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We employ molecular dynamics (MD) simulations to study the crystal nucleation
in polymer blends consisting of high-density polyethylene (PE) and small amounts of
impurity polymers. In strongly phase-separated blends, we show crystal nucleation oc-
curs in the PE domain with a rate identical to that in pure samples. Crystal nucleation
from well-mixed melts, however, is composition-dependent. Combining simulation re-
sults with a mean-field theory, we demonstrate that the composition dependence of

crystal nucleation rate arises from the mismatch in nematic interactions of PE and the



impurities. Impurities with weaker nematic interactions, such as isotactic polypropy-
lene, can enhance the free energy barrier of nematic precursor formation, a prerequisite
for PE to nucleate crystalline order under strong supercooling conditions. The slower
formation of nematic precursors leads to reduced crystal nucleation rates as the impu-
rity volume fraction increases. Polymers with sufficiently strong nematic interactions,
such as trans-1,4-polybutadiene, however, impose negligible effects on PE crystal nu-
cleation. We expect our findings to inspire the development of quantitative theories for
predicting crystallization in the bulk and interfacial regions of polymer blends, such as

mechanically recycled plastics.



Introduction

Crystallization is critical to the performance of semicrystalline polymers, ranging from ad-
vanced functional polymers to recycled commodity plastics. Different processing histories
can lead to various degrees of crystallinity, and sizes and distributions of crystalline domains
inter-connected by amorphous tie-chains. The detailed semicrystalline structures govern
the mechanical, optical, and electronic properties of polymeric materials.' A fundamental
understanding of the crystallization mechanisms is necessary for quantitatively controlling
crystallization behaviors and the resulting material properties.

Indeed, the mechanisms for a single polymer species to crystallize from melts or solutions
have been studied intensively. Previous authors have proposed various theories to qualita-
tively describe the crystallization process based on experimental observations.*” To develop
more quantitative models and reveal nucleation and crystallization behaviors at the micro-
scopic level, molecular dynamics (MD) simulations are also employed to investigate quiescent
and flow-induced polymer crystallization. For example, previous work demonstrated the im-
portant roles of precursors, nematic ordering, and molecular entanglement in polymer crystal
nucleation. 14

Crystallization in polymer blends and block copolymers, however, is still not well un-
derstood. In these materials, crystallization and liquid-liquid phase separation can coopera-
tively affect morphology evolution. Using polarized optical microscopy (POM) and differen-
tial scanning calorimetry (DSC), previous work demonstrated that spinodal decomposition
could promote crystallization in some incompatible polyolefin copolymer blends under shal-
low supercooling conditions. 2! In this case, crystallization from a phase-separating blend
is faster than that in a pure sample and the crystalline spherulites prefer to form near the
interfaces between different polymer domains. To rationalize the experimental observations,
Mitra and Muthukumar proposed a heterogeneous nucleation model, in which the interfaces
between two polymers act as nucleation agents.?? However, in some other polymer blends,

interfaces between different polymer domains may hinder crystal nucleation at low crystal-



lization temperatures so that the crystalline order prefers to grow in the center of phase-
separated domains.?? Quantitative studies of the composition-dependent crystallization in
polymer blends and block copolymers, especially for well-mixed or weakly phase-separated
systems, are still mostly lacking.

In this work, we apply MD simulations to study the composition-dependent isothermal
crystal nucleation in polymer blends, in which the major component is high-density polyethy-
lene (PE). Using simulations, we show that in strongly phase-separated blends of PE and
polyethylene oxide (PEO), the crystal nucleation rate of PE at 300K is nearly identical to
that in pure samples. In this case, crystal nucleation occurs in the bulk region of the PE
domain, away from the impurity phase. This result is consistent with our previous work
in which crystalline order nucleated in the PE domain, away from the planar interfaces be-
tween phase-separated PE and isotactic polypropylene (iPP), of which the incompatibility
was artificially enhanced.?® When crystallizing from well-mixed blends, the nucleation of
crystalline PE is composition-dependent. And the composition dependence is governed by
the molecular structures of the impurities. Adding impurities such as isotactic polypropy-
lene, cis-1,4-polybutadiene (cis-PB), and hexyl-branched ethylene-octene copolymer (EOC)
slows down PE crystal nucleation. Trans-1,4-polybutadiene (trans-PB), however, imposes
negligible effects on PE crystallization.

