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Molecular dynamics simulations were carried out to understand the mechanical and energy storage properties of
bisphenyl-A diglycidyl ether cured with isophorone diamine — a thermoset shape memory polymer (TSMP) with
both excellent shape memory and stress memory properties. Different cross-linked systems were created to
determine which cross-linking percentage gave best agreement with experimental properties. It was found that
for a 50% compression programming strain, higher cross-linking percentages stored more bond energy, but at the
expense of a lower shape recovery. While bond energy was stored in the change in bond stretches, angles, and
dihedrals, the bond angular and dihedral energies stored were significantly higher than bond stretches. Alkyl
cyclic rings were able to store the most angular energy, but little to no stretching or dihedral energy, while non-
ring polymer backbone atoms stored a significant amount of stretching, angular, and dihedral energies. Aromatic
rings stored dihedral energy, but little angular energy. The results show that the type of functional group has a
significant impact on how bond energy is stored, and could potentially be used to finely tune the shape recovery

properties of TSMPs.

1. Introduction

Thermoset shape memory polymers (TSMPs) have been a topic of
intensive research for years, primarily due to the high mechanical per-
formance, good thermal stability, resistance to creep, long fatigue life,
good chemical resistance, and excellent shape recovery [1]. Within the
TSMP family, epoxy based polymers are an important member, because
of their versatility in chemical reaction and rich supplies in raw mate-
rials [2]. While epoxy based TSMPs have excellent shape memory
properties, their recovery stress in the rubbery state is low because they
exhibit low stiffness above the glass transition temperature. High re-
covery stress is needed in some applications, such as in self-healing of
polymer composites to bring fracture surfaces in contact through the
constrained shape recovery [3], in the oil and gas industry to serve as
proppants to keep formation cracks open and to prepare expansive
cement in order to reduce loss circulation during drilling [4,5], in
pavement to serve as sealant to maintain contact with the joint or crack
reservoir [6], in deployable structures [7], and in 4D printed actuators
[8]. Usually, the requirements for shape recovery and stress recovery are
in opposition, namely shape recovery needs lower stiffness in the
rubbery state, while stress memory needs higher stiffness in the rubbery
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state. The primary reason this tradeoff is required is that these epoxy
based TSMPs, as amorphous polymers, use entropy as the driving force
for shape or stress recovery [9].

Recently, Fan and Li [10] synthesized a new epoxy based TSMP,
specifically Bisphenyl-A Diglycidyl Ether (DGEBA) cured by Isophorone
Diamine (IPD). This polymer exhibited a very large recovery stress of 17
MPa in rubbery state and in bulk form, instead of the ~1-2 MPa in
traditional entropy driven epoxy based TSMPs. They concluded the
reason for the high recovery stress is that the shape/stress recovery is
primarily driven by stored enthalpy through bond length changes.
Another recyclable and 3D printable TSMP — composed of Bisphenol A
glycerolate dimethacrylate and 2-hydroxy-2-methylpropiophenone —
that utilizes this new driving force has also been recently synthesized
[11]. Both materials exhibited very high recovery stress in rubbery state
and in bulk form [10,11]. Accurately modeling this class of TSMPs will
allow a deeper investigation into the fundamental causes of this
behavior and allow further optimization.

Previously, Wu and Xu [12] developed a method that can be used
with molecular dynamics (MD) simulations to cross-link epoxy poly-
mers. However, the simulation did not focus on the shape memory effect
and driving force. Shape memory properties of different polymers have
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been studied with atomistic MD simulations, including polyisoprene,
polystyrene, and poly(i-lactide) [13-15], along with coarse-grained
simulations of generic cross-linked polymers [16]. In another recent
study, Yan and Li [17] developed a thermodynamically consistent
4-chain analytical model to obtain theoretical stress-strain curves, which
compared favorably with experimental results. This model considered
both bond length and angle changes as a means to store enthalpy.
However, this non-affine model is still an ideal simplification; it cannot
predict the molecular level interactions during deformation. Therefore,
an in-depth atomic level analysis of the shape and stress recovery
properties of thermoset epoxy polymers is desirable.

The objective of this study was to conduct a comprehensive atomistic
study for this new thermoset shape memory polymer DGEBA-IPD. Net-
works with multiple crosslink densities were generated, and the glass
transition temperature, glassy state modulus, and rubbery state modulus
were calculated and are compared with experimental results. The effect
of bond length, angular, and dihedral energy change on energy storage
and release is discussed, along with an estimate of shape and stress re-
covery properties. Finally, some conclusions are drawn based on the
modeling results.

