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Abstract: We apply molecular dynamics (MD) simulations to investigate crystal nucleation in incom-
patible polymer blends under deep supercooling conditions. Simulations of isothermal nucleation are
performed for phase-separated blends with different degrees of incompatibility. In weakly segregated
blends, slow and incompatible chains in crystallizable polymer domains can significantly hinder the
crystal nucleation and growth. When a crystallizable polymer is blended with a more mobile species in
interfacial regions, enhanced molecular mobility leads to the fast growth of crystalline order. However,
the incubation time remains the same as that in pure samples. By inducing anisotropic alignment near
the interfaces of strongly segregated blends, phase separation also promotes crystalline order to grow
near interfaces between different polymer domains.
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1. Introduction

Phase separation and crystallization can occur sequentially or simultaneously during
polymer processing, and in turn affect the final morphologies and material properties of
polymer blends, such as recycled polyolefin mixtures, and electron—donor/acceptor conju-
gated polymers [1-5]. Over the past few decades, tremendous theoretical and experimental
efforts have been made to understand the two transitions separately [6-12]. A funda-
mental understanding of the coupling between phase separation and crystallization for
incompatible semicrystalline polymers, however, is still mostly lacking.

Using polarized optical microscopy (POM) and differential scanning calorimetry
(DSC), previous works demonstrated that spinodal decomposition could accelerate crys-
tallization in phase-separated polyolefin blends [3,13-18]. Crystallization from a phase
separated blend is faster than that in a pure sample and crystalline spherulites prefer to
form near the interfaces between polymer domains. To rationalize the experimental obser-
vations, Mitra and Muthukumar proposed a phenomenological model of heterogeneous
nucleation, in which the domains of the incompatible polymer act as nucleation agents [19].
Thus, the free energy barrier for nucleation is lower for the crystallizable polymer segments
near the interfaces, and the overall nucleation rate depends on the total interfacial area in
the blend.

The accelerated nucleation may also arise from the interface-induced orientational
order of polymer segments. Instead of nucleating directly from isotropic melts, polymers
may nucleate crystalline order from a partially orientated precursor state. Han and
coworkers proposed that the inter-diffusion of polymer segments across the interfaces
during the spinodal decomposition could promote chains to align perpendicular to the
interfaces [14-16]. However, the reptative inter-diffusion may not be sufficient to impose
strong alignment to polymers at the monomer or the Kuhn segment level, which is critical
to accelerating crystal nucleation [20-22]. Nevertheless, highly incompatible semiflexible
polymers tend to align parallel to interfaces, creating alignment layers of a thickness about
a Kuhn length [23-25]. The interface-induced alignment may help polymer segments
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nucleate crystalline order. For example, previous authors demonstrated using coarse-
grained simulations that polymer chains tend to nucleate near flat and impenetrable
surfaces with crystalline stems that align parallel to the walls [26].

To better understand the coupling between phase separation and crystallization,
we apply molecular dynamics (MD) simulations to investigate the crystal nucleation in
inhomogeneous polymers. Previous authors have used MD simulations to study the
kinetics and the precursors of the quiescent [27-33] and flow-induced [20-22,31,34,35]
nucleation and crystallization in homopolymer melts. Computational studies of crystal
nucleation in inhomogeneous polymer blends, however, are still lacking.

We perform simulations of isothermal nucleation for phase-separated blends of
polyethylene (PE) and isotactic polypropylene (iPP) oligomers. PE and iPP are arguably
the most important commercial thermal plastic polymers, used in numerous applications,
ranging from packaging to healthcare products. Studying the effects of phase separation on
the crystallization of PE/iPP blends is essential for designing better recycling strategies for
mixed polyolefin wastes [36]. Because PE and iPP oligomers are only mildly incompatible,
the phase-separation-induced interfacial ordering is negligible. In order to study the effect
of interfacial ordering on crystal nucleation, we create blends of artificial PE, and iPP, with
an enhanced incompatibility by tuning the inter-species interactions between PE and iPP.
The enhanced incompatibility leads to polymer alignment near the interfaces.

For weakly segregated PE/iPP blends, PE crystal nucleation tends to occur in the bulk
region where the PE concentration is high. The iPP impurities, which are less mobile than
PE, significantly impede the nucleation kinetics, resulting in a longer incubation time and
a slower growth of crystalline nuclei than those in pure PE samples. When PE oligomers
are phase-separated from a more mobile polymer, the impurity in the interfacial regions
promotes the growth of crystalline order. In strongly segregated artificial PE,/iPP, blends,
although the nucleation kinetics of PE, is similar to that in the bulk melt, the crystalline
order prefers to grow in the alignment layers near the interfaces during the late stage
of nucleation.

2. Methods

We perform MD simulations of incompatible polymer chains using the GROMACS
2019.2 package [37]. In our simulations, the PE and iPP oligomers are modeled using the
united-atom TraPPE force field [38,39]. The reduced molecular details in the TraPPE model
help keep the cost for simulating polymer crystallization manageable. Previous authors
showed that the TraPPE model could yield melt properties and melting temperatures T,
that were consistent with experiments for n-alkane and PE [29,30,40,41]. The TraPPE model
has also been used to study the flow-induced nucleation of iPP [34]. In the current work,
we only analyze the crystal nucleation of PE because iPP nucleates much slower than PE
under quiescent conditions.

The non-bonded interactions for PE and iPP are modeled using a Lennard-Jones potential:

o 12 o 6
Upp (rij) = 4ei (rf) - (ﬁ) (1)
L] L]

where the indices i, j represent different atoms (which in general can be of different types).
In our simulations, the non-bonded interactions are truncated and shifted to zero at a
cut-off distance of 0.14 nm.