The impurity polymers hinder crystal nucleation by hampering the formation of nematic
precursors. At sufficiently low crystallization temperatures, such as 300K, PE may first form
a metastable nematic precursor before crystallization.?* Crystalline order only nucleates in
sufficiently large nematic domains. Thus, adding impurities to polymer blends impedes
nematic precursor formation, and in turn, hinder crystal nucleation.

To better understand the role of impurities in PE crystallization, we develop a theoretical
model to predict the distributions of impurities and nematic order and the free energy of
a critical nematic precursor. We demonstrate that the free energy barrier increases with

increasing the volume fraction of impurities with weak nematic interactions, such as iPP. And



the impurity polymers are expelled from PE before the formation of nematic precursors. The
predicted composition dependence of the free energy barriers is consistent with the observed
composition-dependent nucleation rates in our simulations of PE/iPP and PE/cis-PB blends.
When PE is mixed with polymers with sufficiently strong nematic interactions, such as trans-
PB, however, the impurities do not impose significant effects on crystal nucleation. Indeed,
trans-PB can reduce the free energy barrier for PE to nucleate nematic order. Still, kinetic
factors such as polymer relaxation and transport limit the phase transition kinetics even
when the free energy barrier is negligible.

Our paper is organized as follows. In the Methods section, we first present the details
of simulation setups. We then discuss a theoretical method for obtaining nematic coupling
parameters for impurities in PE matrices. In the last part of the Methods section, our
theoretical model for predicting the free energy barrier for nucleating nematic order in well-
mixed binary blends is discussed. Readers less concerned with the details of our simulations
and theoretical model may proceed to the Results and Discussion section, where we compare

and discuss our simulations and theoretical predictions.

Methods

Simulation details

In our simulations, we mix high-density polyethylene oligomers (PE) with various thermo-
plastic oligomers, including isotactic polypropylene (iPP), ethylene-octene copolymer (EOC),
trans-1,4- and cis-1,4-polybutadiene (trans- and cis-PB), and polyethylene oxide (PEO), to
mimic mechanically recycled PE, in which PE is inevitably contaminated by trace amounts of
other plastics. By varying the fractions of octene comonomers, which are evenly distributed
along the polymer backbones, two types of EOC are considered, namely EOC-1 (19% octene
comonomers) and EOC-2 (34% octene comonomers). Although the other impurities are

crystallizable, the hexyl side chains can prevent EOCs from crystallizing.?® The molecular



details of different polymer samples are summarized in Table 1. To model these blends, we
apply the united-atom TraPPE force field,?%?” which successfully described the condensed
phase properties and the crystallization behaviors of n-alkane, alkene, PE and iPP. 2428733

Table 1: Molecular details of different polymer samples. Chain lengths are in degree of
polymerization. ¢ is the impurity volume fraction.

Samples PE length | Impurities length | comonomer fraction )
PE/iPP 100 100 N/A 0.000-0.205
PE/long iPP 100 200 N/A 0.000-0.205
PE/EOC-1 100 100 0.19 0.000-0.215
PE/EOC-2 100 100 0.34 0.000-0.261
PE/cis-PB 100 50 N/A 0.000-0.231
PE/trans-PB 100 50 N/A 0.000-0.237
PE/PEO 100 66 N/A 0.000-0.210