2. Simulation details
2.1. Initial equilibration

The optimized potential for liquid simulations (OPLS) force field was
used for all calculations [18-20]. The initial DGEBA and IPD structures
were created using the ligpargen software affiliated with the OPLS force
field [21]. Once the structures were created, two DGEBA and a single
IPD structure were placed in proximity to one another, which was
replicated 216 times to create a system with 28,512 atoms. All calcu-
lations of the full system were carried out with the LAMMPS simulation
software package [22,23]. Hydrogen atomic positions were kept rigid
with the SHAKE and RATTLE algorithms [24]. This initial large system
was created in a very low density configuration to assure that overlaps
were not present, and an equilibration scheme was carried out as fol-
lows. The system was minimized (atomic positions and cell sizes),
keeping the box length isotropic. A series of NpT MD simulations with
the Nose Hoover thermostat and barostat [25] at a set pressure were
carried out at a temperature of 398 K. The first MD simulation had a
timestep of 0.25 fs, and 300,000 MD steps were carried out at a pressure
of 5 atm. This initial simulation was used to compress the system, which
was greatly dispersed initially. Then, 200,000 MD steps at a pressure of
1 atm were carried out with the same timestep. Next, 1,000,000 MD
steps were run at the same pressure (1 atm), but with a larger timestep of
0.5 fs. The reason for the smaller timestep during the initial equilibra-
tion was to preserve system stability during the initial equilibration
period. The system configuration was saved after this equilibration, and
four additional configurations were saved with 200,000 MD steps car-
ried out in between each for an additional 1,000,000 MD steps overall.
The average box length of these systems was approximately 68.4 A.

2.2. Cross-linking procedure

A cross-linking algorithm similar to what has been used previously
was carried out [26,27]. First, 10,000 MD steps (5 ps) at a temperature
of 398 K and a pressure of 1 atm were run. Situations in which the
terminal glycidyl carbon on DGEBA was within 5 A of an IPD amine
nitrogen with at least one hydrogen bonded to it were identified. For the
pair with the shortest distance, a bond between the carbon and nitrogen
was formed. A bond between the glycidyl oxygen and the nearest amine
hydrogen bonded to this nitrogen was also formed. This is illustrated in
Fig. 1 where the dashed lines show bonds to be formed during the
crosslinking procedure. Then, the energy was minimized in the entire
system in which a smaller force constant of 5.0 keal mol~* A~2 for the
new bonds was enforced. The reason for the much lower force constant
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Fig. 1. Schematic of the reaction procedure.

than the traditional OPLS model (which are both over 350 kcal mol ™!
10\’2) was to allow the transition to the new structure to be gradual. After
the initial energy minimization, the regular OPLS force constants were
used, and a second energy minimization was carried out. This entire
procedure was then repeated until a desired cross-linking percentage
was achieved. It should be noted that if there were no terminal DGEBA
carbon — IPD amine distances less than 5 A, then the procedure was
repeated without forming any new bonds. The described cross-linking
procedure was carried out for each of the five independent configura-
tions, and any uncertainties shown are from the error of the mean of
those five configurations.

2.3. Determination of glass transition temperature

To determine the glass transition temperature (Tg), the systems were
heated to 598 K and equilibrated there for 500 ps. After that, a slow
cooling over 2.5 ns was carried out from 598 K to 198 K, keeping track of
the density as a function of set temperature. The T, values were esti-
mated by the following procedure. For each of the five independent
systems, multiple temperatures were trialed, from 250 K to 550 K in
increments of 0.8 K. For each temperature trial, the best fit of a straight
line for density versus temperature for all temperatures 40 K above the
trial temperature was carried out, along with another best fit straight
line for all temperatures 40 K below it. Where these straight lines
intersected is reported to be the T,. The trial that minimized the error
between the two straight lines and the density/temperature curve for
each of the independent systems, was used to determine its T, An
example of this is shown in Fig. 2 for the 70% cross-linked system
showing density versus temperature, and the two straight line fits for the

i~

200 300 400 500 600
T (K)

Fig. 2. Density as a function of temperature (solid line) for the 70% cross-
linked system, along with the straight line fits (dashed lines) of the glassy
and the rubbery density versus temperature. The T, from this was found to be
429 K.
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glassy and rubbery states.

