer with

intramolecular and the intermolecular components.
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copolymer. Fig. 3¢ shows that PMA comonomer caused a negli-
gible improvement in the electrostatic component of the
cohesive energy density of 36-4 copolymer. However, changes in
the electrostatic component of the cohesive energy density in
DMA containing terpolymers were quite remarkable in DMA 34-
4-2 and DMA 33-4-3. Comparison of Fig. 3b and c reveals that
both van der Waals and electrostatic components were
improved by DMA comonomer. Fig. 3c demonstrates that the
role of electrostatic interactions in the total cohesive energy
density became more pronounced upon increasing the
percentage of DMA. The catechol groups, with the ability to
enhance -7 and hydrogen bonds, act like a physical crosslink
and increase the cohesive energy density. Improvement in the
cohesive strength of poly(n-butyl acrylate-co-acrylic acid) with
DMA commoner was reported by Tiu et al.** using the static
shear test. These authors stated that this enhancement could be
due to hydrogen bond formation between catechols, as well as
the m-stacking interactions of the DMA aromatic groups. The
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MD results of the present investigation supported their
explanations.

Hydrogen bonds

Hydrogen atoms, which bond to oxygen, nitrogen, fluorine, and
chlorine by covalent bonds, can form hydrogen bonds with the
mentioned atoms. The total number of hydrogen bonds of the
copolymer and terpolymers are shown in Table 2.

According to Table 2, DMA comonomer significantly increased
the number of hydrogen bonds in the simulation box from 62 in
36-4 copolymer to 217 in DMA 33-4-3 terpolymer. However,
comparison of the number of hydrogen bonds of 36-4 copolymer
with PMA 34-4-2 terpolymer indicated that PMA comonomer had
no effect on hydrogen bond formation. Radial distribution func-
tions between oxygen and hydrogen atoms with the potential to
form hydrogen bonds were evaluated to study the details of the
hydrogen bonds formed by DMA comonomer. The radial
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Fig. 5 Radial distribution functions between Hp,4 and (a) O1, (b) O2,

terpolymer with intramolecular and the intermolecular components.
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distribution function g, (), which is a measure of finding particle
B relative to a reference particle A at a distance of r, is calculated as
the ratio of the number of particles 7 in a spherical element with
a thickness of dr to the total number of Ny that are in a cell with
a total volume of V as follow:
ng
(47'rr2dr)

Ny
Vv

(2)

ga-s(r) =

Due to the similarity of the results and to avoid any confu-
sion, only the radial distribution functions between the oxygen
and hydrogen atoms of 36-4 copolymer and DMA 33-4-3
terpolymer are shown in Fig. 4-6.

The radial distribution functions between Ho4 hydrogen of
36-4 copolymer and all other oxygen atoms in the simulation
box, i.e. 01, 02, 03, and 04 atoms, with intramolecular and
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intermolecular components are shown in Fig. 4. In general,
peaks less than 3 angstroms are related to hydrogen bonds and
chemical bonds, and peaks larger than this distance are related
to van der Waals interactions.*>* Thus, Hp, atoms could form
hydrogen bonds with O1, O3, and O4 oxygen atoms as shown in
Fig. 4. According to Fig. 4b, the peak in radial distribution
function between Hg, and O2 was located at a distance of more
than 3 angstroms, thus hydrogen bond formation was not
possible. The inability to form a hydrogen bond with O2 is
attributed to the steric effect of the side group and the lower
partial charge of O2 compared to other oxygen atoms.
Furthermore, the highest probability of the intermolecular
hydrogen bond formation was observed between Hgp, and O3
and O1 oxygen atoms, respectively.