We prepare the equilibrated melt configurations by NPT simulations at 550K and 1
bar using the GROMACS 2019.2 package.®* The temperature and pressure couplings are
velocity-rescale and Berendsen, respectively. The initial configurations are randomly and
loosely packed PE oligomers and minority thermoplastics. Most chains here are of length 200
backbone atoms and the total number of backbone atoms is 40000 for each simulation. We
also double the length of iPP oligomers to show that the composition-dependent nucleation
in a well-mixed blend relies weakly on impurity molecular weight. After densifying the melt
densities under the NPT condition to values of about 0.7 g/cm?, we equilibrate the polymer
blends for 420 ns, much greater than the Rouse relaxation time of the PE oligomers, about
9 ns. Before crystallization, PE and non-polar impurities are randomly mixed. Indeed,
high molecular weight PE and iPP can phase separate in experiments. In this work, the
relatively short PE and iPP oligomers do not phase separate at 550K due to the rather
low Flory-Huggins x between the two chemically similar species.®> However, the polar PEO
phase separates from PE and forms spherical domains. From each equilibrated trajectory,
we extract 15 distinct melt configurations, which are quenched to 300K to trigger isothermal
crystal nucleation. To simulate crystal formation, anisotropic Perrinello-Rahman pressure

coupling is applied to allow independent fluctuations of simulation boxes in the x, y, and z
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directions.

In our simulations, PE can nucleate under quiescent and deep supercooling conditions.
To identify the crystalline order during isothermal nucleation, we use a local bond-order
parameter ¢sq;, which quantifies the correlation among the six-order Steinhardt order pa-
rameters of a reference atom and its neighboring atoms within a cut-off distance of 0.54 nm,
which corresponds to the location of the first maximum in the pair correlation function of
PE atoms.?*?%36 A local bond order parameter greater than 2.2 can distinguish crystalline
atoms of united-atom PE from isotropic ones. The incubation time 7 for the critical nuclei
to form in pure PE is about 30 ns. The value of 7, however, can increase with increasing the
volume fraction of impurity polymers, such as iPP. When the volume fraction of iPP is 0.21,
we observe the slowest PE crystal nucleation in our simulations, with an incubation time of
about 100 ns. Nevertheless, by performing MD simulations of polymer blends for 200 ns, we
can quantify the early-stage nucleation kinetics of PE in the model polymer blends.

In well-mixed polymer blends, impurity polymers can hinder PE crystal nucleation by
impeding the formation of metastable nematic precursors. Instead of directly nucleating
crystalline order, PE needs to first form sufficiently large nematic precursors, in which crys-
talline order emerges. To show this, we define the local nematic order of a given atom

k:
R |
Qij = — Z(tz tj — 50i5) (1)
n 3
k=1
in which n is the total number of atoms within a cut-off distance of 1.08 nm from the
reference atom k, t* is a unit tangent vector across atom k, and indices i,j = (z,v, 2).
Based on the largest eigenvalue A\ of (), a scalar order parameter S = 1.5\ quantifies the
local nematic order. We choose the extended cut-off distance of 1.08 nm to include extra
neighboring atoms in the calculations and ensure the local nematic order S is close to zero
for isotropic atoms. An atom with S greater than 0.39 is considered nematic. By grouping

neighboring nematic atoms (within 0.54 nm), we identify nematic nuclei.?*

The crystalline order of PE indeed prefers to emerge in the center of a large nematic



domain where atoms are highly uniaxially aligned. In Figure 1, we show the growth of the
largest nematic nucleus in a pure PE sample at 300K. In small nematic nuclei, .S is rather
weak and no crystalline order can be observed. As the nematic nucleus grows, its center
becomes more uniaxially ordered, and eventually, crystalline order appears in a sufficiently
large nematic domain. By hindering the formation of these nematic precursors, impurity
polymers such as iPP can impede PE nucleation.
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Figure 1: Growth of a nematic nucleus in a pure PE sample. Local order S indicated by
color. A crystalline nucleus inside a large nematic domain highlighted in red.