2.4. Determination of Young's moduli

Once the T; was identified for the 60%, 70%, 80%, and 90% cross-
linked systems, the Young’s modulus for the glassy and rubbery states
was calculated for them. Room temperature (298 K) was chosen to
calculate the modulus for the glassy state. This was done by the
following procedure. Both compression and stretching calculations were
carried out independently for each system and in each direction, x, y,
and z. For a particular calculation, a linear deformation of 0.25% was
carried out over a period of 25 ps, followed by 50 ps of equilibration at
the fixed deformation. Succeeding the equilibration, an additional 100
ps run was used to calculate the average stress at that specific defor-
mation. This procedure was repeated four times (increasing the defor-
mation 0.25% of the original length each time) until a deformation of
—1.25% for compression or +1.25% for stretching was completed.
While having such a small deformation may increase the noise of the
simulations, they will help mitigate the challenges faced with slow
polymeric relaxation of MD simulations, and are consistent with previ-
ous work in the literature [28,29]. For each system and direction, the
stress versus strain for the compression and stretching were combined. A
linear fit to this data was used to calculate the Young’s modulus for each
independent system and direction. This gave a total of 15 independent
results (5 systems with three directions each), which were used to
calculate an average Young’s modulus, with the uncertainty being the
standard error of the mean. For these simulations, the pressure
perpendicular to the deformation was set to 1 atm.

For the rubbery state, the temperature chosen was 30 K greater than
the T, for each system. A procedure to better estimate the rubbery
modulus at a slower rate of strain was performed, but still likely provides
an estimate of the upper bound of the Young’s modulus. To accelerate
the relaxation of the system during strain, the previously described
procedure was modified as follows. The deformation was carried out at
an elevated temperature, 100 K higher than the set temperature in strain
increments of —2% or +2% over 50 ps for compression/stretching,
respectively. This was followed by a further relaxation at the elevated
temperature for 500 ps. The system was then cooled to the set rubbery
temperature (30 K greater than the Tg) for 100 ps, followed by another
100 ps run to calculate the stress at that deformation. This procedure
was repeated four times for a total of —8% or +8% total change for
compression/stretching, respectively. The calculation of the Young’s
modulus itself is the same as described for the glassy state. For both the
glassy and rubbery moduli calculations many different simulation time
lengths were investigated, with the arrived at values deemed a good
balance between computational expense and accuracy.

2.5. Simulation details for polymer response to programming

To better understand the impact of the prestrain on the dynamic
polymer configuration during programming, the 70% and 80% cross-
linked systems each had a 50% compression applied over 4 ns in their
rubbery state with the pressure perpendicular to the deformation set to
1 atm. Shape memory polymers need to be programmed in order for the
polymer to exhibit shape memory effects. While hot (in its rubbery
state), warm (in its glass transition zone), and cold (in its glassy state),
temperatures can be used for programming [3], Fan and Li [10] used hot
programming, which includes deformation in the rubbery state, holding
stress or strain constant while cooling down to glassy state, and then
load removal [3,30]. The 70% crosslink density system was chosen due
to its reasonable agreement with experiment in its Young’s modulus of
the rubbery state (as described in section 3.1), and the 80% system was
chosen to determine the impact of cross-linking percentage. A total of 15
simulations were carried out, three for each of the five independent
systems and one for each of the x, y, and z directions.
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3. Results
3.1. Glass transition and Young’s moduli

The T, and Young’s modulus for the 60%, 70%, 80% and 90% cross-
linked systems are shown in Table 1. The Tg has good agreement with
experiment for the 60% and 70% cross-linked systems, becoming higher
than experiment at higher cross-linking. The higher Ty is consistent with
the fact that at a higher cross-linking density, polymer mobility is
reduced [31]. The Young’s moduli for the glassy systems are somewhat
overestimated in comparison with experiment over the entire
cross-linking range if we take the static compression test results as
comparison. However, if we compare with the moduli by DMA test, the
Young’s moduli for the glassy systems are somewhat underestimated in
comparison with experiment over the entire cross-linking range.
Considering the short time scale in the MD model and the small strain
used, DMA test results should be more representative of the bulk poly-
mer. For the rubbery state, the Young’s modulus is reasonably close to
experiment for the 70% systems, while significantly overestimated for
the higher cross-liking. This suggests that the actual cross-linked per-
centage is likely closer to 70% than 90%. Unsurprisingly, cross-linking
percentages have little impact on the Young’s modulus for the glassy
state, while a major impact on the rubbery state.