The bonded interactions in our simulations include the harmonic bond stretching
and bending potentials, and the dihedral potentials for the torsional rotation of polymer
backbones. The bond stretching potential is

Uy(l) = 5(1—1p)? @)

N =
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in which the spring constant k is 502,416.0 k] /mol/nm? and the equilibrium length of
carbon-carbon bond /j is 0.154 nm. The spring constant k is not included in the original
TraPPE model [38,39], which was designed for Monte Carlo simulations of molecules with
fixed bond lengths. The spring constant k here is borrowed from the CHARMM force field
model [42]. In our simulations, we use linear constraint solver (LINCS) algorithm [43]
to constrain the bond length. Although LINCS and a large time step (4 fs) work well for
simulating pure iPP and PE, they can generate artificial density fluctuations in the binary
blends of PE/iPP. We will discuss and warn the readers about this artifact later.
The harmonic bond bending potential is

_ ke

Up(6) = -

(60— 60)* ®)
where kg is 519.7 k] /mol/rad? and the equilibrium bond angle 6 slightly depends on the
bond types. Nevertheless, all the equilibrium bond angles are about 114° in iPP and PE.

The potential for rotating the backbone dihedral angle ¢ is written in the form of a
Ryckaert-Bellemans function:

Uy(¢) = ) Cu(cos(¢))" )

in which the coefficients C;, depend on dihedral angle types and can be found in the original
TraPPE paper [38,39]. Together with the bond angles, the dihedral potential governs the
persistence length of polymers [44]. The value of persistence length is critical to surface
induced nematic order in polymer samples [23,24].

To prepare phase-separated blends of PE and iPP oligomers, we first separately simulate
PE and iPP oligomers of 50 repeating units between impenetrable walls parallel to the xy-plane.
The initial configurations of PE and iPP melts are composed of 324 and 216 loosely packed
chains, respectively. The PE and iPP oligomers are not entangled in our simulations because
the chain lengths are shorter than the critical entanglement lengths [45]. The unentangled
polymer chains can relax their configurations quickly in the melt state. The nucleation time
of the unentangled PE oligomers is also relatively short to keep the overall computational
cost manageable.

The interactions between polymer atoms and the wall is governed by a L] type

of potential:
o 2 o 6
uwall(z) = 4ewall |:< u;all) - (%) :| (5)

in which z is the distance between a polymer atoms and a wall in the z-direction, €,
is 9.13 x 10~ kJ /mol and ¢, is 0.1 nm. We use walls to confine polymer chains in the
simulation box so that no segment resides outside the simulation box in the z-direction.

We dynamically shrink the confined blends of PE and iPP with constant deformation
rates in x, y, and z directions at 400 K until the box dimensions become 9 x 9 x 14 nm3,
which corresponds to a density of about 0.7 g/cm3. The deformation is performed using
the deform option of GROMACS. By placing the PE and iPP slabs next to each other in the
z-direction, we create the initial configuration for a roughly 50:50 (by volume) blend of PE
and iPP with two sharp interfaces (Figure 1a).
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Figure 1. (a) A snapshot of the initial configuration of PE/iPP with sharp interfaces; (b) an equili-
brated PE/iPP blend at 400 K. iPP (blue), PE (green).

To equilibrate the binary blend of PE and iPP oligomers, we perform NPT simulations
at 400 K for 900 ns. The pressure in our NPT simulations is 1 bar. A time step of 2 fs is used
in our simulations. We use semi-isotropic pressure coupling (the pressure coupling is only
isotropic in the £ and § directions) so that the box dimensions can vary independently in
the £/7 direction and the Z direction. During the NPT simulations, the interfaces broaden
until the equilibrium interfacial compositional profiles are formed. The simulation box
also undergoes a shape change to relax the excess stress in the molten blend and finally
fluctuates about the size of 7 x 7 x 39 nm3 (Figure 1b). The box dimension in x and y
is greater than the radius of gyration of PE and iPP oligomers, of about 1.7 nm. Thus,
polymers in our simulations do not interact with themselves across the periodic boundaries.
Our simulation time is much longer than the self-diffusion time 7 for PE and iPP oligomers
at 400 K, which is 56 ns and 110 ns, respectively. The value of 7 is calculated from our blend
simulations as Ré/ Dcom, in which Ry is the radius of gyration and D,y is the diffusion
constant of the polymer center-of-mass. The compositional profiles of PE and iPP are
also stable over the last 300 ns in our simulations. Thus, the binary blend of PE and iPP
is equilibrated.

The rather short PE and iPP oligomers are only mildly incompatible, giving rise to
the broad interfaces in simulations at 400 K (Figure 2a). The bulk regions of PE and iPP
domains are narrow and include noticeable amounts (about 25% by volume) of chains from
the opposite phases. By fitting the bulk volume fraction of PE to the Flory—-Huggins theory,
we estimate the Flory-Huggins x, which quantify the effective repulsion between different
polymers, to be about 0.047 (per PE monomer), indicating the system is close to the phase
boundary. A slightly increased simulation temperature of 420 K leads to mixing PE and
iPP oligomers.
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Figure 2. (a) Density profiles; (b) distribution of nematic order; (c) concentration of all-trans PE atoms in the binary blend of
PE/iPP oligomers at 400 K.

Together with the small x, the flexible backbones of PE and iPP (the persistence
length N, for PE and iPP is about three repeating units) lead to the negligible interface-
induced orientational ordering. For a weakly segregated symmetric blend (Npx < 1), the
maximum surface-induced nematic order is —Nx /12, where the negative sign indicates
polymer segments align parallel to the interface [23]. We expect PE and iPP segments to
exhibit a nearly zero nematic order near the interfaces. We indeed observe that PE and iPP
are disordered everywhere in the simulation box, exhibiting a negligible nematic order
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q(z) = (P2(t(z) - £)) across the simulation box in the Z direction, where ¢ is a unit backbone
tangent vector and P, is the second order Legendre Polynomial (Figure 2b).

We do not observe any conformational order induced by the interfaces. By confor-
mational order, we mean all-trans conformation for PE oligomers. Because PE crystals
are composed of all-trans PE chains, we expect the all-trans segments to be important
for PE crystallization. Previous authors have demonstrated that the conformationally
ordered polymer segments are precursors to flow-induced crystallization [46]. To show
the distribution of conformational order in the binary blend, we plot the concentration
of all-trans backbone atoms for PE oligomers in the blend (Figure 2¢c). An all-trans seg-
ment is defined to be three monomers (CHyCH;) with six successive trans dihedral angles
(—60° < ¢ < 60°). The concentration of all-trans backbone atom varies smoothly from
the iPP domain to the PE domain, with a profile similar to the shape of the density profile
of PE.