Increasing time

Estimating nematic interactions

The formation of nematic precursors is governed by the nematic coupling interactions be-
tween polymer segments. For molten semiflexible chains, the mean-field nematic free energy

per monomer is

Frem = —%a52 — TAF,(S) (2)

in which « is the nematic coupling parameter, which quantifies the interaction strength of
a monomer segment with the nematic field S. The nematic free energy here can be viewed
as the Landau free energy in which « is the expansion coefficient for the quadratic term in
nematic order S and the higher order terms are grouped in the orientational entropy loss
AF,(S). The value of AF,(S) depends on polymer persistence length N, (in the number of
monomer units) and can be obtained using a variational approach.? Long semiflexible chains
exhibit a first-order isotropic-to-nematic phase transition when aN, > 6.67kT.**3738 For

PE, the nematic coupling parameter has an entropic origin — it arises from local molecular



packing and is rather temperature-independent, about 1.7 kT. Above the crystal melting
temperature, the persistence length N, of PE is rather low and thus the polymer chains are
isotropic in melts. Because the backbone stiffness NV, increases with decreasing temperature,
PE can transition into the meta-stable nematic phase at low crystallization temperatures.

Different molecular structures of the impurity polymers can lead to various nematic
interactions. The mismatch in nematic interactions of PE and impurities can impact the
free energy barrier for the PE segment to nucleate nematic order in a well-mixed blend. To
better understand the role of nematic interactions in PE crystal nucleation, we estimate «
for linear impurities that are well-mixed with PE in the melt state using MD simulations
and a mean-field theory. Here we do not extract o for EOC chains because the theoretical
treatment for branched semiflexible chains is beyond the scope of this manuscript.

To compute «, we first blend small amounts of short impurity chains (molar fraction of
0.05) with PE oligomers in NPT simulations. All the polymer chains have only 40 backbone
carbons. The short chain lengths permit the blends to remain well-mixed at temperatures
ranging from 550K to 450K. From MD simulations of chains in the isotropic phase, we
compute the backbone tangent-tangent correlation functions for the polymer species, from
which the temperature-dependent persistence length N, is obtained: (t, - t;) = exp(—i/N,),
in which ¢; is the unit backbone tangent vector across the ith monomer. By measuring the
tangent-tangent correlation functions for polymers before crystallization, we also obtain the
persistence length for PE, iPP, and cis- and trans-PB at 300K. For PE, iPP, and trans-PB, N,
increases slightly with decreasing temperature (Figure 2). The persistence length of cis-PB
is about 1.2 monomers and rather temperature independent, consistent with previous all-
atom simulation results.®® Together with «, N, governs the nematic interactions of impurity
polymers when the sample is quenched to crystallize.

We then apply uniaxial forces f, about 0.19 kT per PE monomer, to stretch the head and
end monomers of PE oligomers in opposite directions along the z-axis at various tempera-

tures. The uniaxial tension induced a mean nematic order S; = (Pa(t; - 2)) to PE segments,
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Figure 2: Temperature-dependent persistence length N, (in number of monomers).

where t; is the backbone unit vector across monomer ¢ and P, is the 2nd-order Legendre
Polynomial. By interacting with the uniaxially aligned PE, the impurity chains also exhibit

weak nematic order, of which the magnitude is governed by the nematic coupling interactions

(Figure 3). The rather weak

PE and impurities, and in turn, avoids the tension-induced phase separation between the

stretched and free chains. %0
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Figure 3: Nematic order S of stretched PE and unstretched impurities at different temper-

atures.

We can compute the average nematic order for the “probe impurity chains” as a function

of their nematic coupling parameter ay. The single chain Hamiltonian of the semiflexible
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impurity polymer of length NV in a mean nematic field .S is:

Himpurity<N) — /N ds (% dts
0

ds

T 5 - 0425132(%)) (3)

in which £ is the Boltzmann constant, T is temperature, t, is the unit backbone tangent
vector across monomer S, js = ts - 2, and S is the average nematic order in the system.
The value of S depends on the nematic order of PE, S;, and that of impurities, Sy, as
S = (1—¢)S; + ¢S3. At low impurity volume fraction ¢, mean nematic order in the system
arises from the tension-induced ordering of PE and thus we approximate S ~ S;. The
stretched PE acts as “nematic solvents” that induce uniaxial ordering to the semiflexible
impurities.

