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Abstract Urea-formaldehyde polymers, which are utilized in
the adhesives industry, have recently been shown to be suit-
able materials for synthesizing micro/nanocapsules for use in
self-healing (nano)composites. In this study, molecular dy-
namics was employed to simulate the process in which urea
and formaldehyde are cross-linked via methylene and ether
cross linkers, and to study the structure and mechanical/
thermal properties of simulated poly(urea-formaldehyde)s
(PUFs). The elastic stiffness constants of the simulated mate-
rials were calculated using the constant-strain (static) method.
A temperature cycle was applied to the cross-linked PUFs,
and the glass transition behavior of each material was inves-
tigated through the mean squared displacement (MSD) and
temperature evolution of the energy and the specific volume
of the polymer. The simulation results confirmed that there
was considerable improvement in the properties of the
poly(UF) materials upon cross linking. The radial distribution
function was also used to study the local structures of the
polymers, and this revealed that increasing the temperature
and cross linking density results in a significant drop in
hydrogen bonding intensity in the cross-linked PUF systems.
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Introduction

The idea of microcapsule-based self-healing materials was
introduced in 2001 by White et al. [1]. Since then, this concept
has been widely used in various research studies [2—7]. In
brief, micro/nanocapsules containing the healing agent (e.g.,
dicyclopentadiene) together with a proper catalyst (either in
powder form or stored in capsules) are dispersed in a polymer
matrix. Initiating and propagating cracks in the matrix causes
the capsule shell to rupture, releasing the healing agent. Cur-
ing the released agent in the presence of a catalyst prevents the
crack from propagating any further, and subsequently restores
the functionality and mechanical properties of the material.

Urea-formaldehyde polymers have reasonably high
strength and stability, meaning that they can be used to store
and isolate the healing agent from its surrounding matrix
material. Hence, they are the most frequently used polymers
in the synthesis of capsules for self-healing materials. The
production of urea—formaldehyde polymers is typically car-
ried out in two stages:

(1)  Addition polymerization, also known as methylolation
or hydroxymethylation, under neutral or alkaline condi-
tions; in this case, a series of reactions between formal-
dehyde molecules and amino groups of urea molecules
leads to the formation of mono-, di-, and trimethylol urea
pre-polymers. Tetramethylol urea does not appear, at
least not in detectable quantities [8].

(i) Condensation polymerization or polycondensation un-
der acidic conditions, leading to the formation of polymer
chains and cross-linked networks via methylene (—CH,—)
and dimethylene ether (—CH,—O—CH,—) linkages
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between previously created methylol (hydroxymethyl)
urea pre-polymers.

This procedure can be effectively utilized in the synthesis of
urea-formaldehyde capsules for self-healing materials. The
duration of the process, the amine to formaldehyde ratio, and
the alkalinity of the medium determine the chemical composi-
tion and structure of the pre-polymers, and have crucial influ-
ences on the stability of the microcapsules [8]. Excessive
basicity and long reaction times must be eliminated during
the first stage to prevent unwanted polymerization of methylol
urea pre-polymers before the core—shell formation stage. The
formation of dimethylene ether linkages is not desirable, as
they would lower the functionality of the system and conse-
quently the cross linking density of the product, which is
detrimental to capsule wall strength [9]. Therefore, the second
stage should be carried out under acidic conditions and in the
presence of the core material (healing agent), so that the stron-
ger and more favorable methylene linkages are dominantly
created between the methylol urea pre-polymers, and a highly
cross-linked UF shell is obtained around the core material.

In the study described in the present paper, molecular
dynamics (MD) was used for the first time to simulate the
cross linking of urea-formaldehyde polymers via methylene
and ether cross linkers, as well as to study the mechanical
properties and glass transition behavior of the simulated poly-
mers. The effects of the cross linkers (methylene or ether) and
the temperature on the structure and properties of the urea-
formaldehyde polymers were also investigated. The principal
aims of this study were to obtain deep insight into the structure
and properties of PUF materials and to extract useful infor-
mation for synthesizing poly(urea-formaldehyde) micro/
nanocapsules for self-healing materials.