Now, we want to discuss the artifact caused by a larger time step and LINCS in the
PE/iPP simulations. When a time step of 4 fs is used with LINCS in simulations, sharp
interfaces between PE and iPP are stable over 400 ns even at an elevated temperature of
450 K (Figure 3a). The sharp interfaces indicate an over-predicted x, which is still not
large enough to induced nematic order to the polymer segments (Figure 3b). We also
observe an artificial and sinusoidal density fluctuation across the simulation box, which
leads to a high-density region of the iPP phase and a low-density region of the PE phase.
The densities of PE and iPP oligomers in the bulk regions are different from the densities
we observed in pure melts of PE and iPP oligomers at 450 K, which are all about 0.75 g/ cm’.
The density of PE and the concentration of all-trans segments are also higher near the
interfaces than in the bulk PE region (Figure 3c). The artificial incompatibility, density
fluctuations, and conformational ordering are resolved when the time step is reduced to 2 fs
or when LINCS is turned off. Because the TraPPE model uses rather common interaction
types, we speculate that the artifact is not associated with the force field model. We suggest
readers carefully choose the time step in simulations of phase-separated polymer blends
when LINCS is used.
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Figure 3. (a) Density profiles; (b) distribution of nematic order; (c) concentration of all-trans PE atoms in the binary blend of
PE/iPP oligomers simulated using LINCS and a time step of 4 fs at 450 K.

To study the crystal nucleation in strongly segregated polymer blends, we adjust the
Flory-Huggins x between PE and iPP by reducing the attraction between the junction
atoms (CH) of iPP and PE atoms. Indeed, the incompatibility between PE and iPP increases
with decreasing temperature or increasing molecular weight. Still, low temperatures and
high molecular weights lead to slow polymer relaxations. To keep the computational cost
tractable, we increase x for PE and iPP by reducing the attractive part in the non-bonded
interactions between the junction atoms of iPP and PE atoms:

4e | oA\ oA \°

A () —

unb(r)_Alzl( r ) ( r ) (6)
The repulsion in the non-bonded interaction remains unchanged and the attraction

decreases with increasing A. Thus, the Flory—Huggins x increases with increasing A. We fix
the repulsion to keep the size of the coarse-grained united atoms unchanged. Because we
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only adjust the inter-species interactions, the crystal melting temperatures of PE; and PE
oligomers are the same.

We equilibrate the artificial blends of PE; and iPP, with A = 1.2 at 420 K for 400 ns,
much longer than the self-diffusion time 7 of PE chains, which is 21 ns at 420 K. By reducing
the inter-species attraction, we increase the incompatibility between PE and iPP, which
leads to sharper interfaces in simulations (Figure 4a). By fitting the interfacial width of
0.47 nm to the Helfand and Tagami (HT) theory [47], we estimate x of the “artificial”
PE, /iPP, blend to be about 0.32, much greater than x of natural PE/iPP. The strongly
segregated blend also exhibits a weak interface-induced nematic order (see the inset of
Figure 4b). Both of the PE, and iPP, segments tend to align parallel to the interface. For
example, an alignment layer of a thickness about 2 nm can be observed in the PE, domain
(blue shade in Figure 4b). In the alignment layers, however, polymer segments are rather
disordered in the transverse directions (Figure 4c).

(a) 0.8f > > . | 1 (b) 0.05
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Figure 4. (a) Density profiles; (b) distribution of nematic order in the PE,/iPP, blend. Dashed curve in (a) is a fit to HT
theory [47]. Blue region in the inset of (b) demonstrates an orientationally ordered region near a planar interface in the PE,
domain; (c) a snapshot of chain segments in the orientationally ordered region.

To investigate the isothermal crystal nucleation for PE and PE,, we extract eight
different melt configurations from the equilibrated trajectory for each molten blend of
PE/iPP and PE,/iPP,. The initial melt configurations are quenched to 300 K to trigger
isothermal crystallization of PE and PE,. The crystallization temperature here is much lower
than the crystal melting temperature of PE and PE, oligomers of 100 carbon atoms, about
389 K [48]. We use the rather deep supercooling condition to access fast crystal nucleation.

To reference the nucleation behaviors in the phase-separated blends, we also perform
simulations to obtain the nucleation rate for pure PE oligomers. A pure melt of 324 PE
oligomers of 100 backbone carbon atoms is equilibrated at 420 K and 1 bar for 400 ns, from
which eight configurations are extracted. The eight melt configurations are subsequently
quenched to 300 K to crystallize. By comparing the nucleation rates of PE and PE, in binary
blends with that in pure samples, we show the effects of phase separation and interfaces
on the crystal nucleation kinetics.

3. Results

In this work, we only study the crystal nucleation of PE and PE, because iPP and
iPP, are too slow to nucleate under quiescent conditions in simulations. The crystalline
order of PE atom is identified using a local bond order parameter gsq;, which quantifies
the correlation among the six-order Steinhardt order parameters of a given atom and its
neighboring atoms (within a cut-off distance of 0.54 nm) [30,49,50]. A local bond order
parameter greater than 2.2 can distinguish crystalline atoms of united-atom PE (hexagonal
packing) from isotropic atoms.

To quantify the nucleation kinetics, we define crystal nuclei by grouping neighboring
crystalline atoms within a cut-off distance of 0.54 nm. By tracking the spatial and temporal
evolution of crystalline order in the PE or the artificial PE, domains, we obtain the preferred
locations of crystalline nuclei in phase-separated polymer blends. We also compute the
mean-first-passage time (MFPT) for the formation of the largest crystalline nucleus by
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1
MFPT (yax) = Er[l +erf(Zm? (max — ne))] +

averaging over the different simulation trajectories (Figure 5a). By fitting the classical
nucleation theory [27] to the MFPT data:

%(”max - nc)[l + erf(c(nmax - nc))] )
where Z is the Zeldovich factor and C is a sufficiently large positive number, we can extract
the incubation time 7, the critical nucleus size 7., and the growth rate G of crystalline
nucleus to quantify the crystal nucleation behaviors in different polymer samples. For
pure PE oligomer samples at 300 K, we obtain MFPT for the largest crystalline nucleus
to reach the size of 1,y carbon atoms (Figure 5b), from which 7", nP"" and GP'e are
estimated to be 25.5 + 3.2 ns, 71 & 32 carbon atoms, and 83.5 £ 7.9 carbon atoms per ns,
respectively (summarized in Table 1). The error bars represent the 95% confidence intervals
of the fitting parameters. We notice that the critical nucleus of PE is much smaller than
the critical nucleus of molecules with roughly isotropic shapes, such as L] liquids and
colloidal particles [51,52]. The rather small critical nucleus size of PE may result from the
deep supercooling and the multi-stage crystal nucleation of polymers. Unlike molecules
with isotropic shapes, polymers are chain-like, which can form a metastable nematic phase
below the crystallization temperature [30]. By crystallizing from the partially ordered
nematic precursors, in which chain segments align uniaxially, the nucleation barrier and
the critical nucleus size may be reduced for polymers.

