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Shape-memory polyurethanes (SMPUs) are promising materials that change shape in response to external heat.
These polymers have a dual-segment structure: a hard segment for netpoint and a soft segment for molecular
switch. Understanding the molecular behavior of each segment and microphase-separated morphology is crucial
for comprehending the shape-memory mechanism. This study aimed to understand the shape-memory behavior
by observing the phase separation of SMPU using mesoscale models based on dissipative particle dynamics (DPD)
simulations. The SMPU copolymer was modeled using 4,4-diphenylmethane diisocyanate (MDI, hard segment)
and poly(ethylene oxide) (PEO, soft segment). By calculating segment solubility and repulsion parameters, we

found that the hard-segment domain changes from isolated form to a lamellar and interconnected structure and
eventually to a continuous form as its content increases. Combining these insights with shape-memory perfor-
mance models can enhance our understanding of better SMPU design and contribute significantly to the opti-
mization of smart stimuli-responsive materials.

1. Introduction

Smart materials known as shape-memory polymers (SMPs) have the
ability to alter their shape and characteristics when exposed to light,
temperature, electricity, moisture, or other external stimuli [1-4]. SMPs
can be transformed into multiple shapes by programming polymer
networks. In addition, they can withstand large strains when compared
to other materials [4]. Hence, they show potential as materials for ap-
plications in sensor technology, micro-actuation, and textile filaments,
as indicated by Refs. [5,6]. Amidst the different categories of SMPs,
thermoresponsive SMPs are widely used because of their simple opera-
tion. Shape-memory polyurethane (SMPU) is a representative thermor-
esponsive polymer. An essential condition for the shape-memory
behavior of an SMPU is its dual-segment structure [7]. The hard
segment, which mainly comprises isocyanate groups, serves as a
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network point that stabilizes the network through physical crosslinking
owing to hydrogen bonding and retains the original shape. The soft
segment, an ether or ester-based flexible chain, serves as a molecular
switch that fixes the temporary shape and enables shape recovery
through a phase transition at the transition temperature, e.g., the glass
transition temperature (Tg) or melting temperature (Ty,). Unlike other
SMPs, the soft polyether (or polyester) diol in Ty,-type SMPU undergoes
polymer crystallization [8-11]. Semicrystalline SMPUs exhibit excellent
mobility and immediate shape recovery when exposed to temperatures
above Tp,.

To design segmented thermoplastic polyurethanes (TPUs), we must
understand the molecular behavior of each segment in copolymer sys-
tems. Many researchers have studied the effect of the hard-segment
content (HSC) on the macroscopic behavior of various SMPUs
[12-15]. For example, some experiments were carried out by Lin et al.
[12] to clarify how HSC influences the thermal characteristics and
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1Abbreviation

SMPU  Shape-memory polyurethane

DPD Dissipative particle dynamics

MDI 4,4-diphenylmethane diisocyanate
PEO poly(ethylene oxide)

SMP Shape-memory polymers

TPU Thermoplastic polyurethane

HSC Hard segment content
PU Polyurethane

MD Molecular dynamics
AA All-atom

CG Coarse-grained

COMPASS Condensed-phase Optimized Molecular Potential for
Atomistic Simulation Studies

shape-memory property of TPUs. Also, an examination was carried out
by Li et al. [13] to explore the impact of both HSC and the length of the
soft segment on the crystallinity and structure of polyurethanes (PUs).
Recently, some researchers have focused on computational studies,
particularly mesoscale simulations [15-24], to reveal the molecular
structures, phase separations, or shape-memory mechanisms of various
polymer systems. Mesoscale models treat multiple atoms as a single
bead, thus reducing the degrees of freedom and significantly increasing
the time and length scales of simulations that are limited to conventional
all-atom molecular dynamics (AA MD) models. In our previous study
[15], a coarse-grained (CG) MD model was developed to describe the
polymer crystallization of long polyurethane chains, which was difficult
to implement using AA MD simulations. The developed model made
significant advances in providing a crystalline-isotropic thermal transi-
tion and observing the molecular behavior of each segment at the
nanolevel, such as physical crosslinking of the hard segment or polymer
crystallization of the soft segment. Thus, the effect of the HSC of the
SMPU copolymer on the thermomechanical properties and
shape-memory performance was analyzed.