Using the single chain Hamiltonian, we write the propagator z(u; V) as:

1 o
s N) = — / dpydps...dpge™ Fmveris NRT S () — g1 (4)

in which z normalizes the propagator with respect to a free chain. The value of z(u; V) states

the conditional Boltzmann weight of an impurity chain of length NV, starting with backbone

tangent orientation p. The evolution of z(y; s) follows a biased diffusion equation: 4942
0z(; s 1
g; ) _ (2vai + BalePz(u)> z(; 5) (5)

in which V2 is the angular Laplacian. The diffusion equation can be solved by expand-
ing z(u;s) in the eigenfunctions v; of the right-hand side operator, and then applying the
Legendre polynomial expansion to ;.43

The orientational distribution of backbone tangent vectors is thus proportional to the

product of two propagators, integrated over all the backbone monomers:
N
) o [ dselu)s(us N = ) (©
0
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By integrating P»(u) over the distribution p(u), we can obtain the nematic order S,

[ dup(p) Po(p) for the impurity. Using the above equations, we then solve the nematic order

Sy as a function of ay for a given background nematic order S; (Figure 4a, 4b, and 4c).
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Figure 4: (a) Predicted nematic order S as a function of monomeric nematic coupling pa-
rameter « for (a) iPP, (b) cis-PB, and (c) trans-PB in stretched PE matrix. Mean-field
prediction (curves). Fitting to MD simulation results (dashed arrows). Disks represent « at
different temperatures. (d) Nematic coupling constant « at different temperatures for PE,
iPP, cis-PB, and trans-PB. Fits to a(T) = A + B/T (curves). Temperature independent «
for PE from Zhang and Larson.?*

By fitting the calculated nematic order to MD simulation results, we can obtain the ne-
matic coupling parameter for free impurity polymers. Similar to the temperature-independent
nematic coupling parameter of PE,?* a/kT of iPP is also temperature-independent (Fig-
ure 4d). However, the nematic coupling parameters of cis-PB and trans-PB increase with
increasing temperature. To obtain the nematic coupling constants at 300K, we fit the pre-
dicted « of cis-PB and trans-PB to &« = A + B/T and perform extrapolations. We later

demonstrate that cis-PB exhibits stronger nematic interactions, which in turn, lead to a

12



weaker hindrance on nematic precursor formation than iPP at 300K.

Free energy barrier for nucleating nematic order in binary blends

The mismatches in the nematic interactions of PE and impurity polymers affect the free
energy barriers AF,,.,, for nucleating nematic order. To show this, we write the Landau-
Ginzburg free energy of a nematic precursor in a binary polymer blend as:

i = [ (B8P Va4 16.9) @

kT 2 2
in which S is the scalar local nematic order, defined using the largest eigenvalue of the nematic
order tensor () (eqn 1) averaged over all the local polymer segments. Together with the local
free energy density f(¢,,.5), the values of kg and k, govern the sharpness of the orientational
and compositional interfaces of the nucleus. In this work, we set kg = kg = 1 nm ™!, which
leads to a nematic-isotropic interface with a width of about 1 nm, the same as the persistence
length of PE at 300K. We expect the correlation length of the orientational order near the
nematic nucleus to be about a persistence length, as predicted by previous theories and
simulations. 34244 Because the depletion of impurities occurs in the nematic precursors, we
assume r,p; to be the same as ks so that the compositional interface is also about 1 nm
wide. Quantitatively obtaining xg and s, requires exhaustive simulations of polymer blends
near pre-constructed planar nematic-isotropic interfaces, which are beyond the scope of this
paper. Nevertheless, we show later that our theory with the approximated ~g and x4 agrees
with the MD simulation results.