Methylol urea pre-polymers and cross-linked poly(UF)

The primary molecular structures of urea and formaldehyde are
represented schematically in Fig. 1 (top). The C=0O double bond
in the formaldehyde molecule needs to be converted to a single
bond in order to form a reactive —CH, site that is capable of
reacting with amine groups of the urea molecule (Fig. 1). In the
primary blend of urea and formaldehyde, under appropriate pH
and temperature conditions, the curing sites can get sufficiently
close to each other to facilitate the creation of covalent bonds
between C and N atoms, leading to the formation of mono-, di-,
and trimethylol urea pre-polymers (methylolation or
hydroxymethylation). In the next stage, under acidic conditions,
cross-linked urea-formaldehyde polymers are obtained. Figure 2
illustrates the formation of methylol urea pre-polymers from
urea and formaldehyde molecules and subsequently the gener-
ation of UF chains from pre-polymers through addition and
condensation polymerizations, respectively. Dimethylene ether
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Fig. 1 Schematic representation of urea and formaldehyde molecules in
their original (top) and activated (bottom) states

linkages are mainly created between two methylol groups.
Methylene linkages, however, can be created in three ways:
directly between methylol and amino groups, directly between
two methylol groups that split off formaldehyde molecules, and
by liberating formaldehyde molecules from previously created
ether linkages. The condensation reactions that most likely
result in the formation of UF polymers via methylene and ether
linkages are discussed in [10].

As can be seen in Fig. 2, there are one primary amine
(—NH,) and one secondary amine (~NH—) in monomethylol
urea, two secondary amines in N,N'-dimethylol urea, and one
secondary amine and one tertiary amine (N) in trimethylol
urea. The ratio of the rates for the addition of formaldehyde to
form one, two, and then three methylol groups is estimated to
be 9:3:1 [11] due to the different activation energies of the
primary, secondary, and tertiary amines. Based on this ratio,
the approximate ratio of relative abundances of the mono-, di-,
and trimethylol ureas is thought to be 9:3:1.

Modeling and simulation
Software and force field

The Materials Studio 5.5 software package from Accelrys
Inc. [12] was used to perform the modeling and molecular
mechanics (MM)/dynamics (MD), along with the freely
available LAMMPS (Large-scale Atomic/Molecular Mas-
sively Parallel Simulator) [13] MD package from Sandia
National Labs [14].

The polymer consistent force field (PCFF) [15] was used at
all stages of the modeling and simulation. The class II force
field, PCFF was developed from CFF91 and parameterized
for various polymers and organic materials. It can also be used



J Mol Model (2013) 19:5053-5062 5055
8]
(0] (0]
JJ\ /C}lZ(JH
i sy JC
- H ; . ,
)'L mono-methylol urea RHN NI ICHQH N NHR
Hall o, + methylene linkage
Urea 0
methylolation polycondensation
25 ———  HOH,C__ _CH,OH —_—
(hydroxymethylation) N N 0
H H O
2 di-methylol urea )-L
HJJ\H RHN NI[CIIEOCHEIIN NHR'
Formaldehyde dimethylene ether linkage

tri-methylol urea

+
0
HOH,C )J\ CH,OH
2 \‘N N/ 2
H |

CH,OH

Fig. 2 The addition and condensation polymerization reactions that lead to the formation of methylol urea pre-polymers from urea and formaldehyde

molecules and the generation of UF chains from pre-polymers, respectively

to calculate cohesive energies, mechanical properties, com-
pressibilities, heat capacities, and elastic constants.

The nonbonded interactions, including the relatively short-
range van der Waals (vdW) and long-range electrostatic inter-
actions, were described using the Lennard—Jones (LJ) 9-6 and
Coulombic functions, respectively. The atom-based summation
method with a cut-off radius of 10 A and long-range correc-
tions was used when calculating the vdW interactions, while
electrostatic interactions were handled using the Ewald sum-
mation method [16] with an accuracy of 0.0001 kcal/mol .