The radial distribution function between Ho,4, Hog, Ho, and
Hy hydrogen atoms and oxygen and nitrogen atoms in the
simulation box was considered to evaluate the effect of DMA on
hydrogen bond formation in the DMA 33-4-3 terpolymer.

a b C
T T T T T T T T T T T T
1 - Y6.C = } & R 7 ) i
ey ] —+— HOB-02 Total —5—HOB-03 Total
561 = HOB-01 Intramolec:Iar 1 561 —a— HO6-02 Intermolecular g 5 6+ —&— HO6-03 Intermolecular| _
5 C g —%— HOB-02 Intramolecular = |=>¢—HO06-03 Intramolecular
c & e
u:_ 54 4 E 54 E Li 54 -
c c c
.% 4 - ;g 4 - 24
E g g
53 - R B 3 . 33
=] a =
s ] 3
3 24 b 2 2+ B 3 24
o \ 14 ©
i “ oooaaSTI0O -] 14 1
/ N o 2
i e T
0 T T T T O -y T T T 0Pl
0 2 4 6 8 10 0 2 4 6 8 10 0
Distance (Angstrom) Distance
d e
T T T T T T T T T T T T
1 § 71 . 7 §
e L +—HO6-05 Total
§°7 . H06-04 Iniramolecuiar 5°7 ~®~HOG-06 Intermolecultar 1 §°7 —m— HO6-06 Intermolecular] 1
3 -04 Intramolecuar 3 } | -A—HO6-05 Intramolecular 3 !
€ c L — s TE T c
Sl 1 D 51 ) S 5 4
w fre P
c c c
£ 44 i 24 24 il
=] 5 5
Fe] D 2
2 T b =
23 1 23 23 J
=] a a
I ® =
821 1 T 2 S 2 _
© @ ®
s 14 1 e J
e~ : == ofa g , , , '
0 2 4 6 8 10 0 0 2 4 6 8 10
Distance (Angstrom) Distance (Angstrom)
g S —— — , ;
74 .
40 : 4
¥ | —=—HO06-07 Total —3—HOB6-N Total
5 «+—HO6-07 Intermolecular 5 6 <»—HO6-N Intermolecular 4
° —&— HOB-07 Intramolecular B HOB-N Intramolecular|
s &
2 304 -1 S 5 B
w [
s i
2 24 g
2 3
2 2
E 20 d 2
2 B3 1
=) a
= . =, \\
2 X B 24 4
& o \ / 1@ Vs
/ 11 /r 3 it
> 2 s »oy
o) . Lt bl y
0 24 e 0 aadb Y . .
0 2 4 6 8 10 0 2 4 6 8 10

Distance (Angstrom)

Distance (Angstrom)

Fig. 6 Radial distribution function between Hpg hydrogen atoms and (a) O1, (b) O2, (c) O3, (d) O4, (e) O5, (f) O6, (g) O7, (h) N of DMA 33-4-3

terpolymer with intramolecular and intermolecular components.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 20557-20569 | 20563


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra03634c

Open Access Article. Published on 08 June 2021. Downloaded on 5/1/2026 11:44:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

According to Fig. 5, Hos of DMA 33-4-3 terpolymer could form
hydrogen bonds with O1, 03, 04, O5, O6 and O7 oxygen atoms
because of the presence of the peak in a distance less than 3
angstroms.

In addition, the probability of intermolecular hydrogen
bonds between Hp, and O5 was higher than other oxygen
atoms. After that, the probability of forming intermolecular
hydrogen bonds between Hp, and O6 was higher compared to
other oxygen atoms. Furthermore, O3, 06, and O7 atoms were
most likely to form intramolecular hydrogen bond with Hp4. On
the other hand, according to Fig. 5b and h, the peak was located
at a distance of more than 3 angstroms indicating that
hydrogen bonds were not formed with O2 and N atoms. In
addition, the radial distribution function between Hqg and the
other oxygen and nitrogen atoms of DMA 33-4-3 are shown in
Fig. 6. Due to the similarity of Hos and Hp; results, only the
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radial distribution functions between Hpe hydrogen and other
oxygen atoms in the simulation are shown in Fig. 6. There was
the possibility of hydrogen bond formation between Hee
hydrogen atoms and O1, 03, 04, 05, 06, and O7 atoms, while
hydrogen bond formations with O2 and N atoms was not
possible due to the steric effects.

As shown in Fig. 6, the highest probability of the intermo-
lecular hydrogen bond formation was related to the O5 and O3
atoms. Furthermore, the probability of intramolecular
hydrogen bonds between Hos and O7 was higher compared to
other oxygen atoms. The radial distribution functions between
Hy and oxygen and nitrogen atoms of DMA 33-4-3 terpolymer
are shown in Fig. 7.