(@) ' ' ' ' ' 7 (0) 100F ' ' R
8000 [ . g .o.
80f o e e T
6000} B . *
% £ 60}
< 4000} &
L 401 e =255 +32 ns
2000} s e =71 + 32
20 GPM¢ =83.5+79 ns~!
()™ 0 ‘ ‘ ‘ ]
0 2000 4000 6000 8000
time (ns) Nimax

Figure 5. (a) Growth of the largest nucleus in eight simulations of isothermal nucleation of pure PE
oligomers; (b) mean-first-passage time (MFPT) for the largest crystalline nucleus reaching size 71,
in pure PE oligomers, fitting to the classical nucleation theory (curve); incubation time 77*"* marked
by a dashed line.

Table 1. Fitting parameters of MFPT for different polymer samples.

Polymer Sample T (ns) n, (carbons) G (carbons/ns)
Pure PE 255 £32 61 +32 835 £79
PE/iPP 55.5£8.0 25 +12 114 £33

PE,/iPP, 33.7+t44 62 £33 66.2 +10.6
PE/PE’ 239+34 51 + 36 106.5 +22.1

Quenching the weakly segregated blends of natural PE and iPP (Figure 6) to 300 K
leads to slow crystal nucleation. By fitting the MFPT for the formation of the largest
crystalline nucleus, we obtain the incubation time TPE/iPP {5 be 55.5 + 8.0 ns, longer than
the incubation time /"¢ for crystallizing pure PE oligomers. The growth rate GPE/iPP
is 11.4 + 3.3 ns~!, much slower than the growth rate of PE nuclei in the pure samples
(83.5 4+ 7.9 ns~1). The nucleation kinetics is significantly impeded by iPP in the PE domain.
In fact, the crystalline atoms emerge near the center of the PE domain, where the PE
concentration is high (Figure 6b). iPP segments need to be expelled from the growing
PE nuclei because they cannot be included in PE crystals. This is expected because, even
for lightly methyl-branched PE, segments with methyl side groups are excluded from the
growing crystalline nuclei during isothermal nucleation [49]. The slow expulsion of iPP
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from PE nuclei, resulting from the low mobility of iPP segments, can hinder the crystal
nucleation and growth.

@ 150f ' ' ' ' N 1 ()
L] . g
2 100¢ *t e e
- -3
o . = -
I *PE/PP |
7PEIPP = 555+ 8.0 ns . i
nPEIPP = 25 12 PE4/iPPa TR 7%
GPEIPP = 11433 ns~! ;
Ote . . . . . N -
0 200 400 600 800 1000 1200

Increasing time
Nmax 9

Figure 6. (a) MFPT for the largest crystalline nucleus to reach size 1,4, in weakly segregated blends
of PE/iPP oligomers and incompletely segregated blends of PE, /iPP,; fitting PE/iPP data to classical

nucleation theory (curve). Incubation time TPE/iPP

marked by a dashed line; (b) snapshots of the
PE/iPP oligomer blends during isothermal nucleation. iPP atoms (light blue). Crystalline PE atoms

in different nuclei (blue and purple). Amorphous PE not shown for clarity.

The critical nucleus size nZE/"P? in the weakly segregated blends of PE and iPP
oligomers is slightly smaller than the critical nucleus size nf"" in pure PE oligomers
(Figure 6a). The smaller critical nucleus size suggests that the free energy barrier AG for
PE oligomers to nucleate in the weakly segregated blend is lower than AG of pure PE
oligomers. Small amounts of iPP oligomers in the PE domain may slightly lower the
nucleation barrier. Nevertheless, the slow iPP segments still hinder the overall nucleation
kinetics for PE chains. At a higher crystallization temperature, a reduced nucleation barrier
may overcome the hindrance imposed by the slow iPP dynamics, and in turn accelerates
nucleation kinetics of PE. To quantify and confirm the effect of iPP oligomers on the
nucleation barrier of PE, calculation of the surface free energy <y of PE crystal in pure melt
and inhomogeneous melt is necessary. Together with the free energy difference between
crystalline and molten PE, v governs the nucleation barrier. The calculation of the surface
free energy, however, is beyond the scope of our current work.

The incompatibility between different polymers only affects nucleation kinetics under
deep supercooling conditions by impacting the phase separated morphologies before
crystallization. During isothermal nucleation, the effective repulsion between different
polymers only weakly affects the nucleation kinetics. To show this, we perform simulations
of nucleation in PE, /iPP, using the weakly segregated melt of natural PE/iPP as the initial
configurations. The weakly segregated melt configurations mimic the intermediate stage
of the spinodal decomposition where the concentrations in the PE,; and iPP, domains are
still different from the equilibrium values. When the incompletely separated PE,/iPP,
are quenched to 300 K, the growth of the largest crystalline nucleus in the PE, domain is
similar to the growth of crystalline PE nucleus in PE/iPP (Figure 6a).

In strongly segregated blends of PE, and iPP,, although polymer segments tend to
align parallel to the interfaces, creating ordered layers, we do not observe accelerated
nucleation in the PE,; domains. The incubation time for the formation of a critical nucleus
TPEa/iPFs iny the PE, /iPP, blends is 33.7 + 4.4 ns, comparable with the incubation time in
pure PE (Figure 7a). The critical nucleus size nf Ea is 62 + 33 carbons, similar to the critical
nucleus size in pure PE melt.