Cross linking procedure

The cross linking procedure that was applied to simulate urea-
formaldehyde polymers is based on the method provided in
our previous study [17]:

Step 1. Formation of pre-polymers.

A series of molecular mechanics and dynamics
simulations were performed to create short represen-
tative chains of pre-polymers. An amorphous cell
composed of 25 urea and 25 formaldehyde molecules
with a density of 0.5 g/cm® was constructed at room
temperature. Energy minimization was carried out
using a conjugate gradient algorithm, followed by
300 ps NPT dynamics at room temperature and at-
mosphere pressure for equilibration. Based on a
predefined cut-off distance of 6 A, close contacts
between reactive sites of the urea (N) and formalde-
hyde (C) molecules were identified, and covalent
bonds were created. The resulting structure was again
minimized to release the stress imposed during the
bond creation stage. Analyzing the resulted structure,

Step 2.

Step 3.

mono-, di-, and trimethylol urea pre-polymers were
identified and extracted as single, independent mole-
cules for use in subsequent steps to create cross-
linked urea-formaldehyde networks.
Pre-equilibration .

An amorphous cell containing 90 mono-, 30 di-,
and 10 trimethylol ureas (based on the ratio of for-
mation rates of pre-polymers, 9:3:1) was constructed
at room temperature and under periodic boundary
conditions with a low density of 0.5 g/cm®. The
system was subjected to energy minimization
through both steepest descent and conjugate gradient
(Fletcher—Reeves) algorithms, with convergence
criteria of 1000 and 10 kcal/mol A, respectively.
Afterward, the minimized amorphous cell was sub-
mitted to 500 ps dynamics in the isothermal-isobaric
(NPT) ensemble at room temperature and atmo-
sphere pressure to achieve the real density and equil-
ibration. A time step of 1 fs was considered. The
Berendsen thermostat and barostat [18] were used
to control, respectively, the temperature and pressure
of the system. Equilibration was considered to have
occurred when the potential energy, temperature, and
density of the system remained stable with only slight
fluctuations around the target values.

Two extra copies of the equilibrated structure were
generated. In the rest of this paper, these models will
be referred to as UF0, UF1, and UF2. UF0 was not
cross-linked, while UF1 and UF2 were cross-linked
using different cross linking strategies.

Creation of covalent bonds .

This step was in fact equivalent to the condensation
polymerization stage in which cross-linked urea-
formaldehyde networks are created. Cross linking of
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UF1 was carried out solely via the methylene linkages,
which is preferable for self-healing materials. UF2,
however, was cross-linked via both methylene and
dimethylene ether linkages. Both cases were adjusted
to reach nearly the same degrees of cross linking.

Avalue of 6 A [17] was adopted as the cross linking
cut-off distance. Starting from the equilibrated struc-
tures, the distances between pairs of reactive atoms
were measured, and covalent bonds were created be-
tween the atoms within the cross linking cut-off dis-
tance. Energy minimization was then performed in
order to release the stress imposed on the systems.
After minimization, the systems were subjected to
100 ps high-temperature NVT dynamics at 500 K, in
order to supply enough kinetic energy to the molecules
and increase the probability of curing sites falling
within the reaction cut-off distance. Again, the dis-
tances between pairs of remaining reactive atoms were
measured, and new covalent bonds were created, if
possible. As the cross linking proceeded, the number
of reactive sites and thus the possibility of new bonds
being created decreased and finally approached zero.
The final structures were analyzed, and 129 methylene
cross links were identified in total in UF1, while UF2
contained 90 methylene and 39 ether cross links. It
should be noted here that the main limit on the cross
linking process is the assigned cross linking cut-off
distance. In other words, the maximum number of
cross links attainable is restricted by the cut-off value,
since the creation of covalent bonds can occur solely
within a predefined cut-off distance around the
reaction sites. Although longer reaction cut-off
distances could be used to increase the maximum
attainable degrees of cross linking, the structures
obtained will be highly stressed and difficult to
equilibrate.
Post-equilibration and sampling .