As shown in Fig. 7, only in the radial distribution function
between Hy and O1 and O3 atoms, the peaks were located at
a distance of less than 3 angstroms; thus, only hydrogen bond
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formation with O1 and O3 oxygen was possible. As a result from
Fig. 5-7, 05, 06, O7, N, Hps, Ho7, and Hy atoms of DMA
comonomer could participate in the formation of hydrogen
bonds. Our simulation findings confirmed and clarified the
mechanism of hydrogen bonds formation for cohesive strength
improvement resulting from DMA comonomer.****

Mechanical properties

Three methods including (1) static, (2) fluctuation formula, and
(3) dynamics are used to calculate mechanical properties using
molecular dynamics results.* In this study, the static procedure
was used to determine mechanical properties. The virial equa-
tion was used to estimate the tensor components. Due to the
static condition, the first term of the right side of the below
equation was removed.

oy =— II/Z mk (uikujk) + %Z(rikl)fjlk 3)
k i*j

where v, m*, u*, and r* are the volume of the system, mass of
particle k, velocity of particle k, and distance between particle &
and [, respectively. In addition, fk is the force exerted from
particle k to particle /. The elastic constant can be calculated by
the first derivative of stress relative to strain. The shear and
compressive modulus can be calculated from elastic constants
using Voigt, Reuss, and Hill approximation according to the
following equations.

Gy = E[Cll + Cyn+ Cy3— Cpy — Ci3 — Cp3 + 3(Cas + Css
+ Ces)] (4)
1
By = —[Cii + Co + Ci3 + 2(Ciz + Ci3 + Cr3)] (5)

9

Gr = 15[4(S11 + S + S33 — S12 — Si3 — 823) + 3(S4s + Ss5 +

See)] ! (6)
Br = [Si1 + Sao + S33+ 2(Siz + Si3 + S23)] ! 7
GH — M (8)
2
gy = Bt B ©)

where C and S are the members of elastic modulus tensor and
the compliance tensor, respectively. Gy, Ggr, and Gy are shear
moduli calculated using Voigt, Reuss, and Hill approximations,
respectively. By, Bg, and By are compression moduli derived
from Voigt, Reuss, and Hill approximations, respectively. Table
3 shows the results for the copolymer and terpolymers.
According to Table 3, increasing the number of DMA
comonomers reduced the shear modulus and increased the
compressive modulus. C;, — C,4 is the ductility index as
a measure of the system toughness.** The negative and positive
values of ductility index indicate the brittleness and toughness
behavior, respectively. A greater positive value of the ductility
index means more toughness. According to Table 3, 36-4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Shear modulus, bulk modulus and ductility index of copol-

ymer and terpolymers according to Reuss, Voigt and Hil
approximations
Model
Ductility
Shear modulus Bulk modulus index
Cip —
Name Reuss Voigt Hill Reuss Voigt Hill Cyy
36-4 1.61 1.66 1.63 2.66 2.69 2.67 —0.487
DMA 35-4-1 1.68 1.78 1.73 2.93 3.25 3.09 0.478
DMA 34-4-2 1.53 1.77 1.65 2.89 2.91 2.90 0.821
DMA 33-4-3 1.42 1.58 1.50 3.39 3.51 3.45 0.975
PMA 34-4-2 1.68 1.75 1.72 291 2.94 2.93 0.279

copolymer was brittle, while the terpolymer containing DMA
and PMA comonomers showed transition from brittle to ductile
behavior. Comparison of the ductility index of PMA 34-4-2 and
DMA 34-4-2 terpolymers demonstrated that DMA comonomer
had a greater effect on toughness enhancement compared to
PMA. Toughness improvement causes the adhesive to deform
as plastic and to stretch longer leading to a more uniform
distribution of the applied stress. On the other hand, the brittle
behavior increases the stress concentration and crack growth
under the applied stress. Therefore, DMA comonomer had
a larger effect on improving the mechanical behavior of poly(n-
butyl acrylate-co-acrylic acid) copolymer compared to PMA,
which is in line with the results of a study by Meredith et al.>
Furthermore, Payra et al.'* showed that the toughness of pol-
y(ethylhexyl methacrylate) increased continuously up to 8 mol%