3.2. Programming

A plot of the average stress versus strain for the glassy and rubbery
systems during programming and compression to 50% are given in Fig. 3
for the 70% cross-linked system. The reason the 70% cross-linked system
is studied in this context is due to its reasonable agreement with the
experimental elastic constants and Tg, as given in Table 1, and that it
shows sufficient shape recovery (see section 3.4). To make the simula-
tions tractable, a very high programming strain rate in comparison to
experiment had to be used. This makes matching experiment in the
rubbery state, where relaxations of long polymer sections are important,
difficult. The curve for the glassy state shows an increase in strain at a
relatively consistent degree until it reaches 175 MPa, around 10% strain.
After that, there is some yielding and strain softening until 30% strain is
reached, followed by strain hardening. Comparing with the experi-
mental curve (Figure S14 in the supplementary data in Ref. [10]), these
features are all present, but there are some quantitative differences be-
tween the curves. The experimental curve has a maximum of 320 MPa
around a 57% strain level, while the simulation result hits 325 MPa at a
50% strain.

The rubbery stress curve appears to have similar regions as the glassy
curve, but they are not as pronounced. At 50% strain, the stress is around
175-200 MPa. This is significantly higher than what is found experi-
mentally (Figure S8 in the supplementary data from Ref. [10]), which
showed 55-60 MPa stress at 50% strain. The much higher strain rate in
the simulations in comparison with experiment is likely why simulation
overpredicts the stress for the rubbery state, which requires more time
for the polymers to rearrange than in the glassy state where shorter
deformations are possible. This is why the relaxation procedure at

Table 1
A comparison of the calculated T, and Young’s moduli (E) for the rubbery and
glassy states of the systems studied with experiment.

System T, (K) Eglassy (GPa) Erubbery (GPa)
60% 418+ 6 1.35 + 0.05 0.025 + 0.004
70% 429 + 3 1.72 + 0.08 0.05 + 0.02
80% 456 + 11 1.76 + 0.05 0.14 £ 0.01
90% 461 + 22 1.85 + 0.1 0.42 + 0.02
Exp(static)® 420 + 10 1.05 0.02

Exp (DMA)" 420 + 10 ~2.10 ~0.06

@ Static compression test from reference [10].
b Dynamic mechanical analysis (DMA) from reference [10].
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Fig. 3. Stress versus strain for the 70% cross-linked system in rubbery and
glassy states.

elevated temperatures is used to get a quantitative value for the rubbery
modulus. To study the impact of further relaxation for the rubbery state,
an additional 4 ns of relaxation was carried out at a fixed strain of 50%.
The stress decreased by over 100 MPa to a value of 59 MPa after this
additional relaxation for the 70% cross-linked system, approaching the
experimental number. It should be noted that experimentally (Figure S8
in the supplementary data in Refs. [10]), a relaxation of around 15 MPa
was observed over a long period of time. It may be possible to approach
this with simulation, but the computational time for it to occur is pro-
hibitively long.

3.3. Stress recovery

Further simulations were carried out after the 4 ns relaxation
described to study stress recovery. The relaxed systems were cooled to
298 K over a 4 ns period at a fixed 50% strain. After that, they were
allowed to fully relax for 4 ns at 298 K, in which a small elastic spring-
back strain occurred. The amount the polymer shape changes during this
elastic spring-back is a way to determine the ability of the polymer to fix
its mechanical deformation. It is described as the shape fixity ratio, and
can be calculated after the relaxation at 298 K [9],

R =2t ¢

where ¢, is the strain after the relaxation at 298 K and ¢, is the maximum
strain applied during the initial programming (50%). For the 60% cross-
linked system, the fixity ratio is 1.0, and it is 0.99 for 70%, 0.97 for 80%,
and 0.91 for the 90% system, showing that higher cross-linked systems
have more elastic spring-back and lower fixity.

After cooling, the systems were heated to their rubbery states at a
fixed strain, &, over a period of 4 ns, followed by another 4 ns of
relaxation at the same fixed strain. The recovery stress achieved with
this procedure was 52 MPa for the 70% cross-linked system. This com-
pares with the experimental value near 18 MPa for a system pro-
grammed to a 45% strain [10]. Clearly, the simulations significantly
overestimate the recovery stress due to the short simulation times
achievable with current computational power, which does not allow
sufficient time for stress relaxation. While not quantitatively able to
match experiment, both the recovery stress and the stress after pro-
gramming (before the additional relaxation) were approximately three
times higher than experiment, indicating that qualitative comparisons
should be viable for the rubbery state.
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The impact of cross-linking density was also studied for recovery
stress, following the same simulation protocols as descried for the 70%
cross-linked system. The 90% cross-linked system had a recovery stress
of 110 MPa, 76 MPa for 80%, and 24 MPa for the 60% system. This is
consistent with the moduli for the different cross-linked ratios, as higher
moduli lead to higher stress during programming, which should also
increase the recovery stress.