The final cross-linked UF1 and UF2 structures
were gradually cooled to room temperature at a rate
of 20 K/100 ps in the NVT ensemble, and were then

Step 4.

Fig. 3 Snapshots of the uncross-
linked UF0 model (/eft), the
cross-linked UF1 model with
methylene linkages (middle), and
the cross-linked UF2 model with
both methylene and ether linkages
(right). The gray-colored C
atoms and red-colored O atoms in
CPK style correspond to
methylene and ether linkages,
respectively

Uncrosslinked UF0 model
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equilibrated through 500 ps NPT dynamics using the
same procedure as in step 2.

Finally, all three equilibrated systems were
subjected to 300 ps NVT dynamics with a time step
of 1 fs, and the configurations generated were stored
every 1 ps as the sampling trajectories for further
analysis and calculation of the properties. The Nosé—
Hoover thermostat [19, 20] was employed to control
the temperature during the sampling stage. The final
structures of the uncross-linked UF0 and the cross-
linked UF1 and UF2 models are represented in Fig. 3.

Calculation of the properties
Mechanical properties

Assuming a fixed bond length and angle during deforma-
tion, and negligible effects of configurational entropy on
the elastic constants, the constant-strain (static) method
[21] was used in this study to calculate the mechanical
properties of the simulated polymers. Calculation of the
mechanical properties was initiated by pre-minimizing the
structures to make sure that the calculations were based
on the most stable configurations. The minimized struc-
tures was strained under a set of 12 deformations (three
pairs of uniaxial tension/compression and three pairs of
pure shear), which were controlled by the corresponding
strain vectors. One component took a tiny value while the
others were fixed at zero and then re-minimized without
changing the cell parameters. The maximum strain ampli-
tude was set to £0.003. Then the stress components were
calculated using the so-called virial expression:

=33 (’" (i) 43> <rff’>f;k>, m

Ik

with the first term on the right hand side omitted because of
the static conditions. Here, V is the volume, m* and u* denote
the mass and velocity of the k™ particle, respectively, »*

Crosslinked UF1 model

Crosslinked UF2 model
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Table 1 Comparison of the den-
sities and elastic properties of
simulated urea-formaldehyde
polymers with the corresponding
values obtained experimentally
(all moduli values are in GPa)

? Reduced elastic modulus, £,
® Calculated elastic modulus, E

Property Simulation results Experimental results
UFO0 UF1 UF2 From [23] From [24]
Density (g/cm’) 1.40 1.49 1.46 1.50 -
Elastic modulus, £ 7.42 11.93 11.11 7-10.50 8.35-10.25" 6.55-8.45°
Bulk modulus, K 6.37 9.86 9.12 - -
Shear modulus, G 2.84 4.60 428 — -
Poisson’s ratio, v 0.31 0.30 0.30 - -

stands for the distance between the k'™ and /'™ particles, and /%
is the force exerted on the /™ particle by the k™ particle. The
elastic stiffness constants were then obtained using the first
derivative of the virial stress with respect to the strain, do /0t .
In other words, the full 6x6 stiffness matrix was built up from
the slopes of 0o /0e under tension and shear. Afterward, the
Lamé coefficients A\ and p were calculated from the stiffness
matrix using the following equations:

1
p=3 (Caa + Css + Ces) (2a)

1
)\+2LL=§(C11+C22+C33). (2b)
On the other hand, the stress—strain behavior of isotropic
materials can be fully described using two independent Lamé
coefficients:

A2 A A0 00
A A+24 A 0 00
A A A420 0 0 0 G)
0 0 0 g 0 0
0 0 0 0 u 0
0 0 0 0 0 pu
a
3.2 4
UF1 TR o