Another notable aspect is the SMPU structure, consisting of hard and
soft segments and causing phase separation [25-27]. Phase separation in
SMPUs occurs due to the inherent incompatibility between the two
segments, forming distinct domains. The shape memory and mechanical
properties of polymeric materials are significantly influenced by their
structural completeness and phase separation [28]. Ji et al. studied the
shape-memory mechanism of polyurethane in depth and investigated
the morphology of the hard-segment domain according to HSC [41,56].
In these studies, the morphology and shape memory performance of
various SMPUs were observed using multiple techniques such as DSC,
DMA, and SAXS. They revealed that as HSC increases, some Tm-SMPUs
show morphological characteristics that change from no hard phase to
isolated hard phase and interconnected hard phase. Therefore, to design
SMPUs effectively, comprehending the molecular structure of each
segment and microphase-separated morphology of the system is crucial.
The importance of phase separation analysis can be applied not only to
polyurethane itself, but also to shape memory materials composed of
polymer blends. Zheng et al. [57] proposed improved shape memory
performance compared to conventional polymer blends by using ther-
moplastic polyurethane (TPU) and polycaprolactone (PCL) to construct
a multilayer structure with co-continuous morphology. This architecture
is characterized by high morphological continuity of each phase region,
and based on phase separation, it significantly improves the dual- or
triple-shape memory process by utilizing additional poly(butylene suc-
cinate) (PBS) or carbon nanotube (CNT) [58,59]. In addition, analyzing
these phase separations in various other materials is also important.
Zhang et al. [29] developed a combination of styrene-butadiene-styrene
copolymers and poly(e-caprolactone) blend to explore its shape-memory
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characteristics. They demonstrated that the phase morphologies of the
immiscible blend played a crucial role in achieving shape recovery and
fixing. Similarly, in polymer-based materials such as Mater-Bi-type
bioplastics [30], the effect of phase separation on their mechanical
properties is significant. Various additives have been tested to enhance
the miscibility and solubility of gum rosin and its derivatives.

Therefore, understanding and optimizing phase separation is vital
for determining the performance of SMPU systems. There are many
different types of hard segment diisocyanate, and soft segments also
include polyester with carbonyl (C=0) groups and polyether with
alkoxy oxygens (-O-). Depending on the components of the SMPU, the
strength of the hydrogen bonding and crystalline formation vary, which
can have a significant impact on the phase separation pattern and
domain size. Experimentally, it is very time-consuming to observe the
phase-separated morphology of these various design variables one by
one and understand the shape-memory mechanism. Therefore, it is
necessary to design and predict phase-separated morphology according
to target material and molecular weight through simulation.

As shown in Fig. 1, atomistic-scale models, such as AA MD, which
consider all atomic degrees of freedom, are unsuitable for studying the
phase separation behavior of SMPU copolymers. Therefore, a mesoscale
simulation model, which is an intermediate concept between the
atomistic and continuum scales, is required to understand the
microphase-separated morphology. We developed CG MD models in a
previous study [15], which were bead models with 8-13 nm long unit
cells, to implement polymer crystallization, a mesoscale phenomenon,
and fully described the shape-memory cycle for semicrystalline poly-
mers. However, considering that the size of the polymer microstructure
is generally of the order of 10 nm and that a hard-segment domain of
tens of nanometers is found in PU with high HSCs [31,32], the CG MD
model also has limitations in observing the microphase-separated
morphology of SMPUs.

In this study, the dissipative particle dynamics (DPD) method was
adopted to focus on the polymer mixing phenomenon rather than the
molecular behavior of each polymer chain. To observe the phase sepa-
ration and phase morphology on a scale of tens of nanometers, using a
DPD strategy that can further simplify the simulation model and expand
the computational scale is effective. Similar to a previous study [15], we
modeled an SMPU copolymer in which a urethane bonding was created
by linking hard-segment 4,4-diphenylmethane diisocyanate (MDI) and
soft-segment poly(ethylene oxide) (PEO). Then, each bead was defined
to represent each segment. The mesoscale DPD potentials were sys-
tematically derived using the solubility parameter of each segment
calculated through an AA MD simulation. Finally, the change in the
phase morphology of the segmented SMPU was investigated, and com-
plete evolution of the phase architectures was elucidated based on the
HSC. Our structural model for SMPU involves all the morphological
cases discussed in various studies [18,22,33-41] for polyurethanes and
emphasizes the specific features of SMPs. The phase separation analysis
using this DPD model can help understand the shape-memory mecha-
nism of semicrystalline SMPU in correlation with the behavior of each
segment and shape-memory performance investigated using our previ-
ous CG MD model. These two mesoscale models have complementary
characteristics; notably, through their integration, a package that can
fully understand the mesoscale phenomena and operating mechanisms
occurring in smart stimuli-reactive materials has been built.