3.4. Shape recovery

After the stress recovery simulations, 2 ns of NPT simulations were
carried out at the rubbery state temperature (30 K higher than T,) at a
pressure of 1 atm. The shape recovery ratio can be calculated from the
change in strain with respect to the maximum strain, &, after pro-
gramming [9],

e — & (1)
R.(1)= e

where ¢, is the strain during the shape recovery process as a function of
time. Fig. 4 (left) shows the shape recovery ratio as a function of time for
the 60%, 70%, 80% and the 90% cross-linked systems. At 30 K above the
Ty, the cross-link density is strongly correlated to how fast the system
recovers. However, comparing these systems is difficult as higher cross-
linked systems have higher T values, and thus are being run at a higher
temperature. Also, it is clear that the rate of shape recovery is very slow
at these temperatures, and higher temperatures should improve the rate
to have a chance to approach full shape recovery.

To overcome the kinetic challenges by running the simulations at 30
K higher than their T, NPT simulations at 1 atm were carried out at 550
K for both systems for a longer simulation time of 8 ns immediately
following the stress recovery simulations. The results of these shape
recovery simulations are also given in Fig. 4 (left). The 90% cross-linked
system demonstrates the fastest initial shape recovery, but after 1-2 ns,
the lower cross-linked systems have the greater amount. For the 60%
cross-linked system specifically, its shape recovery stabilizes around
0.55 and doesn’t change significantly after that. The higher cross-linked
systems show steady increases of shape recovery throughout the entire
simulation time with the average increase at 8ns being greatest for the
70% cross-linked system and lowest for the 90% system. To observe full
shape recovery would likely take much longer than can be simulated in a
reasonable amount of time, but the trends are consistent for 70% cross-
linking and above. This result shows that a certain amount of cross-
linking is needed for full shape recovery, and there is likely a balance
between enthalpy and entropy.

Fig. 4 (right) also gives the energy during the initial shape recovery
simulations (those carried out at 30 K higher than Tg). The energy
rapidly increases until it reaches a maximum for the 80% and 90% cross-
linked systems, and a plateau for the 70% cross-linked system. For the
60% cross-linked system, the energy change is pretty close to zero
throughout the entire simulation. The abrupt increase in energy for the
higher cross-linked systems can be linked to their higher stress recovery,
which is a consequence of the greater enthalpic driving force for shape
recovery for the higher cross-linked systems [10]. These energetic con-
tributions will be discussed in detail in the next section. This is the likely
reason why the shape recovery rate is faster in the earlier stages of shape
recovery for the more cross-linked system.

3.5. Energetic contributions

The energetic contributions were broken down into bonded and non-
bonded energies. The results for this are shown in Fig. 5, including the
energy during programming, after the 4 ns relaxation at the program-
ming temperature, and after 0.25 ns of shape recovery simulations,
where the total potential energy is at a maximum (as shown in Fig. 4
(right)). The energies shown are with respect to their equilibrium values
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Fig. 4. Shape recovery ratio as a function of simulation time (left) at the programming temperatures (30 K higher than T) being the shorter dashed lines and at 550 K
being the longer solid lines. Energy as a function of time at the programming temperatures with units in kJ/mol of hardener (right).
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Fig. 5. Energy as a function of programming strain (open circles), after relax-
ation (open squares), and during shape recovery (solid diamonds). Units are in
kJ/mol of hardener.

at their respective programming temperatures in units of kJ/mol of
hardener. They were averaged for each 5% strain increment (i.e. 0-5%,
5-10%, up to 45-50%). Furthermore, bonded energies are defined as the

combined bond stretching, bending, and dihedral energies, while the
non-bonded energies include Lennard-Jones and electrostatic energies,
all as defined from the OPLS force field [18-20]. During programming,
the non-bonded energies immediately become positive, but change very
little after that. The bonded energies, meanwhile, increase in a fairly
linear fashion throughout programming. After relaxation, the bonded
energies decrease to approximately half of their values after program-
ming. The non-bonded energies not only decrease, but become negative
for both systems. It should be noted that the overall energy (bonded plus
non-bonded energies) is still positive after relaxation at 1.48 kcal mol 1
for 70% and 1.62 kcal mol ™! for 80% cross-linking. During shape re-
covery, bonded energies decrease further, while the non-bonded en-
ergies become positive. The overall energy (shown in Fig. 4) increases
for the systems over their relaxed values, due to the non-bonded energy
increase.