2.8

2.4+

2.0

1.6

MSD (A%

1.2 1

0.8
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Time (ps)

A patterned combination of the zero and nonzero
components in Eq. 3 and symmetry of the matrix along
the diagonal components are the main characteristics of
an isotropic material. The other material properties were
calculated from the Lamé coefficients using the follow-

ing equations:

£ u(ix\ : iu) (4)
K=+ % (4b)
G=p (4c)
A
LT o

where £, K, and G are Young’s, bulk and shear moduli,
respectively, and v denotes Poisson’s ratio.

b
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Fig. 4a-b MSD-time curves of cross-linked a UF1 and b UF2 at different temperatures ranging from 320 to 520 K. The large gap between the “lower
set” and “upper set” of MSD curves in each plot indicate the glass transition region of the polymer (as marked on each plot)
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Fig. 5a-b Variation of the specific volume with respect to temperature for a UF1 and b UF2. The point of intersection between the fitted lines provides

an estimate of the glass transition temperature (as shown on each plot)
Glass transition behavior

The glass transition temperature (7,) is the point at
which the behavior of a polymer changes from that of
a glassy and relatively brittle state to a rubbery state. In
the field of polymer science and technology, T, is of
crucial importance, as it determines the temperature
ranges in which polymers can be processed and applied.
Differential scanning calorimetry (DSC), differential
thermal analysis (DTA), thermomechanical analysis
(TMA), dynamic mechanical analysis (DMA), and dila-
tometry (DIL) are the main experimental methods for
determining the glass transition temperature. There are
three typical approaches that can be used to find T,
through the MD simulations: (i) the mean squared

~+Bond Energy UF1

-+Angle Energy

665

Lilaa sl

Energy (kcal/mol)

560

455

Agi i i L4 s gl

250 300 350 400 450 500 S50 600

Temperature (K)

displacement (MSD), (ii) the energy—temperature ap-
proach, and (iii) the property—temperature approach.

The MSD for a system of NV atoms can be described by the
following expression:

1 N-1 _ 2
MSD = 3—N;<‘ rf(t)—rf(fo)‘ ); (5)

where r;(¢) represents the position vector of the i ™ atom at
time ¢. The diffusivity of molecular system can be estimated
through the MSD. When a polymer undergoes a glassy to
rubbery phase transition, the torsional and rotational motions
of the molecules combined with the local motion can cause
chain disentanglement, leading to a sudden increase in the
diffusivity and consequently a sudden jump in the MSD—time
curves obtained at a range of temperatures [22]. Therefore, the

b

1150+

~+Bond Energy UF2

10505 -+Angle Energy
950
850
750-
650

5501

B
250 300 350

400 450 500 550 600
Temperature (K)

T

Fig. 6a—b Plots of the bond and angle energy components vs. temperature for a UF1 and b UF2
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Fig. 7a-b Variation of the dihedral energy in terms of temperature for a UF1 and b UF2. The point of intersection between the fitted lines gives an

estimate of the glass transition temperature (as shown on each plot)

glass transition region can be roughly estimated by searching
for an unusually large gap between MSD—-time curves that
have been plotted over a range of temperatures, including 7.

In the energy—temperature and property—temperature ap-
proaches, the changes in different energy components (bond,
angle, dihedral, nonbonded, ...) and also some polymer prop-
erties (density or specific volume, heat capacity, coefficient of
thermal expansion, elastic modulus, ...) with temperature are
used to estimate the glass transition temperature.

Although the abovementioned approaches are indepen-
dent and can be utilized individually, doing so results in
rough and unreliable estimates of T'y. Hence, it is highly
recommended that they should be used collectively in
order to achieve more precise estimates of glass transition
temperatures.