Polymers 2021, 13, 347

9of 15

(@ 100F : : : : = : m

MFPT (ns)

20 cPESPP, =337+ 4.4 ns * Small interfaces
[ , PE/PP, _ . ]
ne e =62%33 Large interfaces

ok G/ = 66.2£10.6 ns™' ) ]
0 1000 2000 3000 4000 5000 6000

Nmax

Figure 7. (a) MFPT for the largest crystalline nucleus to reach size 11,y in strongly segregated blends
of PE,/iPP, oligomers. Fit to classical nucleation theory (red curve); (b) snapshots of PE,/iPP,
with small interfaces (upper) and large interfaces (lower) before crystallization. PE, (green) and
iPP, (blue).

To show that the interfaces in strongly segregated blends impose negligible effects on
the formation of a critical nucleus, we equilibrate PE, /iPP, from the configurations of the
weakly segregated PE/iPP blends at 420 K. By doing so, small domains of PE,; and iPP,
form, which lead to a total interfacial area larger than that of the two planar interfaces in
our previous PE, /iPP, blends (Figure 7b). By quenching PE, /iPP, with multiple domains
to 300 K, we show that the MFPT for the formation of the largest crystalline nucleus is
almost the same as the MFPT we obtained from the simulations of PE, /iPP, with two
planar interfaces (Figure 7a). The interfaces in strongly segregated blends impose negligible
effects on the formation of a critical nucleus and the incubation time .

Although the formation of a critical nucleus is not accelerated by the interfaces and the
interface-induced orientational order, crystalline atoms prefer to form near the interfaces in
the strongly segregated blends, especially during the late stage of crystal nucleation. To
show this, we plot the distributions of crystalline atoms at different times after the melts
with planar interfaces are quenched to 300 K (Figure 8b,c). The distributions of crystalline
atoms are averaged over different simulation trajectories. The evolution of the crystalline
atom distribution for independent simulation trajectories can be found in Appendix A
(Figure A1). Before nucleation (30 ns after quenching), crystalline atoms can form in both
the alignment layers and the bulk regions. The deep supercooling is sufficient to induce
the instantaneous formation of nematic precursors in the bulk region, in which crystalline
order nucleates rapidly [30]. As a consequence, the interface-induced nematic order cannot
accelerate crystal nucleation by promoting the formation of nematic precursors, which
can readily form in the bulk regions. The weak effect of the interfaces on nucleation
is similar to the mild effect of flow-induced nematic order on crystal nucleation at low
crystallization temperatures [22]. Nevertheless, the interface-induced nematic order may
accelerate crystal nucleation at high crystallization temperatures where the instantaneous
formation of nematic precursors is not available. The growth of crystalline order, however,
is faster in the orientationally ordered layers near the interfaces. Both the probability and
the number density of crystalline atoms C.y remain high within the range of 2 nm from
the opposite phase over the simulation time. The probability for finding crystalline atom in
the alignment layer also starts to outgrow the probability for crystalline atom in the bulk
region at 40 ns after quenching the polymer blends to 300 K.
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Figure 8. (a) Hyperbolic density profile of PE, by fitting data in Figure 4a and nematic order induced
by interfaces; (b) probability distribution of crystalline atoms vs. distance Az from the closest planar
interfaces at different simulation time; (c) concentration of crystalline atoms vs. Az at different
simulation time. Data in (b,c) are averaged over eight trajectories. The blue region indicates the
orientationally ordered layer in PE; domains.

4. Discussion

At the deep supercooling condition, we do not observe any accelerated crystal nucle-
ation in blends of weakly segregated PE/iPP and strongly segregated PE,/iPP, oligomers.
In weakly segregated PE/iPP blends, PE oligomers even nucleate significantly slower
than they do in pure samples. Our observations are different from the experimentally
measured crystallization in polyolefin blends under weak supercooling conditions, where
the phase separation accelerates crystallization and promotes the formation of crystallites
near domain boundaries. Indeed, we observe that crystalline nuclei prefer to grow in
the orientationally ordered layers near the interfaces in strongly segregated blends. Still,
natural polyolefins may not be incompatible enough to induce interfacial alignment dur-
ing the spinodal decomposition, and in turn promote the formation of crystallites near
the interfaces.

The slow dynamics of iPP may lead to the absence of the phase-separation-accelerated
nucleation and crystallization, which is observed in phase-separated blends, such as poly-
(ethylene-co-hexene) (PEH) and poly(ethylene-co-butene) (PEB) and iPP/OBC (olefin block
copolymer) [14,15,18]. For example, in iPP/OBC blends, the OBC is more mobile than iPP.
Although OBC segments cannot crystallize with iPP, blending OBC with iPP can enhance
the effective mobility of the crystallizable iPP, and in turn promotes the nucleation and
crystallization in the blends. In weakly segregated PE/iPP oligomers, however, the slow
iPP segments lead to less effective transport of PE segments to crystallizing PE nuclei, and
result in a longer incubation time and a slower nucleus growth rate (Figure 6a).

To demonstrate the effect of polymer mobility on crystal nucleation in phase-separated
blends, we construct a linear polymer of length 100 backbone atoms (PE’) that is incom-
patible with PE. The bonded interactions of PE’ are the same as those of TraPPE PE
(Equations (2)—(4)). The intra-species non-bonded interactions of PE” and the inter-species
interactions between PE’ and PE are 0.8 and 0.8'/2 times of the VAW interactions of PE,
respectively. The weaker VAW interactions of PE’ lead to a mismatch in cohesive energy
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density and hence the incompatibility between PE and PE’. A 50/50 blend of PE and PE’
phase separates at 420 K, creating wide interfaces and negligible interface-induced nematic
order in the simulation box (Figure 9a). The weaker VAW interactions also lead to a lower
crystal melting temperature and a higher mobility of PE” than those of PE.
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Figure 9. (a) Density profiles of phase-separated PE and PE’ oligomers at 420 K; (b) MFPT for the
largest crystalline nucleus of PE to reach size 1,y in PE/PE’ blends. Fit to classical nucleation
theory (curve).