\«_é. (b

Fig. 8 Snapshots of 36-4 copolymer on the silica layer (a) before
equilibrium and (b) after equilibrium state.
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of DMA. However, higher DMA content led to a reverse trend
because of limited chain mobility. Excessive hydrogen bonds
cause a reduction in chain mobility."* Their results indicated
that the optimum content of DMA depends on the balance
between the adhesion strength and the flexibility of chains.

Interaction with silica surface

In order to evaluate the effects of DMA and PMA on adhesion
behavior and arrangement of atoms on the silica surface, the
relative concentration of atoms perpendicular to silica surface
and the radial distribution function between atoms of both
layers are presented and discussed in this section. The snap-
shots of 36-4 copolymer on the silica layer before and after
equilibrium are shown in Fig. 8. Due to the similar trends and
results, only the plots of 36-4 copolymer, DMA 33-4-3, and PMA
34-4-2 are presented and discussed.

The relative concentration (RC) of copolymer and terpoly-
mers atoms perpendicular to the silica layer is:

C
RC= —— (10)
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(11)

where C;, Cpuik, Nj, and V; are the concentration of atom i in the
slab, concentration of atom i in the bulk, number of i atoms in
the slab, and volume of the slab, respectively.

The relative concentrations of oxygen atoms of 36-4 copol-
ymer, DMA 33-4-3 terpolymer, and PMA 34-4-2 terpolymer are
shown in Fig. 9.

In 36-4 copolymer, O3 and O4 oxygen atoms of acrylic acid
comonomers were located at a lower distance from the silica
surface compared to O1 and O2 oxygen atoms of butyl acrylate
comonomers, which could be due to the slighter steric effect of
03 and 04 oxygen atoms compared to O1 and O2 atoms located
in the side group of butyl acrylate comonomers. Furthermore,
the steric effect of the butyl group on O2 was higher than O1
leading to a farther peak location in Fig. 9a. In DMA 33-4-3
terpolymer, the O5 oxygen atom located in the middle of the
DMA side group was further away from the silica surface like O1
and O2 oxygen atoms as shown in Fig. 9b. However, O6 and O7
oxygen atoms, located at the end of the side group, could form
hydrogen bonds with hydrogen atoms on the silica surface

Relative Concentration

20 25 30
Distance (Angstrom)

Fig. 9 Relative concentration of oxygen atoms of (a) 36-4, (b) DMA 33-4-3, and (c) PMA 34-4-2 terpolymers.
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leading to the closest distance to the silica surface. According to
Fig. 9c, there was no change in the relative concentration of O1,
02, and O3 oxygen atoms in PMA 34-4-2 terpolymer compared
to 36-4 copolymer. However, O5 oxygen atoms showed the
longest distance from the silica surface compared to other
oxygen atoms of PMA 34-4-2 terpolymer.

Comparison of Fig. 9b and c reveals that unlike PMA
comonomer, DMA caused the transfer of O3 and 04 peaks to
a farther distance from the silica surface. It means that the role
of acrylic acid comonomer was reduced by DMA comonomer,
creating a gap and distance between the acrylic acid como-
nomer of the chains and the silica surface. In other words,
terpolymer chains approaching the silica surface from the
catechol side of DMA reduced the interaction of acrylic acid
comonomer with the silica layer by the large side group of DMA.
Payra et al."* concluded that poly(alkyl methacrylate-dopamine
methacrylate) copolymer could be oriented on metal and glass
substrate by measuring lap-shear strength. They stated that
copolymer chains oriented on the surface and approached the
substrate from the catechol groups of DMA comonomer. The
results of the simulation in the present study confirmed their
statements and assumptions.