The local free energy density f(¢,,S) is :

(1-¢,)In(1-¢,) n ¢ In @,

f(¢T7 S) = fnem(‘bw S) + N.Q NoQ (8>

in which f.,, is the nematic free energy density for a well-mixed blend, ¢, is the local volume

fraction of impurities at radial distance r from the center of the nucleus, /NV; and €2 are the
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chain length and the reference monomer volume, respectively. In this work, we choose {2 as

3. The above equation is inspired

the monomer volume of PE at 300K, of about 0.05 nm
by the Flory-Huggins theory for polymer blends in which the free energy of mixing is the
linear combination of effective repulsion between different species and the translation entropy.
Evidently, in eqn 8, we neglect the chemical incompatibility between the two polymers in
the melt state. We assume the depletion of impurities from the nematic precursors of PE
results is governed by the mismatch in nematic interactions of different polymers. One can
easily insert a Flory-Huggins interaction term x¢,(1 — ¢,) in eqn 8 to include the chemical
incompatibility in the free energy functional. Later we demonstrate that x only impacts the
nucleation barrier at high impurity fractions.

To obtain f,., for a well-mixed blend, we first write the nematic free energy for a
monomer of polymer ¢:

Fi(8.8) = —%aiSSi _TAFI(S) ()

where S; is the nematic order of species i and the local mean nematic field is S = (1 —
1)S1+nSs, in which 7 is the molar fraction of the impurity. Assuming the polymers interact
separately with the mean nematic field, we approximate the net free energy of the blend as

a function of the nematic order of the two polymers using a linear mixing rule:

Fnem(na Sl? 5’2) = (1 - n)Féem(Sb S) + nFsem(S% S) (1())

The free energy of a well-mixed blend represents the saddle path Ff, (n,S) on the free

nem

energy surface (Figure 5a). Using the molar volumes €2; and s of the two species, we

obtain the nematic free energy density of a well-mixed blend:

_ e, 5)
fnem(¢7 S) - (1 _ 77)91 +7792

(11)

where the volume fraction ¢ = nQs/((1 — 1) + 7Q2). When PE is mixed with impurity
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polymers of weaker nematic interactions, fnem(¢r,S) becomes greater with increasing ¢,

(Figure 5b). A sufficient amount of impurities can even destabilize the metastable nematic

phase of PE.
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Figure 5: (a) Nematic free energy density fpem, for a well-mixed PE/iPP blend with iPP
volume fraction ¢ = 0.072. White symbols and curve represent saddle points and saddle
path, respectively. (b) fnem vs. average nematic order S for PE/iPP with various bulk
composition ¢.

Because the critical nucleus represents the maximum free energy along the reaction co-

ordinate, we obtain the nematic order and composition distributions in a critical nematic

nucleus by extremizing eqn 7 with respect to the distributions of S and ¢,

5
= % = —wsV2S + (1= ) f1(S) + &, f5(S) »
12
5F 8 o e
=56 T )\5@ /dST(% — @) = =KV, — f1(S) + f2(5) = n<NlQ¢ i 11\}2(?2 + A

in which ¢ is the bulk impurity volume fraction. Here, S is a non-conserved order param-

eter, and the volume fraction is conserved in the sample. Thus, a Lagrange multiplier A
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is introduced to constrain the overall blend composition. We numerically solve the above
differential equations in Mathematica with the boundary conditions: S'(0) = ¢.(0) = 0,
S(o0) = 0, and ¢,.(00) = ¢. By inserting S(r) and ¢,.(r) into eqn 7, we can compute the
free energy of the critical nematic nucleus AFj,.,,. Similar approaches have been applied to
study the crystal nucleation in metal alloys. 446 Using the theoretical model, we will demon-
strate later how AF,,,, varies as a function of mismatch in nematic interactions and the

bulk impurity fraction ¢.

Results and discussion

Simulation results

To quantify the nucleation kinetics, we compute the mean-first-passage time (MFPT) for the
largest crystalline nucleus of PE to reach size n,,,, carbons by averaging over the different
simulation trajectories (Figure 6a). By fitting the classical nucleation theory (CNT)*7 to the
MEPT (Figure 6b), we obtain the incubation time 7 and the corresponding nucleation rate
Ievy = 771V =1, in which V is the sample volume for well-mixed blends and the PE volume
for phase-separated PE/PEO. For PE/PEO blends, I, is independent of impurity volume
fraction ¢ (Figure 6¢). In this case, crystal nucleation occurs in the PE domains and thus
the nucleation rate is similar to that in pure samples. The result here is consistent with our
previous work in which we show crystal nucleation prefers to occur away from the interfaces
in phase-separated polymer blends.?