2. Methods
2.1. Dissipative particle dynamics (DPD) simulation

The DPD simulation proposed by Groot and Warren [42] is a meso-
scale technique that enables the study of the dynamic and rheological
characteristics of simple and complex fluids. DPD simulations can focus
on molecular behavior in mesoscale phenomena, such as polymer-
—solvent dissolution and phase separation, by simplifying multiple
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Fig. 1. Mesoscale simulation-based strategy for analyzing phase separation behavior in an SMPU system.

atoms into a single bead. The DPD simulation employs Newton’s equa-
tion of motion for all beads, where r;, v;, m;, and f; represent the position,
velocity, mass, and force acting on each particle, respectively.

dri dv,- .

Smvemig =fi= " (F+F) +F5) + F; o)

J#

Bead i experiences a combined force (f;) comprising four compo-
nents: conservative (Fg), dissipative (F{}’), random (Ff}), and spring (Fisj).
The conservative force is described by Equation (2) and represents a soft
repulsion acting along the line connecting the centers of the beads. It
gradually decreases to zero as the distance between the beads reaches a
specific cutoff radius (r).

Tii \ ~
a; (1 - rJ) Fy, (ry <re)
c

0, (rij > rc)

(2)

if

Here, the polymer chains have no entanglement because of their
relatively simple and weak nonbonding interactions. Therefore, the
repulsion of the DPD model focuses more on the mixing phenomenon
between different components rather than accurately replicating the
structure of the polymer chain itself, as in the CG MD model developed
using the previous iterative Boltzmann inversion method [15]. Thus, the
DPD simulation significantly extends the time scale and facilitates an
in-depth exploration of the polymer phase mixing and separation
behavior.

The repulsion parameter (a;) is considerably significant in charac-
terizing the interactions among DPD beads; therefore, we utilized the
theory proposed by Groot and Warren [42] and an all-atom MD

simulation scheme to determine accurate values for this parameter in
this study. According to that theory, the Flory—-Huggins parameter () is
used to determine the repulsion parameters between different types of
beads. This parameter can be computed based on the difference in sol-
ubility (8) between molecular components. Solubility parameters
represent the chemical and physical characteristics of a material and
provide insights into the heat of mixing of liquids and amorphous
polymers. The dissimilarity in solubility (5; — §;) between two sub-
stances is employed to evaluate the mixing ability of a binary system
without any significant specific interaction, such as noncombinatorial
entropy effects or hydrogen bonding. The process of deriving the
repulsion parameter is described in detail in Section 2.2.

Equation (3) represents the relationship between the dissipative

force (Ffj’) and relative velocity of the particles, indicating that as the

relative velocity increases, the dissipative force also increases, reducing
their momentum. By contrast, the random force (F{}) serves as a
compensatory force, offsetting the energy loss caused by the dissipative

force.
Fj = —yo” (ry) (Ty » vy) Ty, Fj = 00 (ry) \/%?ij ®3)

The frictional and random forces are characterized by the weight
functions w” (ry) and w® (ry), along with the amplitude coefficients y and
0. According to Espanol and Warren’s theory [43], these weight func-
tions are mutually dependent and related to the Boltzmann constant and
system temperature, as shown in Equation (4). &; represents a random
number with a mean of 0 and variance of 1, independent of all the pairs
of interacting particles at every time step. Groot et al. [42] proposed
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simplifying the weight functions, where o (r;) has the same form as the
conservative force, as shown in Equation (5).

P () = [0 (1)) = v 2rksT @

:1)?11 (ry <re)

o (ry) = [ ()] = (1 Tr

0,(ry>r.)

()

The last force term is the spring force (Fg), which corresponds to the
bonded harmonic potential energy (U?) and can be represented by
Equation (6). In this research, the spring constant value (C,) was set to 4,
and the equilibrium bond length (r,,) was set to 0.1 A for the inter-
connected beads in the SMPU polymer chains.

0
6r,-j

Uf = Z%Cb (s — rb.o)z,F; = (6)

b

The bonded potential also shows the simplicity of the DPD model
compared to that of the previous CG model [15], which used a multi-
center Gaussian distribution to simulate the structural characteristics of
the SMPU chain accurately. The dissipative particle dynamics method
used in this study is a very suitable method for analyzing the phase
separation form of polymers and has endless applications. Based on
polymer materials, it is used in various fields such as phase separation of
immiscible mixtures [65], filler and matrix relationships in poly-
urethane composites [66], polymer-gold atom interaction [67], and
polymer-solvent interaction [63].