-21935
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-22035 |
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22085

4

-22135 A

-22185

Non-bonded Energy (kcal/mol)

-22235 T T r
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450 500 550 600
Temperature (K)

In order to apply all of these approaches in this study, the
equilibrated structures were subjected to a temperature cycle
as follows. They were heated from 300 K to 600 K through
1 ns (1000 ps) NPT dynamics. The systems were then grad-
ually cooled to 250 K at a constant rate of 10 K/1000 ps
through NPT dynamics and under atmosphere pressure, with
each dynamics performed starting from the last structure and
velocities obtained at the previous temperature. The tempera-
ture and pressure were controlled using the Nosé-Hoover
method. In total, 36 trajectories, one per temperature, were
generated and stored every 1 ps during the cooling-down
dynamics. The generated trajectories were then used to estab-
lish and analyze the MSD-time, specific volume—tempera-
ture, and energy—temperature relationships and to calculate
the glass transition temperature.

b

21645

-21700
21755
21810 ]
-21365;

21920 1

E

-21975 T T r—r—- T
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Temperature (K)

Fig. 8a—b Variation of the nonbonded energy with respect to temperature for a UF1 and b UF2. The point of intersection between the fitted lines gives

an estimate of the glass transition temperature (as shown on each plot)
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Results and discussion
Elastic constants

The elastic stiffness tensors of UF0, UF1, and UF2, obtained
using the static method and averaged over the sampling tra-
jectories, are provided below:

959 4.64 459 023 009 0.90

464 929 455 015 003 067
com _ 459 455 1160 037 028 026 [ .

; 023 0.15 037 281 -0.14 0.05

0.09 0.03 028 —0.14 3.02 -0.04

090 067 026 005 -0.04 2.69

1535 592 636 006 -004 —0.74

592 1484 723 -077 092 -1.49

UrL 636 723 17.77 0.8 045 0.10
S =1 006 077 018 515 -037 o04s |OF2

—0.04 092 045 -037 4.76 —0.52

074 -1.49 0.10 045 -052 3.88

1501 7.12 735 005 044 129

712 1607 642 -025 —023 0.65

UF2 735 642 1343 —021 003 —0.02
Cim =1 005 -025 -021 427 —007 o002 |92

044 -023 003 -007 3.82 -0.10

129 065 —-0.02 002 -0.10 4.76

We can confirm that the simulated systems are isotropic by
considering the elastic tensors obtained. Although the compo-
nents of the tensors that are not shown in boldface are not
strictly zero, which is the case for isotropic materials, they are
absolutely dominated by the components shown in bold, and
the deviations of the estimated elastic constants from the
values suggested by Eq. 3 are negligible. Furthermore, all of
the stiffness tensors are symmetrical along the diagonal com-
ponents. Therefore, the calculated elastic stiffness constants
are reasonable and imply, to a good approximation, the be-
havior of an isotropic amorphous material. The moduli and
Poisson’s ratios of the simulated systems (as calculated using

L5 l
== UF0 ’
1
1.3 | — UF1 ! .
----- UF2 :. L
1.0 :
I

I;‘l '.1 ‘g"’h.r'ﬂ,.-uh-,.w.mw.a
o *!uﬁ Loy

0.8

go-0(r)

0.5

0.3

0.0

0 1 2 3 4 6 7 8 9 10

5
rd)
Fig.9 Intermolecular O—O pair correlation functions for UF0, UF1, and
UF2 at 300 K
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Table 2 Glass transition temperatures—obtained using various ap-
proaches—of simulated cross-linked urea-formaldehyde polymers

Simulated 7', (K)
structure
MSD Specific  Dihedral Nonbonded  Average
volume  energy energy
UF1 440-460 443 440 445 442.67
UF2 420-440 430 423 422 425

Egs. 4a—d), along with the densities at 300 K, are reported in
Table 1. The results are reasonable and in good agreement
with experimental observations. The slight differences be-
tween the simulated and experimental values can be attributed
to the quality and density of cross linking. In real conditions,
the cross linking density (conversion rate) is usually less than
100 %, and the cross links are not always uniformly distrib-
uted within the material. In this study, however, the properties
are calculated for perfect, highly cross-linked polymers, which
is why the calculated properties are higher than those reported
in the literature. The properties of cross-linked UF1 and UF2
show significant improvements over those of uncross-linked
UFO. The differences between the properties of the UF1 and
UF2 structures are mainly due to the different kinds of cross
linkers used in these systems. In other words, the utilization of
methylene cross linkers in UF1 led to better properties than the
utilization of dimethylene ether cross linkers in UF2 did,
which suggests that methylene should be the preferred cross
linker in the synthesis of poly(urea-formaldehyde) capsules
for self-healing materials.