In well-mixed polymer blends, I, decreases with increasing impurity volume fraction
(Figure 6¢). The composition dependence is governed by the contaminant molecular struc-
tures. Among all the polymers studied here, iPP is the most effective in slowing down
PE nucleation. Hexyl side groups on EOC, which are incompatible with crystalline PE
and prevent EOC from crystallizing,?® exhibit weaker hindrance on PE nucleation than the

crystallizable iPP. The degree of hexyl branches of EOC only imposes a mild effect on PE
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Figure 6: (a) Largest crystal nucleus size n,,,, vs. simulation time ¢ in different pure PE
samples. (b) MFPT for the largest crystal nucleus of PE to reach size n,,,, in PE/iPP blends
of various iPP volume fraction ¢. FError bars obtained using bootstrapping. Fits to CNT
(curves). (c) Crystal nucleation rate I, of PE vs. impurity volume fraction ¢. Exponential
fits to guide the eye (dashed lines). Error bars represent the 95% confidence intervals of
fitting parameters.

nucleation. Impurities with different geometric isomerism, however, can lead to distinct
composition dependence. Although blending PE with cis-PB can hinder PE crystallization,
trans-PB imposes negligible effects on PE nucleation. Using iPP with different numbers of
backbone carbon atoms (200 and 400), we also demonstrate that the PE nucleation rate only

weakly depends on the molecular weight of long impurity chains.
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We expect the compositional dependence of the nucleation rate to arise from the mis-
match in nematic interactions of different polymers. Using a mean-field theory and MD
simulations, we show that different linear polymers in this study exhibit various nematic
coupling interactions (Figure 4b). Blending PE with impurities with weaker nematic cou-
pling parameters may reduce the nematic interactions and increase the free energy barrier
for nucleating nematic order. At 300K, the crystalline order of PE only nucleates inside suffi-
ciently large nematic precursors. Thus, impurities may impede the overall crystal nucleation
by hindering the formation of nematic precursors.

To show impurities can indeed slow down the formation of PE nematic precursors, we
perform the MFPT analysis for the formation of the largest nematic nucleus (Figure 7a
and 7b) and obtain the nucleation rate I,,,, which is greater than the crystal nucleation
rate I..,. For blends that contain iPP, cis-PB, and EOC, I,.,, decreases with increasing
impurity volume fraction and the composition-dependence of I, is similar to that of I,
(Figure 7c). With somewhat stronger nematic interactions, trans-PB imposes negligible
effects on nematic precursor formation.

To further demonstrate that the observed composition-dependence of I, arises from the
delayed formation of nematic precursors, we prepare nematic PE/iPP samples in the melt
state by uniaxially stretching all the polymer chains along the x-axis (Z). We use forces of
0.25 kT per monomer to stretch the head and tail of each polymer chain in opposite directions
along the x-axis (). The uniaxial tension induces a mean nematic order (Py(t-z)) of about
0.38 for PE, where P, is the second-order Legendre polynomial, ¢ is a monomer tangent
vector, and () denotes averaging over all monomer tangents (Figure 8a). The values of
(Py(t-2)) depend on the strength of the uniaxial tension and the nematic coupling interactions
in the melts. iPP indeed reduces the nematic interactions in PE/iPP so that (P (¢ - z)) of
PE decreases with increasing ¢. We then remove the tension forces and let the uniaxially
ordered blends crystallize at 300K. In this case, crystalline order directly nucleates inside

the bulk nematic samples.
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blends and (b) PE/trans-PB with various impurity volume fractions ¢. Error bars obtained
using bootstrapping. Fits to CNT (curves). (c¢) Nucleation rate of nematic precursors vs.
impurity volume fraction ¢. Error bars represent the 95% confidence intervals of fitting
parameters.