2.2. DPD bead mapping and repulsion parameter derivation

First, a DPD bead was defined for the SMPU system used in the
simulation. The thermoplastic SMPU copolymer comprises MDI (hard
segment) and PEO (soft segment). To observe the phase morphology by
the phase separation of the two segments, one bead was defined for each
segment. Unlike the previous CG model [15], which splits the aniso-
tropic MDI into two bead types to extract accurate RDF peaks in the DPD
model, the MDI unit was treated as one bead. According to the Flor-
y-Huggins theory [44], ensuring that all beads in the DPD simulations
have comparable volumes is necessary. As shown in Fig. 2a and Table 1,
the monomer volume in each segment was obtained using the atomistic
van der Waals surface provided by the Material Studio 2016 package
(BIOVIA, Inc.). Therefore, one MDI (bead M) and five ethylene oxide
monomers (bead P) are mapped with DPD beads for each segment to
have the same volume (about 250 A”).

Next, the repulsion parameter between the DPD beads in Equation
(2) was defined. The repulsion parameter, which is the most important
factor in the phase separation simulation, can be derived from the
Flory-Huggins parameter, which can be calculated from the difference
in solubility of each segment. All-atom MD simulations were performed
using Material Studio 2016 to obtain the relevant factors.

As shown in Fig. 2b, we constructed amorphous unit cells containing
the components corresponding to each DPD bead. The information on
each unit cell is provided in Table 2. For each unit cell, geometry opti-
mization (conjugate gradient), followed by 1 ns of the NPT ensemble (at
300 K and 0.1 MPa) and another 1 ns of the NVT ensemble (at 300 K),
were performed sequentially. In this study, an ab initio Condensed-
phase Optimized Molecular Potential for Atomistic Simulation Studies
(COMPASS) force field [45] was used for both the intra and intermo-
lecular interactions. The van der Waals interactions and Coulombic
forces were calculated using the Ewald method with a cutoff distance of
12,5 A During the MD runs, the temperature and pressure were
controlled using an Andersen thermostat [46] and Berendsen barostat
[47], respectively. The time step for the dynamic simulations was set to
1.0 fs.

Through the last 100 ps NVT ensemble frames, we calculated the
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Fig. 2. (a) Monomer volume calculation of each segment through van der
Waals surface (b) All-atom MD configurations of pure MDI and PEO unit cells.
Detailed information is listed in Table 2.

Table 1
DPD bead mapping with similar molecular volume for each segment of the
SMPU.

Vimonomer No. of monomers per DPD DPD Viead
=3 23
A% bead A%
MDI (Hard 243.65 1 243.65
segment)
PEO (Soft 51.03 5 255.15
segment)
Table 2

Information on the all-atom MD unit cells of the constituents of each DPD bead.

Unit cell No. of constituents Density (g/cm®)
MDI 10 MDI monomer (10 M beads) 1.29
PEO 10 ethylene oxide (EO) pentamers (10 P beads) 1.06

cohesive energy (E.n) of each unit cell to apply the solubility theory.
Equation (7) outlines the process of acquiring the energy values for each
molecule (Ejsoiatedi> 1 = 1-Nmolecute) and the overall bulk system (Ep,;) by
performing a single-point energy calculation with the fully equilibrated
MD unit cell.

Ninolecute
Z Ei.sulated.i _Ebulk

i=1

()

Econ=
Ninolecute

o= \V4 Ecoh/v (8)

Vbead 2
1y=05 - 5) ©
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@i = Qi (aii:25,p:3) (10)

Xij
+0.286

The solubility parameter (8 in Equation (8)) and y-parameter
(Equation (9)) were consecutively computed based on the derived
cohesive energy (E.). The calculation involved several variables such
as the molar volume of the MD unit cell (V), volume of the DPD bead
(Vpeaq) equals to 252 ;\3, Boltzmann constant (kp), and temperature (7).
Finally, the y-parameter was used to determine the repulsion between
two different types of beads. Groot et al. [42] introduced Equation (10)
while considering the dimensionless bead density (p = 3). To ensure the
equivalent compressibility of water, the repulsion parameter for iden-
tical beads was set to a; =25 [42]. In this SMPU system, the
self-interaction parameter (a;) for bead M was assigned a value of 22.5
instead of the usual value of 25. This specific value was chosen to
accurately depict the hydrogen bonding that occurred between the MDIs
and was also applied in previous studies [48,49]. Hence, in the DPD
simulation, the magnitude of the repulsive parameter between different
beads is much larger or smaller than these a; is important for the mixing
behavior of dissimilar materials. The calculated solubility parameters
for each segment and the resulting repulsion parameters are shown in
Tables 3 and 4, respectively. Notably, the solubility parameters show
remarkable agreement between the calculated results (MDI: 28.71
(J/cm3)1/ 2; PEO: 23.14 (J/cmg)l/ 2) and other experimental and
computational results [18,50-52] (MDI: 27.15-28.5 (J/cm*)V/ 2; PEO:
20.2-24.5(J /cmg)l/ 2) as shown in Table 3. This meticulous approach to
determining the repulsion parameter significantly enhanced the
dependability of the resulting DPD study.