Glass transition temperature

The initial 30 ps of the trajectories, which were generated
during the cooling-down dynamics, were used to calculate

0.6

UF1
0.5

0.4

0.3

Z20-0 (D)

0.2

0.1

r(d)
Fig. 10 Intermolecular RDFs of O—O pairs for UF1 at different temper-
atures: well below T', (300 K), at around 7', (440 K), and well above T',
(600 K)
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the MSD values in terms of time and temperature. The MSD—
time curves of UF1 and UF2 are plotted every 20 K from
320 K to 520 K (the range of temperatures considered in this
study) in Fig. 4. There are distinct gaps between the “upper”
and the “lower” sets of MSD curves in the plots, which are due
to increased kinetic energy of the atoms and chain disentan-
glement. The positions of the gaps in the plots yield rough
estimates for the glass transition regions of UF1 and UF2:
440-460 K for UF1 (Fig. 4a) and 420-440 K for UF2
(Fig. 4b).

The specific volumes of the simulated systems were also
obtained from the last 300 ps of NPT dynamics generated at
each temperature during the cooling-down dynamics, and
linear trend lines were fitted to the generated data points to
study the specific volume-temperature relationship and accu-
rately calculate the T'y. Figure 5 illustrates the variations in the
specific volumes of UF1 and UF2 with respect to temperature.
It is evident from Fig. 5 that the specific volume increases with
increasing temperature, and the trend does not remain linear
during the cooling-down stage. In other words, passing
through the glass transition region results in changes in the
slopes of the fitted trend lines. The point of intersection in
each plot provides estimates of the glass transition tempera-
tures for the simulated UF1 (7=443 K) and UF2 (7=430 K)
systems. The values obtained are reasonably within the glass
transition regions predicted by the MSD curves (Fig. 4).

The last 300 ps of the trajectories generated during the
cooling-down NPT dynamics were again used to investigate
the roles of different energy components in the glass transition
behaviors of the simulated structures. The variations of differ-
ent energy components as a function of temperature, including
bond (stretching), angle (bending), dihedral (torsion), and
nonbonded (van der Waals and electrostatic) energies, are
discretely plotted in Figs. 6, 7, and 8. The variations in the
bond and angle energies of UF1 (Fig. 6a) and UF2 (Fig. 6b)
are almost linear and do not kink at any of the temperatures
considered here. On the other hand, obvious bilinear trends are
apparent in the plots of the dihedral (Fig. 7) and nonbonded
(Fig. 8) energies. The changes in the slopes of the fitted trend
lines are due to increased torsional and rotational degrees of
freedom of the polymer chains during the transition from a
glassy to a rubbery state. In other words, the flexibility of the
polymer chains changes drastically as they pass through the
glass transition region. The breakpoints on the dihedral energy
plots yield T, values of 440 K and 423 K for UF1 and UF2,
respectively. From the nonbonded energy plots, the estimated
glass transition temperatures for UF1 and UF2 are 445 K and
422 K, respectively. All of these values are reasonably within
the temperature ranges suggested by the MSD curves. The
estimated values of 7', obtained through the different ap-
proaches are summarized in Table 2. All of the approaches
used in the current study predicted a higher glass transition
temperature for UF1 than for UF2, which can be attributed to

the types of cross linkers used in them. Similar to the elastic
properties, as discussed in a previous subsection, the glass
transition temperature is improved by the use of methylene
cross linkers in UF1.