When the phase-separated blends of PE/PE’ are quenched to 300 K, crystal nucleation
is only observed in the PE domains and the interfacial regions within 50 ns. The incubation
time and the critical nucleus size are similar to those we observed in pure PE and PE,/iPP,
(Figure 9b). However, the growth of crystalline nuclei is somewhat faster in PE/PE’. We
also observe that the crystalline atoms prefer to form in the interfacial region, where the
concentration of PE is lower than the bulk value (Figure 10). In fact, PE prefers to nucleate in
the interfacial regions where the volume fraction of PE is about 0.75, similar to the volume
fraction of PE in the PE domains of the weakly segregated PE/iPP blends (see Figure 2).
While 25% iPP oligomers impede the PE crystal nucleation and growth, the same amount
of PE’ promotes PE crystallization. Similar to the role of OBC in the iPP/OBC blends [18],
the more mobile PE’ segments enhance the dynamics of PE, and in turn promote the fast
growth of PE nuclei in the interfacial regions.

The enhanced growth of crystalline nuclei in the interfacial region of weakly segre-
gated PE/PE’ is different from that observed in strongly segregated PE, /iPP,. In strongly
segregated PE,/iPP,, the inhomogeneous interfaces between the two incompatible do-
mains are narrow. The growth of crystalline order occurs in the interface-induced alignment
layers of PE, in which the amount of iPP, is negligible. In this case, the nematic order
induced by the interfaces promotes the growth of crystalline order. In PE/PE’, however, the
crystalline order of PE prefers to occur in the interfacial regions where about 25% PE’ are
present and PE segments are disordered. The promoted growth of crystalline order near
interfaces arises from the enhanced molecular mobility of PE segments, which is induced
by the more mobile PE’.
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Figure 10. (a) Hyperbolic density profile of PE by fitting data in Figure 9a; (b) probability distribution
of crystalline atoms vs. distance Az from the closest planar interfaces at different simulation time;
(c) concentration of crystalline atoms vs. Az at different simulation times. Data in (b,c) are averaged
over eight trajectories.

5. Conclusions

Using MD simulations, we demonstrate that the crystal nucleation and growth in
incompatible polymer blends under deep supercooling conditions are governed by the
phase-separated blend morphologies and the dynamics of polymer segments. In weakly
segregated polymer blends, a more mobile incompatible polymer in the interfacial regions
can enhance the growth of the crystalline order of a crystallizable polymer. However,
the incubation time remains the same as that in pure samples. On the other hand, small
amounts of slower polymers in the domains of crystallizing polymers can significantly
hinder the crystal nucleation and growth. By inducing anisotropic alignment near the
interfaces of strongly segregated blends, phase separation can also promote the growth of
crystalline order in the interfacial region. The surface-induced nematic order, however, only
imposes a negligible effect on the incubation time and the formation of a critical nucleus.
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Appendix A

The crystalline atom distributions in highly incompatible PE, /iPP, from four inde-
pendent simulation trajectories are shown below:
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Figure A1. Crystalline atom distributions at different simulation time from four independent sim-
ulations of PE, /iPP,. (Left column): probability distribution of crystalline atoms. (Right column):
concentration of crystalline atoms.

References

1.  Tanaka, H.; Nishi, T. New Types of Phase Separation Behavior during the Crystallization Process in Polymer Blends with Phase
Diagram. Phys. Rev. Lett. 1985, 55, 1102. [CrossRef] [PubMed]

2. Schaaf, P; Lotz, B.; Wittmann, J.C. Liquid-liquid phase separation and crystallization in binary polymer systems. Polymer 1987,
28,193-200. [CrossRef]

3. Shi, W,; Han, C.C. Dynamic Competition between Crystallization and Phase Separation at the Growth Interface of a PMMA /PEO
Blend. Macromolecules 2012, 45, 336-346. [CrossRef]

4. Kang, H.; Uddin, M. A ; Lee, C.; Kim, K.H.; Nguyen, T.L.; Lee, W.; Li, Y.; Wang, C.; Woo, H.Y,; Kim, B.]. Determining the Role
of Polymer Molecular Weight for High-Performance All-Polymer Solar Cells: Its Effect on Polymer Aggregation and Phase
Separation. |. Am. Chem. Soc. 2015, 137, 2359-2365. [CrossRef] [PubMed]

5. Wang, W.; Qi, H,; Zhou, T.; Mei, S.; Han, L.; Higuchi, T.; Jinnai, H.; Li, C.Y. Highly robust crystalsome via directed polymer
crystallization at curved liquid/liquid interface. Nat. Commun. 2016, 7, 10599. [CrossRef]

6.  Rubinstein, M.; Colby, R.H. Polymer Physics; Oxford University Press: Oxford, UK, 2003.

7.  Hiemenz, P.C,; Lodge, T.P. Polymer Chemistry; CRC Press: Boca Raton, FL, USA, 2007.

8. Fredrickson, G.H. The Equilibrium Theory of Inhomogeneous Polymers; Oxford University Press: Oxford, UK, 2006.

9. Hoffman, J.D. Theoretical aspects of polymer crystallization with chain folds: Bulk polymers. Polym. Eng. Sci. 1964, 4, 315-362.
[CrossRef]

10. Cheng, S.Z.D.; Lotz, B. Enthalpic and entropic origins of nucleation barriers during polymer crystallization: The Hoff-
man-Lauritzen theory and beyond. Polymer 2005, 46, 8662—-8681. [CrossRef]

11.  Strobl, G. Crystallization and melting of bulk polymers: New observations, conclusions and a thermodynamic scheme.
Prog. Polym. Sci. 2006, 31, 398-442. [CrossRef]

12. Tang, X.; Chen, W.; Li, L. The Tough Journey of Polymer Crystallization: Battling with Chain Flexibility and Connectivity.
Macromolecules 2019, 52, 3575-3591. [CrossRef]

13.  Matsuba, G.; Shimizu, K.; Wang, H.; Wang, Z.; Han, C.C. The effect of phase separation on crystal nucleation density and lamella
growth in near-critical polyolefin blends. Polymer 2004, 45, 5137-5144. [CrossRef]

14. Zhang, X.; Wang, Z.; Muthukumar, M.; Han, C.C. Fluctuation-Assisted Crystallization: In a Simultaneous Phase Separation and
Crystallization Polyolefin Blend System. Macromol. Rapid Commun. 2005, 26, 1285-1288. [CrossRef]

15. Zhang, X.; Wang, Z.; Dong, X.; Wang, D.; Han, C.C. Interplay between two phase transitions: Crystallization and liquid-liquid
phase separation in a polyolefin blend. J. Chem. Phys. 2006, 125, 024907. [CrossRef] [PubMed]

16. Jin,].; Du,].; Chen, H.; Han, C.C. Fluctuation-assisted nucleation in the phase separation/crystallization of iPP/OBC blends.