2.3. DPD unit cell Construction and simulation conditions

As shown in Fig. 3a, we constructed SMPU chains for the DPD sim-
ulations with five different HSC values (15, 21, 32, 45, and 50 wt%). The
molecular weights of the polymer chains are 3.33-5.72 x 10° g/mol,
which is 10 times that of previous CG models [15] and corresponds to or
exceeds the experimental molecular weights of thermoplastic poly-
urethane [33,53]. When the soft segment (PEO) length is fixed, the HSC
is increased by increasing the hard segment (MDI) length. Information
on each chain is shown in Table 5.

Moreover, to perform a DPD simulation, establishing reduced units
for mass, length, energy, and time is essential. The mass unit corre-
sponds to the mass of the DPD beads, while the length unit is defined as
the size at which the dimensionless bead density of a unit-length cube
reaches 3 (p = 3). The energy was set to kgT = 1. By utilizing these
predefined units, the timescale unit is calculated within a reduced unit
system. Table 6 shows the formula for obtaining the reduced units and
specific values employed in this study. The mass scale in the DPD
simulation was determined by considering the average mass of the beads
based on the HSC (15-50 wt%) of the SMPU, and corresponding time
scale value was determined accordingly. In Table 6, all the reduced unit
values at each scale are defined as 1, representing the unit scale in the
DPD simulation.

Next, we constructed DPD unit cells having a size of 30Lx 30Lx
30L (27.3 nm x27.3 nm x27.3 nm) using the reduced units. The simu-
lation time step was defined as T = 0.05t, energy scale (temperature) was
set to 1, cutoff distance was 1 (r, = 1), and total simulation time was set
to 2 x 10° 1. Each unit cell comprised ~8 x 10* DPD beads with a

Table 3
Solubility parameter (5§) of MDI and PEO obtained from all-atom MD
simulations.

Solubility parameter § (1/J/cm3)

MDI PEO
Cal. Ref. [18,50] Cal. Ref. [51,52]
28.71 27.15-28.5 23.14 20.2-24.5
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Table 4

Final repulsion parameters (aij) for DPD simulations.
bead type” M P
M 22.5
P 31.59¢ 25°

@ Bead type (M: MDI; P: PEO).
b Urethane hydrogen bonding (Ref. [48,49]1).
¢ Solubility theory (Groot et al. [42]).

dimensionless bead density of 3 (p = 3).

While a larger simulation box would be ideal for minimizing finite
size effects, its implementation was deemed too time-consuming.
Therefore, the unit cell size and total simulation time used in this
simulation were set above sufficient values to reach the equilibrium
state used in several DPD studies [60-63]. Moreover, it was discovered
that the size of the simulation box has no impact on the radius of the
phase domain [64]. Therefore, the size of the unit cell and other simu-
lation conditions used in this DPD simulation were appropriately
adopted.

3. Results and discussion
3.1. Phase separation of segmented thermoplastic SMPU

Fig. 4 illustrates the changes in phase morphology according to the
time step in the DPD simulation of the PU 15 model. The unit cell
contains two different beads: the yellow beads represent M (MDI) beads,
and the green beads represent P (PEO) beads. After the initial state, the
PEO beads were hidden to visualize the morphology of the hard domains
better. The M beads, initially dispersed within the MDI-PEO mixed
phase gradually aggregated and formed a phase morphology that
approached a state of equilibrium at approximately t = 100,0007. In the
final configuration, the hard phase formed several isolated particulate
domains, and the phase structure of MDI was completely distinct from
the soft-segment PEO phase. The phase-separated SMPU observed in the
DPD simulation comprehensively captured the influence of the
hydrogen bonding of MDI (a; = 22.5) and incompatibility between the
hard and soft segments (a; = 31.59 )

To illustrate the phase domain connections and distributions more
effectively, we observed the phase morphologies of 2 x 2 x 2 cells under
periodic boundary conditions. Fig. 5 shows the morphology of the hard-
segment phase according to the HSC ((a) 15, (b) 21, and (c) 32 wt%) and
provides some views from specific directions of the simulation box. As
shown in Figs. 4 and 5a, the MDI phase of SMPU containing 15 wt% of
HSC takes the form of spherical domains. They formed distinct and
separate domains within the soft-phase region, with no interconnections
between the individual domain areas. Although SMPU is a copolymer
structure composed of hard and soft segments, the observed structural
arrangement resembles that of a nanofiller embedded in a polymer
matrix. These findings align with the experimental results [33-35] that
demonstrate the presence of isolated spherical hard-segment domains in
polyurethane with a low HSC, thereby confirming the validity of our
DPD model.