Hydrogen bonding

The radial distribution function (RDF) was used in order to
investigate the influences of the cross linking and the temper-
ature on the intensity of hydrogen bonding (H-bonding) in the
structures of the simulated urea-formaldehyde polymers. The
radial distribution function, also known as the pair correlation
function, g, can be defined as the probability of finding a
given particle at a distance » from a reference particle.

Although there is no explicit term for hydrogen bonding in
the PCFF force field, the interaction is implicitly considered
by tuning the LJ parameters for specific types of atoms [25].
Potentially available hydrogen donors and acceptors in UFO,
UF1, and UF2 are oxygen in hydroxyl (—OH), nitrogen in
primary and secondary amines (—VH, or —NH-), and oxygen
in carbonyl (—C=0). The intermolecular RDFs between all
pairs of polar atoms were analyzed; among them, the oxygen
atoms were found to be the most significant contributors to the
hydrogen bonding. The intermolecular correlations between
oxygen atoms, calculated for distances of up to 10 A, are
plotted in Fig. 9. The first peaks at around 2.7 A correspond
to hydrogen bonds between polar O atoms in distinct chains,
and the subsequent peaks correspond to other nonbonded
interactions, including van der Waals and electrostatic inter-
actions. It is evident from the figure that the intensity of H-
bonds and other nonbonded interactions in uncross-linked
UFO is considerably greater than the corresponding intensity
in the cross-linked UF1 and UF2 structures. This is clearly due
to the creation of covalent bonds between the individual
chains of pre-polymers and the reduction in the number of
distinct molecules in the UF1 and UF2 networks. Moreover,
the cross linking process leads to the loss of many oxygen and
hydrogen atoms that contribute to the H-bonding. The mag-
nitude of the first peak in the case of UF1 is more than that of
UF2 because the hydroxyl groups lose their hydrogen atoms,
and consequently their role in the H-bonding, in order to form
dimethylene ether linkages in the UF2 structure.

Figure 10 shows the RDFs of oxygen atoms in UF1 at three
different temperatures: well below T’y (300 K), at around 7',
(440 K), and well above T, (600 K). As expected, the mag-
nitude of the first peak (attributed to the H-bonding) decreases
with increasing temperature, and the peak shifts slightly to-
wards longer distances. The same behavior was observed in
the RDFs of the other pairs of polar atoms (i.e., N-N and O
—N). These results are consistent with observations reported in
[25, 26], and confirm that both the cross linking and the
temperature influence the intensity of the hydrogen bonds in
the cross-linked polymer structure.
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Conclusions

In this study, molecular dynamics with the PCFF force field
was utilized, for the first time, to simulate cross-linked
poly(urea-formaldehyde) structures for use in self-healing
materials. The constant strain (static) approach was then
adopted to calculate the mechanical properties of the simulat-
ed structures. Comparing the simulation results with experi-
mental data confirmed the accuracy of the models and the
simulation procedure. Using the mean squared displacement
(MSD) along with the specific volume—temperature and ener-
gy-temperature relationships, the glass transition behaviors of
the simulated materials were investigated. The variations in
the bond, angle, dihedral, and nonbonded energy components
in terms of temperature were considered. Based on a rough
estimation of the glass transition region, obtained from the
MSD curve, more precise values of 7, were obtained from the
bilinear trends in the specific volume and energy components
versus temperature. In comparison to dimethylene ether link-
ages, methylene cross linkers were found to be more advan-
tageous, as they led to significant improvements in the elastic
constants and glass transition temperatures of the cross-linked
urea-formaldehyde polymers.

Finally, the radial distribution function (RDF) was used to
investigate the effects of cross linking and temperature on the
hydrogen bonding present in the cross-linked PUF systems.
The results revealed that increasing the temperature and cross
linking density reduces the intensity of H-bonding in the
studied polymers. Furthermore, hydrogen bonding was found
to play a greater role in structures cross-linked through meth-
ylene linkages rather than dimethylene ether linkages.
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