Fig. 6 breaks down the bonded energies into bond stretching,
angular, and dihedral contributions with respect to their equilibrium
values as a function of strain for the 70% and 80% cross-linked systems
in units of kJ/mol of hardener. It should be noted that the dihedral
energies included both regular dihedral and ‘improper torsions’ as
defined in the OPLS force field [21], and the change in energy from
improper torsions was smaller than the uncertainties in the values (less
than 0.1 kJ/mol of hardener). The bond angle and dihedral energies
increased to a greater degree than the bond stretching energy for both
systems, with the 80% cross-linked system showing the greater increases
for all energies by around a factor of two in comparison to the 70%
system. While not shown, the average bond lengths and angles are

GO stretching
40— G0 bending
GO dihedral

3 ¥ 1 4 —]
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Fig. 6. Bond stretching, bending, and dihedral energies with respect to equilibrium values as a function of strain for the 70% cross-linked system (left) and 80%
cross-linked system (right) with open circles representing programming. Open square and filled diamond symbols represent values after additional relaxation, and

during shape recovery (see text), respectively. Units are in kJ/mol of hardener.
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greater than their equilibrium values before any deformation due to ring
strain. Upon compression, they both increase with increased strain.
After the programming, the systems were allowed to relax for an addi-
tion 4 ns at 50% strain (squares in the figure), which resulted in a sig-
nificant decrease in bond stretching, angular, and dihedral energies.
Moreover, after 0.25 ns of shape recovery, the bond stretching, angular,
and dihedral energies were calculated. The bond angular and dihedral
energies for both systems reduced further during the initial stages of
shape recovery, but were still more positive than the stretching energies.
The bond stretching energies changed little, and for the 70%
cross-linked system are the same as the equilibrium value within the
uncertainty. Previous experimental results made the observation that
bond lengths increased with compression for DGEBA-IPD [10], which is
in agreement with this observation. However, this previous experi-
mental work did not investigate the role of bond angles, dihedrals, or
their energy changes, which is found to be significantly greater than the
change in bond stretching in our simulations.

Fig. 7 gives a breakdown of the bond stretching, bending, and
dihedral energies into functional group contributions as a function of
strain for the 70% cross-linked system, along with values after stress
recovery. These were calculated by identifying atoms in each bond
stretch (two atoms), angle (three atoms), and dihedral (four atoms). The
bond classifications were as follows. For a bond stretch to be considered
to be a part of the backbone, both atoms in it needed to be classified as
such. Hydrogens, methyl carbons, and alcohol oxygens were all classi-
fied as non-backbone. Aromatic bonds and alkyl cyclic bonds were only
classified as such if both atoms were part of an aromatic ring or a cyclic
ring, respectively. For angles, first a check was done to make sure that all
atoms were part of the backbone. If any one of the three of them were
not, the angle was classified as non-backbone. If two of them were ar-
omatic or alkyl cyclic atoms, then they were classified as such, and in all
other cases, they were classified as non-ring backbone atoms. For di-
hedrals, if any of the four atoms were not backbone atoms, the dihedral
was classified as non-backbone. If two of the dihedral atoms were aro-
matic or alkyl cyclic, the dihedral was classified as such. As with the
angles, all other cases were classified as non-cyclic backbone atoms.
Aromatic carbons are a part of DGEBA, while alkyl cyclic carbons are
included in IPD. These energies were scaled by the number of them that
were present in the system (i.e. number of bond stretches or angles for
that particular group type) to give the energy per bond stretch or angle
instead of the total energy. The energies were also calculated after 0.25
ns of shape recovery, and all values were scaled with respect to the
highest energy after 0.25 ns of shape recovery, which was set to 1.0.

The bond stretching energies increase the most for non-ring back-
bone atoms, and to a moderate degree for aromatic carbons. The non-
backbone atoms have very little change, while the alkyl cyclic atoms
show a decrease in energy throughout programming and after recovery.
One should note that after 0.25 ns of shape recovery, the bond stretching
energy is essentially zero for 70% cross-linking (see Fig. 5), so it likely
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has very little impact on overall energy during recovery. The angular
energies increase the most for alkyl cyclic carbons, and for a lesser, but
substantial degree for the non-ring backbone atoms. During shape re-
covery, both of these energies are very similar. The aromatic and non-
backbone atoms have only small changes in angular energy. Dihedral
energies increase the most with programming for aromatic ring and non-
ring backbone atoms, while are essentially zero or slightly negative for
alkyl cyclic atoms. During shape recovery, all of these values decrease to
a significant degree with the aromatic ring energies being the highest at
the completion of the simulation. These results show that all atoms in
the polymer backbone play a role in the storage of bonded energy, but
the type of bonded energy depends on the type. Non-ring and aromatic
atoms store the most bond stretching energy, alkyl cyclic and non-ring
atoms store the most angular energy, while aromatic atoms store the
most dihedral energy. The type of energy stored may have a significant
impact on shape memory properties, which is part of ongoing research.