The HSC 21 wt% model (Fig. 5b) exhibited the formation of similar
phase domains, along with the additional formation of worm- or rod-
shaped domains [36,37], which are slightly larger hard clusters. Even
in the PU 21 model, the hard-segment domains still had isolated areas
that were not connected to each other. For PU 32 (Fig. 5c), a stronger
connection was established between the MDI beads in a specific direc-
tion. Consequently, the hard segment within a single unit cell existed as
several “short cylinders” [37-39]. These cylindrical shapes formed an
alternating structure of hard and soft segments in a 2 x 2 x 2 periodic
unit cell, creating a “lamellar” microdomain structure. The thickness of
the lamellae and space between them can be modified by changing the
molecular composition or chain length of SMPU [35,39,40]. This
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Fig. 3. (a) Design of SMPU chains for DPD simulation (b) Unit cell of DPD simulation with a length of 30 as a reduced unit.

Table 5 Table 6
Information on the DPD chains with 5 different HSCs. All the models consist of Information on the reduced units in DPD simulation.
an equal quantity of soft-segment (P) beads, i.e., 1280 beads. DPD unit Equation Reduced unit
Model  HSC [wt. No. of hard-segment (M) Molecular weight [kg/ .
%] beads ¢ mol] i s Length scale L = (Vbeaa * 3)% 91112 A
Mass scale M =M%, 230-264 amu
PU15 15.27 180 333.1 Energy scale E = kgT (300 K) 0.59616 kcal/mol
PU21 21.28 270 358.7 Time scale t = L/M/E 8.75-9.37 ps
PU 32 32.46 480 418.4
PU 45 45.68 840 520.7
PU 50 50.52 1020 571.9
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time =20,000 7

time =100,000 7

time =200,000 7

Fig. 4. Structural evolution of the phase domain of the PU 15 model by phase separation according to the time step of DPD simulation. Yellow beads represent MDI,
and green beads represent PEO. To illustrate the hard-segment domain more effectively, PEO beads are hidden from view. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

microdomain structure plays a significant role in influencing the ther-
momechanical properties of segmented polyurethane copolymers.

Fig. 6 shows the probability density for the number of beads M (MDI)
constituting a single cluster of hard segments in the unit cell of each
model. As the HSC increased, the hard segment domains gradually
changed from clusters with 252-1530 MDI beads to clusters with
999-4618 MDI beads, followed by short cylinders or lamellar structures.
Therefore, the initially isolated regions with sizes of 4-11 nm (HSC = 15
wt%) and 7-21 nm (HSC = 21 wt%) were further connected to each
other to develop into a lamellar structure (HSC = 32 wt%), forming a
wave in a specific direction. Here, we observe that hard-segment
lamellae with a thickness of ~10-15 nm were repeated with an inter-
domain space of ~20 nm. Several experimental studies [38,54,55]
showed that alternating hard and soft stripes or lamellar structures
appear in models with HSCs >~30 wt%, and the interdomain spacings
were ~10-20 nm. These results support the validity of our DPD results,
which correspond to observations at a scale of ~55 nm (2 x 2 x 2 unit
cell).

The properties of MDI-based SMPs primarily depend on the MDI,
which maintains a permanent shape. According to previous studies [18,
22], when the HSC of the SMPU block copolymers increases, the hard
segments agglomerate to form stable domains. Fig. 7 shows the phase
morphologies of the PU 45 and PU 50 models with further increases in
the HSC, as shown in Fig. 5. Stronger interconnections between the hard
domains were observed in PU 45 (Fig. 7a) than in PU 32. Therefore, the
phase morphology, which was in the form of a stripe, developed into an
“interconnected” phase throughout the entire unit cell. In addition, in
PU 50 (Fig. 7b), the hard domain formed a “continuous” region that
governed the entire system of the SMPU.