Polymer 2011, 52, 6161-6172. [CrossRef]


http://doi.org/10.1103/PhysRevLett.55.1102
http://www.ncbi.nlm.nih.gov/pubmed/10031728
http://dx.doi.org/10.1016/0032-3861(87)90403-4
http://dx.doi.org/10.1021/ma201940m
http://dx.doi.org/10.1021/ja5123182
http://www.ncbi.nlm.nih.gov/pubmed/25605316
http://dx.doi.org/10.1038/ncomms10599
http://dx.doi.org/10.1002/pen.760040413
http://dx.doi.org/10.1016/j.polymer.2005.03.125
http://dx.doi.org/10.1016/j.progpolymsci.2006.01.001
http://dx.doi.org/10.1021/acs.macromol.8b02725
http://dx.doi.org/10.1016/j.polymer.2004.04.026
http://dx.doi.org/10.1002/marc.200500304
http://dx.doi.org/10.1063/1.2208997
http://www.ncbi.nlm.nih.gov/pubmed/16848611
http://dx.doi.org/10.1016/j.polymer.2011.11.005

Polymers 2021, 13, 347 14 of 15

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Arai, F; Takeshita, H.; Dobashi, M.; Takenaka, K.; Miya, M.; Shiomi, T. Effects of liquid-liquid phase separation on crystallization
of poly(ethylene glycol) in blends with isotactic poly(methyl methacrylate). Polymer 2012, 53, 851-856. [CrossRef]

Jin, J.; Chen, H.; Muthukumar, M.; Han, C.C. Kinetics pathway in the phase separation and crystallization of iPP/OBC blends.
Polymer 2013, 54, 4010-4016. [CrossRef]

Mitra, M.K.; Muthukumar, M. Theory of spinodal decomposition assisted crystallization in binary mixtures. J. Chemn. Phys. 2010,
132, 184908. [CrossRef]

Nicholson, D.A.; Rutledge, G.C. An assessment of models for flow-enhanced nucleation in an n-alkane melt by molecular
simulation. J. Rheol. 2019, 63, 465. [CrossRef]

Nicholson, D.A.; Rutledge, G.C. Flow-induced inhomogeneity and enhanced nucleation in a long alkane melt. Polymer 2020,
200, 122605. [CrossRef]

Zhang, W.; Larson, R.G. Effect of Flow-Induced Nematic Order on Polyethylene Crystal Nucleation. Macromolecules 2020,
53, 7650-7657. [CrossRef]

Morse, D.; Fredrickson, G. Semiflexible Polymers near Interfaces. Phys. Rev. Lett. 1994, 73, 3235-3238. [CrossRef]

Zhang, W.; Gomez, E.D.; Milner, S.T. Surface-Induced Chain Alignment of Semiflexible Polymers. Macromolecules 2016,
49,963-971. [CrossRef]

Zhang, W.; Gomez, E.D.; Milner, S.T. Using surface-induced ordering to probe the isotropic-to-nematic transition for semiflexible
polymers. Soft Matter 2016, 12, 6141-6147. [CrossRef] [PubMed]

Luo, C.; Kroger, M.; Sommer, ].U. Molecular dynamics simulations of polymer crystallization under confinement: Entanglement
effect. Polymer 2017, 109, 71-84. [CrossRef]

Yi, P; Locker, C.R.; Rutledge, G.C. Molecular Dynamics Simulation of Homogeneous Crystal Nucleation in Polyethylene.
Macromolecules 2013, 46, 4723-4733. [CrossRef]

Tang, X.; Yang, J.; Xu, T,; Tian, F; Xie, C.; Li, L. Local structure order assisted two-step crystal nucleation in polyethylene.
Phys. Rev. Mater. 2017, 1, 073401. [CrossRef]

Ramos, J.; Vega, ].F.; Martinez-Salazar, J. Molecular Dynamics Simulations for the Description of Experimental Molecular
Conformation, Melt Dynamics, and Phase Transitions in Polyethylene. Macromolecules 2015, 48, 5016-5027. [CrossRef]

Zhang, W.; Larson, R.G. A metastable nematic precursor accelerates polyethylene oligomer crystallization as determined by
atomistic simulations and self-consistent field theory. J. Chem. Phys. 2019, 150, 244903. [CrossRef]

Anwar, M; Berryman, ].T.; Schilling, T. Crystal nucleation mechanism in melts of short polymer chains under quiescent conditions
and under shear flow. J. Chem. Phys. 2014, 141, 124910. [CrossRef]

Luo, C.; Sommer, ].U. Frozen Topology: Entanglements Control Nucleation and Crystallization in Polymers. Phys. Rev. Lett. 2014,
112, 195702. [CrossRef]

Luo, C.; Sommer, J.U. Role of Thermal History and Entanglement Related Thickness Selection in Polymer Crystallization.
ACS Macro Lett. 2016, 5, 30-34. [CrossRef]

Yamamoto, T. Molecular Dynamics of Crystallization in a Helical Polymer Isotactic Polypropylene from the Oriented Amorphous
State. Macromolecules 2014, 47, 3192-3202. [CrossRef]

Read, D.J.; Mcllroy, C.; Das, C.; Harlen, O.G.; Graham, R.S. PolySTRAND Model of Flow-Induced Nucleation in Polymers.
Phys. Rev. Lett. 2020, 124, 147802. [CrossRef] [PubMed]

Eagan, ].M.; Xu, J.; Di Girolamo, R.; Thurber, C.M.; Macosko, C.W.; LaPointe, A.M.; Bates, ES.; Coates, G.W. Combining
polyethylene and polypropylene: Enhanced performance with PE/iPP multiblock polymers. Science 2017, 355, 814-816.
[CrossRef]

Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and Scalable
Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435-447. [CrossRef] [PubMed]

Martin, M.G.; Siepmann, J.I. Transferable Potentials for Phase Equilibria. 1. United-Atom Description of n-Alkanes. ]. Phys.
Chem. B 1998, 102, 2569-2577. [CrossRef]

Martin, M.G.; Siepmann, J.I. Novel Configurational-Bias Monte Carlo Method for Branched Molecules. Transferable Potentials
for Phase Equilibria. 2. United-Atom Description of Branched Alkanes. J. Phys. Chem. B 1999, 103, 4508—4517. [CrossRef]
Karayiannis, N.C.; Mavrantzas, V.G.; Theodorou, D.N. A Novel Monte Carlo Scheme for the Rapid Equilibration of Atomistic
Model Polymer Systems of Precisely Defined Molecular Architecture. Phys. Rev. Lett. 2002, 88, 105503. [CrossRef]
Foteinopoulou, K.; Karayiannis, N.C.; Laso, M.; Kroger, M. Structure, Dimensions, and Entanglement Statistics of Long Linear
Polyethylene Chains. J. Phys. Chem. B 2009, 113, 442—455. [CrossRef]

MacKerell A.D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R.L., Jr.; Evanseck, ].D.; Field, ML].; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; et al.
All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of Proteins. J. Phys. Chem. B 1998, 102, 3586-3616.
[CrossRef]

Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, ].G.E.M. LINCS: A linear constraint solver for molecular simulations. J. Comput.
Chem. 1997, 18, 1463-1472. [CrossRef]

Zhang, W.; Gomez, E.D.; Milner, S.T. Predicting Chain Dimensions of Semiflexible Polymers from Dihedral Potentials. Macro-
molecules 2014, 47, 6453—6461. [CrossRef]

Fetters, L.].; Lohse, D.J.; Richter, D.T.W.; Zirkel, A. Connection between polymer molecular weight, density, chain dimensions,
and melt viscoelastic properties. Macromolecules 1994, 27, 4639—4647. [CrossRef]


http://dx.doi.org/10.1016/j.polymer.2011.12.039
http://dx.doi.org/10.1016/j.polymer.2013.05.050
http://dx.doi.org/10.1063/1.3425774
http://dx.doi.org/10.1122/1.5091945
http://dx.doi.org/10.1016/j.polymer.2020.122605
http://dx.doi.org/10.1021/acs.macromol.0c01356
http://dx.doi.org/10.1103/PhysRevLett.73.3235
http://dx.doi.org/10.1021/acs.macromol.5b02173
http://dx.doi.org/10.1039/C6SM01258B
http://www.ncbi.nlm.nih.gov/pubmed/27345760
http://dx.doi.org/10.1016/j.polymer.2016.12.011
http://dx.doi.org/10.1021/ma4004659
http://dx.doi.org/10.1103/PhysRevMaterials.1.073401
http://dx.doi.org/10.1021/acs.macromol.5b00823
http://dx.doi.org/10.1063/1.5110681
http://dx.doi.org/10.1063/1.4896568
http://dx.doi.org/10.1103/PhysRevLett.112.195702
http://dx.doi.org/10.1021/acsmacrolett.5b00668
http://dx.doi.org/10.1021/ma500307h
http://dx.doi.org/10.1103/PhysRevLett.124.147802
http://www.ncbi.nlm.nih.gov/pubmed/32338987
http://dx.doi.org/10.1126/science.aah5744
http://dx.doi.org/10.1021/ct700301q
http://www.ncbi.nlm.nih.gov/pubmed/26620784
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1021/jp984742e
http://dx.doi.org/10.1103/PhysRevLett.88.105503
http://dx.doi.org/10.1021/jp808287s
http://dx.doi.org/10.1021/jp973084f
http://dx.doi.org/10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H
http://dx.doi.org/10.1021/ma500923r
http://dx.doi.org/10.1021/ma00095a001

Polymers 2021, 13, 347 15 of 15

46.

47.
48.

49.

50.

51.

52.

Su, E; Ji, Y,; Meng, L.; Wang, Z.; Qi, Z.; Chang, J.; Ju, J.; Li, L. Coupling of Multiscale Orderings during Flow-Induced
Crystallization of Isotactic Polypropylene. Macromolecules 2017, 50, 1991-1997. [CrossRef]

Helfand, E.; Tagami, Y. Theory of the Interface between Immiscible Polymers. II. J. Chem. Phys. 1972, 56, 3592-3601. [CrossRef]

Broadhurst, M.G. Extrapolation of the Orthorhombic n-Paraffin Melting Properties to Very Long Chain Lengths. ]. Chem. Phys.
1962, 36, 2578. [CrossRef]

Zhang, W.; Larson, R.G. Direct All-Atom Molecular Dynamics Simulations of the Effects of Short Chain Branching on Polyethylene
Oligomer Crystal Nucleation. Macromolecules 2018, 51, 4762—-4769. [CrossRef]

Auer, S.; Frenkel, D. Numerical prediction of absolute crystallization rates in hard-sphere colloids. J. Chem. Phys. 2004,
120, 3015-3029. [CrossRef]

Eslami, H.; Khanjari, N.; Miiller-Plathe, F. A Local Order Parameter-Based Method for Simulation of Free Energy Barriers in
Crystal Nucleation. J. Chem. Theory Comput. 2017, 13, 1307-1316. [CrossRef]

Eslami, H.; Khanjari, N.; Miiller-Plathe, F. Self-Assembly Mechanisms of Triblock Janus Particles. J. Chem. Theory Comput. 2018,
15,1345-1354. [CrossRef]


http://dx.doi.org/10.1021/acs.macromol.6b02544
http://dx.doi.org/10.1063/1.1677735
http://dx.doi.org/10.1063/1.1732337
http://dx.doi.org/10.1021/acs.macromol.8b00958
http://dx.doi.org/10.1063/1.1638740
http://dx.doi.org/10.1021/acs.jctc.6b01034
http://dx.doi.org/10.1021/acs.jctc.8b00713

	Introduction
	Methods
	Results
	Discussion
	Conclusions
	
	References