View Article Online
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The radial distribution function between carbon atoms and
topmost silica atoms is shown in Fig. 10. Since the silica layer
was considered as a fixed layer, higher peaks in the radial
distribution function indicated more affinity to the silica
surface like relative concentration plots.** According to Fig. 10a,
the peak of C10 carbons of the acrylic acid comonomer of the
36-4 copolymer was located at the closest distance from the
silica surface followed by the peak of side group carbons of the
butyl acrylate comonomer, i.e., C, + Cs + Cg + C;. Subsequently,
the C3 carbon atom of the side group of butyl acrylate and the
main chain carbon atoms i.e. C; + C, + Cg + Cy had the farthest
distances from the surface silica atoms.

As shown in Fig. 10b, the highest peak in DMA 33-4-3
terpolymer was related to carbon atoms of the benzene ring of
DMA comonomer, indicating that the terpolymer chain
approached the silica surface from the catechol side. C13 of
DMA comonomer, side chain carbon of butyl acrylate como-
nomer (i.e. C, + C5 + C¢ + C5), C10 carbon atom of acrylic acid
comonomer, C3 carbon atom of butyl acrylate comonomer and
the main chain carbon atoms i.e. C; + C, + Cg + Cy + C11 + Cq
were farther from the silica surface in the order mentioned.
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Fig. 10 Radial distribution function between carbon atoms and topmost silica atoms (a) 36-4, (b) DMA 33-4-3, and (c) PMA 34-4-2.
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Table 4 Interaction energies between silica layer and copolymer and
terpolymers

Name Interaction energy (kcal mol ")
36-4 —468.29
DMA 35-4-1 —471.54
DMA 34-4-2 —482.31
DMA 33-4-3 —466.19
PMA 34-4-2 —472.10

As shown in Fig. 10c, the highest peak was for the carbon
atoms of the benzene ring in PMA 32-4-2 terpolymer. However,
the difference between the peaks of the benzene ring and other
carbons was reduced compared to DMA 33-4-3 terpolymer,
indicating the main role of hydroxyl groups on the benzene ring
of DMA comonomer in affinity to the silica surface. The side
chain carbon atoms, i.e. C, + Cs + C¢ + C; of butyl acrylate
comonomer and C10 carbon atoms of acrylic acid comonomer
were located after carbons of the benzene ring. In addition, the
main chain carbon atoms, i.e. C; + C, + Cg + Cg + Cq1 + Ciy,
showed the farthest radial distribution function due to the
steric effects of the side groups.

The interaction energy between the silica and the polymer
layer, i.e. Ei, can be calculated using the following equation:

Eint = Eotal — (Epolymer + Esilica) (12)

where Eiotal; Epolymers and Egjica are the total energy of the
system, energy of the polymer layer, and energy of the silica
layer, respectively.

Adhesion energy is equal to the negative sign of the inter-
action energy. According to Table 4, the changes in interaction
energies of terpolymers containing DMA and PMA comonomers
were not noticeable compared to 36-4 copolymer. Therefore, in
comparison to Fig. 3a, it can be concluded that PMA and DMA
comonomers improved the cohesive energy of poly(n-butyl
acrylate-co-acrylic acid); however, their effect on adhesion
energy was not significant on the silica surface in the dry
condition.

Conclusion

The influence of DMA and PMA comonomers on the cohesive
energy density, hydrogen bond formation and mechanical
properties of the poly(n-butyl acrylate-co-acrylic acid) copolymer
was investigated using molecular dynamics simulation. The
increase in gyration radius caused by PMA comonomer was
more than the increase due to DMA since intramolecular
hydrogen bonds reduced chain expansion. The results demon-
strated that DMA comonomer significantly enhanced the
ductility index from a negative value to a positive value leading
to behavior change from brittle to tough behavior confirmed
experimental observation in literature. Moreover, the effect of
PMA comonomer on improving the ductility index was less than
the effect of DMA indicating a direct relationship with the
electrostatic component of cohesive energy density. The
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presence of 12.2% by weight of DMA comonomer led to a 3.5-
fold increase in the number of hydrogen bonds in the simula-
tion box. The relative concentration perpendicular to the silica
layer and the radial distribution function between topmost
silica atoms and carbons of terpolymers indicated that the
chains approached the silica layer from the benzene ring of
DMA and PMA comonomers.
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