3.2. Architectural evolution of phase morphologies

The structure of the MDI phase represents a network with the net-
point of SMPU models, which progressively becomes stronger as the HSC
increases. Within a specific range of HSC, the hard-segment phase un-
dergoes a transformation from a spherical domain to a continuous
domain. Fig. 8 summarizes the architectural evolution of the hard

domain (MDI) based on the molecular composition of SMPU, illustrating
the resulting morphology characterized by phase separation between
the hard and soft segments. We propose that the phase architectural
evolution of a unit cell, as depicted in Fig. 8, accurately represents the
SMPU model with varying HSC. As the HSC increases from 15 to 50 wt%,
the isolated spherical structure of the MDI phase transforms into a rod-
like structure, followed by cylindrical/lamellar formations, and finally,
an interconnected/continuous structure. The mesoscale outcomes ob-
tained through the DPD simulation align with the experimental findings
[38,41], which indicate that the hard segment of thermoplastic poly-
urethane progresses from an isolated spherical state to a rodlike struc-
ture, followed by cylindrical/lamellar and finally an
interconnected/continuous structure. Therefore, the hard segment of an
SMPU gradually builds a rigid framework as the HSC increases, whereas
the soft segment changes from the filling matrix phase to the minor
remaining phase. The phase morphologies of each segment obtained by
phase separation can be further used to discuss the shape-memory be-
haviors of the SMPU system.

3.3. Mechanism of shape-memory properties

Based on these mesoscale studies, the shape-memory mechanism of
semicrystalline SMPUs is summarized in the MDI/PEO system. These
particular SMPs necessitate a combination of two components that do
not mix. The first component is isocyanate, which establishes physical
crosslinking through hydrogen bonds. The second component is a mo-
lecular switch such as a crystalline polyether or ester. The different
chemical components of a block copolymer play distinct roles in the
shape-memory effect. The MDI phase acts as the network point, whereas
the PEO phase serves as the switch. Depending on the HSC, components
can exhibit various phase architectures.

In our previous computational work [15], we performed a
thermo-mechanical shape-memory cycle of a crystalline SMPU. We
simulated a mesoscopic shape-memory cycle using CG models in
LAMMPS, comprising four steps: loading, cooling, unloading, and
reheating. The first characteristic is the shape-fixity ratio (R¢), which
describes how well the SMP can fix the temporarily deformed shape after
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(2 X 2 x 2 unit cell)

Fig. 5. Phase-separated morphology of hard-segment domains in (a) PU 15 (HSC = 15 wt%), (b) PU 21 (HSC = 21 wt%), and (c) PU 32 (HSC = 32 wt%).

it is cooled and the external stress is removed. The second characteristic
is the shape-recovery ratio (R,), which quantifies the extent of SMP re-
covery relative to its original shape, in response to being reheated. The
detailed simulation conditions and shape memory performance deriva-
tion process of the CG model are explained in detail in reference [15].
As a result, as shown in Fig. 9a, the crystallinity and shape memory
performance of semi-crystalline SMPU were found to decrease as HSC
increased. SMPUs with lower HSCs showed enhanced shape fixity with
the high crystallinity of soft PEO. In addition, SMPUs with higher HSCs
exhibited poor shape-recovery ability owing to the degraded mobility of
the hard-segment chains. To further understand the macroscopic shape-
memory behavior of dual-segment SMPU systems, understanding the
segment behaviors of the polymer chains and microphase-separated
morphology on the scale of tens of nanometers or more is necessary.
According to the DPD results, the concept of shape-memory can be
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classified into three groups, each presenting a distinct phase structure, as
shown in Fig. 9b. Because of their immiscibility, phase separation
occurred consistently in the copolymer system. Region I exhibited good
shape retention and shape-recovery performances of 95 % or better. This
is because both PU 15 and PU 21 have an MDI domain in the droplet
(isolated) phase and a PEO domain in the filling matrix phase. The
strong crystallization of PEO in the matrix phase provides effective
resistance to shape deformation, resulting in good shape-fixing ability.
During the reheating process, the crystalline phase was entirely melted,
and the hard-segment domain of the isolated phase was completely
relaxed; thus, the shape-recovery ability was also good.

Region II was not significantly different from region I in shape-
memory performance, and the shape-fixity and shape-recovery ratios
were slightly decreased by the different phase morphologies. The MDI
domains gradually connected to each other and began to change from an
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Fig. 7. Phase-separated morphology of hard-segment domains in (a) PU 45 (HSC = 45 wt%) and (b) PU 50 (HSC = 50 wt%).

isolated state to a lamellar (PU 32) or interconnected (PU 45) structure.
The strong adhesion between the MDIs reduced the crystallization of the
PEO matrix, resulting in a decrease in the shape-fixing ability. In addi-
tion, the mobility of the polymer chains in the extended MDI domain
was reduced; thus, the recovery performance was also affected.