3.6. Coarse structure

To understand the mid and longer ranged structure of the polymer
network, the IPD amine nitrogen atoms were tracked throughout the
compression simulations. The radial distribution function, RDF, be-
tween amine nitrogen atoms on the same IPD molecule (intramolecular
N), between IPD amine nitrogens bonded to the same DGEBA molecule
(bonded N), and those that are neither in the same IPD molecule or
bonded by a DGEBA molecule (non-bonded N) were all calculated. The
RDFs were evaluated per atom, and normalized by the volume only.
Because of this, as the density of the system changes, there is no change
in the RDF normalization, unlike in the traditional way of calculating
RDFs [32]. This analysis was done for the 70% cross-linked systems,
which were chosen due to the fact that their calculated properties more
closely resembled experimental results. All results compare the equili-
brated structures to those with moderate strain (15%) and those
approaching the maximum tested strain (45%) with respect to the
equilibrium structure.

The RDFs between the intramolecular nitrogens are given in Fig. 8.
There are two configurations of the IPD structure based on the rotation
of the secondary amine group. The one with the smaller r distance (close
structure) is shown in Fig. 8a, while the one with the greater distance
(far structure) is shown in Fig. 8b. These are snapshots taken from an
equilibrated system. With increased strain, there is a shift from close
structures to more far structures with the biggest shift occurring at
moderate strain rates. The change from moderate to large overall strain
mostly resulted in broadening of both the near and far RDF peaks. This is
consistent with the overall bond stretching energy (and thus distance)
increases with higher strain that was observed.

Fig. 9 gives the RDFs between bonded IPD amine nitrogens (i.e. those
connected by a DGEBA molecule) under compressive stress. The distri-
bution in their distances range from around 5 A to just over 20 A. The
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Fig. 9. Radial distribution function between bonded IPD amine nitrogen atoms
(see text for definitions).

equilibrium structure has a peak around 17 A between IPD nitrogen
atoms. There is a major difference between the equilibrium RDF and
15% strained system, while little difference between the 15% and 45%
strained system can be observed. In both cases, the peak shifts to larger
distances. This is despite the fact that the system is under greater
compressive force with higher strain rates, but the regions perpendicular
to the applied stress expand to cause the volume to shrink by only 2.7%.

To understand the influence of strain direction, the RDF for bonded
nitrogens was split into contributions based on the angle, 6, between the
vector among these nitrogen atoms and the strain direction. If cos 6 >
0.5, then the nitrogen atoms were considered aligned with the strain
direction, while if cos 6 < 0.5, they were considered to be aligned
perpendicular to the strain direction. The nitrogens aligned with the
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strain direction (cos 6 > 0.5) do not show as much of the shift to larger
distances than those that are aligned perpendicular to the strain direc-
tion (cos 6 < 0.5). This is likely a consequence of the Poisson effect.
Overall, the bonded IPD amine nitrogens show behavior consistent with
the intramolecular IPD nitrogens in that they shift to larger distances
with greater strain.

For non-bonded IPD amine nitrogens (those not directly connected
by a DGEBA molecule), Fig. 10 gives their RDFs for the equilibrium
structure and those under strain. The equilibrium structure has an initial
peak around 7 A, followed by a gradual increase as a function of dis-
tance. The reason for this gradual increase is due to shorter distances
being occupied by intramolecular atoms and bonded nitrogens. When
both the bonded and non-bonded RDFs are combined, the RDF peaks at
around 16 A and fluctuates after that. Upon large compression, the RDF
starts to fall off around 18.0 A due to the box length in the compression
direction becoming smaller than 36 A. The RDFs increase to a significant
degree at shorter distances when under strain. Since these values are
scaled by volume and not density, the compression of the simulation box
is expected to shift the RDFs to shorter values. The RDF between ni-
trogens aligned with the strain direction are similar to the overall RDF,
while those perpendicular to the strain direction show a larger increase
in RDF at short to moderate distances. This shows that under compres-
sion, the intermolecular nitrogens pack more tightly perpendicular to
the strain, while Fig. 9 demonstrates bonded nitrogens pack closer in
line with the compression. In other words, compression causes the
bonded structures to pack more tightly in line with compression, while
bonded structures perpendicular to compression get pushed away due to
the Poisson effect. At the same time, non-bonded structures, get pushed
into the space between the bonded structures.

4. Discussion

Programming is used to input free energy in the rubbery state via AG
= AH — TAS, which is then stored in the glassy state. There is a challenge
in modeling these systems due to the long timescales required to observe
different phenomena experimentally. However, semi-quantitative com-
parisons can be made. Most of the enthalpic contributions are stored in
the bonds, which can be directly calculated by the simulations as
described in section 3.4. Throughout all of the deformations in our
calculations, the stress increases, and as a consequence, AG is positive.
While our results are consistent with previous experimental analysis
[10], we show that the most significant energy change is due to increase
in bond angles and dihedrals, not bond lengths.

Overall, the bond energy increase is much higher at 80% cross-
linking than 70%. This indicates that higher cross-linking percentages
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Fig. 10. Radial distribution function between non-bonded IPD amine nitrogen
atoms (see text for definition).
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contribute to greater energy storage during programming, which may
increase stress recovery, and is what we find in our simulations with a
50 MPa stress recovery for 70% cross-linking and 77 MPa for 80%.
However, the 80% rubbery modulus is much higher than the 70%
modulus, reducing the difference between the glassy and rubbery
moduli, which may reduce shape memory. This aspect is further shown
in our comparisons of the shape recovery, in which after being much
faster early on for the 80% cross-linked system, the 70% cross-linked
system has more shape recovery after 2 ns of simulation time. The
change in rubbery modulus shown in Table 1 indicates a relatively small
difference between the moduli of the 60% and 70% cross-linked sys-
tems, but a very large difference between 70% and 80%. There appears
to be a specific cross-linked percentage that would have a good balance
between shape and stress memory for each TSMP, and could be a po-
tential focus for fine tuning the shape memory properties of polymers.

The breakdown of different bonded energy contributions given in
Fig. 6 shows that most of the bond stretching energy stored is along the
backbone atoms. However, during the initial stages of shape recovery,
the amount of bond stretching energy is not significantly different than
the equilibrated system. Angular energy increases the most for alkyl
cyclic and non-ring backbone atoms, and dihedral energy increases the
most for aromatic and non-ring backbone atoms. How bond energy is
stored (bond stretching versus bond bending versus bond dihedral) may
impact on the balance between shape and stress memory, and is worth
considering for future design of TSMPs. For instance, if a polymer with a
higher proportion of alkyl cyclic groups was present, more of its energy
would likely be stored as bond angular energy. The impact of this is
something that will be investigated in future work, and requires
comparing among multiple polymer types. It would be expected that
bond stretching would be the least impactful property due to its much
lower energy increase during programming, and angular and dihedral
energies would play a greater role. For dihedral energies, in particular,
shifting from gauche to trans configurations during programming may
create significant changes in structure. However, the ratio of trans
configurations of the entire polymer was calculated during program-
ming and only increased by 0.02%, from 38.295% to 38.315%, for the
70% cross-linked system. As such, most of the dihedral energy increase
is due to the shifting to higher energy regions versus major changes in
structure. For some polymers, possibly with lower dihedral barriers in
certain parts, there may be more potential for major changes in dihedral
energies. Overall, future work comparing polymers with different
hardeners, including aromatic, alkyl cyclic, and non-ring, should shed
additional light on design aspects that will increase energy storage
during programming.

5. Conclusions

Using molecular dynamics simulations, a thermoset shape memory
polymer, DGEBA-IPD, was investigated for its mechanical and energy
storage properties. Reasonable agreement between simulation and
experiment was found for tested thermomechanical properties. The
higher the cross-linking ratio, the more the bond energy stored, and the
higher the recovery stress observed, but at the expense of a lower shape
recovery. Overall, more energy was stored in bond angles and dihedrals
than stretches, but it depended on the type of atoms involved. For alkyl
cyclic atoms, nearly all of the bond energy was stored as angular energy.
However, non-ring polymer backbone atoms energy could be stored in
bond stretches, angles, and dihedrals, while aromatic atoms stored most
of its bond energy in its dihedrals. Non-backbone atoms did not store
significant energy. Overall, the results show that all backbone atoms
store bond energies, and the balance between bond stretching, angular,
and dihedral energies depended on the specific moieties in the back-
bone. The pair distribution functions for bonded and non-bonded IPD
nitrogens were also analyzed. It was found that compression causes the
bonded structures to pack more tightly in line with compression, while
bonded structures perpendicular to compression get pushed away due to
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the Poisson effect. At the same time, non-bonded structures, get pushed
into the space between the bonded structures. The counterbalancing
nature that greater recovery stress has on shape memory creates chal-
lenges in designing materials that can increase both of them. Over-
coming this challenge likely requires the study of significantly more
systems with the need for high level analysis tools such as machine
learning. These will be part of the research strategy moving forward.
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