In Region III, where the HSC was >50 wt%, the hard domain formed
a continuous phase and dominated the entire SMPU system. In this re-
gion, as the HSC increased, PEO gradually became a minor phase that
occupied the remaining space; thus, the crystallinity and shape-fixing
ability further deteriorated. In addition, at high HSCs, the rigid

framework of the hard phase must be forcibly deformed during the
loading process. Therefore, the elastic property of returning to the
original shape of the continuous hard-segment domain also caused a
rapid decrease in the shape-fixing ability. A reduction in the shape-
recovery ratio also caused by the larger deformation of the hard
segment domains when transitioning from the isolated to continuous
state. When it changed from an isolated to a continuous state, the
continuous MDI domain did not completely recover when PEO melted,
even at high temperatures.

The optimized design for shape-memory performance involves a
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Fig. 8. Illustration for architectural evolution of phase morphologies of hard and soft segments according to HSC (15-50 wt%) of the SMPU.

model in region I where the soft segment acted as the primary matrix
phase and hard segment existed as an isolated phase. In this design, the
crystalline polymer exhibited excellent fixing and unfixing perfor-
mances, whereas the hard domain had minimal impact on the recovery
performance. The changes in phase domain morphology observed
through the DPD model further support previous findings [15,68] that
the mean square displacement (MSD), which represents the mobility of
SMPU chains, decreases with increasing HSC. Our structural
shape-memory model, shown in Fig. 8, encompasses the complete
development of the structural phases of the two components of the
SMPU. It incorporates every single morphological structure discussed in
the literature [18,22,31-39] to validate the reliability of the DPD models
and emphasize the distinctive traits of SMPs. By carefully designing the
phase shape of immiscible components along with other thermo-
mechanical properties (i.e., elastic modulus and melting temperature), it
is possible to establish an optimal SMP system characterized by excep-
tional stability and performance. In addition, if more chain composition
ratios, temperature effects, as well as DPD parameters are considered, a
more in-depth analysis of phase interface diffusion, such as rotational or
translational diffusion of segmented SMP, will be possible [69,70].

4. Conclusion

In this study, a DPD model based on mesoscale simulations was
developed to investigate the phase separation morphology and obtain a
deeper understanding of the shape-memory mechanism of TPU co-
polymers. Our previous CG MD model developed via the iterative
Boltzmann inversion method reproduced the crystalline phases and
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aggregation of hard domains, but the scale was not adequately large to
observe the microphase-separated morphology at tens of nanometers or
more. To overcome these limitations, the scale of the simulation unit cell
was further expanded, and the phase separation rather than the struc-
ture of the polymer chain itself was focused on.

In this DPD model, the repulsion parameters between the beads,
which indicates the degree of incompatibility, were derived using the
solubility theory proposed by Groot et al. The difference in the solubility
of each segment calculated through AA MD simulation was applied to
the Flory-Huggins theory to determine the final repulsion parameter.
This approach significantly improved the reliability of the DPD model.
The mesoscale DPD model successfully predicted the phase separation
and final morphology of thermoplastic polyurethane at 300 K according
to the HSC. The hard-segment phase existed in an isolated or discon-
tinuous state in the low-HSC model (PU 15 and PU 21). At this time, the
hard segment exists in the form of droplets in the soft segment and the
soft segment acts as a matrix. As the HSC gradually increased, stronger
connections were formed between the hard segments, showing a
lamellar structure in PU 32 and an interconnected phase in PU 45. In PU
50, a continuous phase was formed in which the hard segment domi-
nated the entire system.

Here, we provide a more in-depth analysis of the shape memory
performance of segmented polyurethane from a phase-separated
morphology perspective. SMPUs with lower HSC demonstrated supe-
rior shape fixity because the crystalline PEO phase functions as a filling
matrix, creating spherical MDI domains, thereby enhancing the shape
fixity. Conversely, higher HSC resulted in the formation of linked
continuous phases between PEO and MDI, leading to diminished shape
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fixity. The decrease in the shape-recovery ability is owing to the trans-
formation of the hard segment phase from a spherical to a continuous
domain. This implies that it is difficult for the rigid hard-domain
network, which is forcibly deformed to return to its original shape.
Regarding shape-memory performance, the optimized design entails a
soft segment serving as the primary matrix phase, whereas the hard
segment remains isolated. This design ensures excellent fixing and
unfixing capabilities of the crystalline polymer while minimizing the
reduction in recovery performance caused by the hard domain.

Our shape-memory structural model is essential for understanding
mesoscale phenomena such as phase separation in SMPUs, and it cor-
relates with the shape-memory performance to elucidate the mechanism
of the polymer system. It encompasses the complete evolution of the
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phase architectures of the two components in the SMPU and in-
corporates various morphological models from the literature. This
integration validates the rationality of the DPD models and highlights
the distinctive characteristics of SMPs. We expect that the proposed DPD
model will be effectively utilized in the structural design of polymers for
various functional purposes.
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