By skipping the induction period for nematic precursors, the formation of a crystalline
nucleus is almost instantaneous after the quench, indicating the free energy barrier for nucle-
ating crystalline order is low (Figure 8b). The fast growth of the largest crystalline nucleus
cannot be well-described by the classical nucleation theory (CNT). To estimate the short

incubation time 7, we fit the growth of the post-critical nucleus to a linear function. By
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extrapolating the size of the crystalline nucleus to zero, we estimate 7 and the corresponding
crystal nucleation rate I.,. When crystallizing from uniaxially ordered blends, /.., of PE
exhibits a weaker composition-dependence (Figure 8c). Adding iPP up to a volume fraction
of 0.21 leads to a reduction of the PE crystal nucleation rate by a factor of less than two. The
different crystal nucleation rates may result from the different initial nematic order of PE in
the melt state. Previous work demonstrated that the crystal nucleation rate of PE at 300K
increases exponentially with increasing flow-induced nematic order (P,) before crystallization
as I = [el?)/0:06 10 By removing the subtle effects of tension-induced nematic ordering on
crystal nucleation rate, we show that the crystal nucleation of PE in large nematic domains

is independent of impurity compositions.

Comparing simulations with theory

In addition to the above simulation evidence, we also use our theoretical model to demon-
strate the role of impurities in the formation of nematic precursors. We first consider a
symmetric binary polymer blend in which the two polymers are of the same length N = 100
and monomer volume = 0.05 nm 3, which corresponds to the monomer volume of PE at
300K. We set the persistence lengths of the two polymers to be the N, = 4.1, the same as
the stiffness of PE at 300K. The nematic coupling parameter for the major component is
a1 = 1.7 kT, also the same as that of PE.?* At 300K, a; N, is sufficiently large so that the
orientational free energy exhibits a global minimum at a finite S, indicating that PE can
undergo the first-order isotropic-to-nematic (IN) transition to form a metastable nematic
precursor (Figure 5b).

We vary the nematic coupling parameter a5 of the impurity polymers to show the role of
mismatch in nematic interactions in the formation of nematic precursors. When the impurity
polymers exhibit a weaker nematic coupling than the main component (ay/a; < 1), increas-
ing the volume fraction of impurities leads to greater orientational free energy(Figure 5b).

If the nematic coupling interactions of a persistence length segment are sufficiently low

20



0.3+ 0.40
<:__'><\ 2039 . —— ¢=0.00
‘\l/N 0.2p éo_sg o - ¢=0.07 ]
0.37 “ =0.14
0.1 =01
000 005 010 015 020 —a =021
¢
0.0k . . . ]
0 100 200 300 400

t(ns)

Yo
5
80 ol ® Jory(¢) from MD
:E, O lory ($)EXPI(0.4~(P (£-%)))/0.06]
5.
0.60 0.65 0.110 0..15 O.éO

¢

Figure 8: (a) The nematic order of PE in the stretched PE/iPP blends at 550K. Inset:
Average nematic order before crystallization vs. iPP fraction ¢.(b) MFPT for the largest
crystal nucleus of PE to reach size n,,, in uniaxially ordered PE/iPP blends of various iPP
volume fraction ¢. Error bars obtained using bootstrapping. Linear fits (solid lines). (c)
Crystal nucleation rates of PE in PE/iPP with stretch-induced nematic order directly from
MD simulations (disks) and after correction for different initial nematic order (circles). Solid
and dashed lines to guide the eye.

(aaN, < 6.67kT), the minority polymers cannot undergo the spontaneous IN transition to
nucleate the nematic order. Increasing impurity polymers in the blends will eventually desta-
bilize the nematic phase of PE, the major component in the blends. To nucleate nematic

order, impurities with weaker nematic interactions are expelled from the critical nematic nu-
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cleus. Our theoretical model indeed predicts that ¢, in the nematic precursor is lower than
the bulk volume fraction ¢ (Figure 9a and 9b). The degree of depletion, however, depends
on the mismatch in nematic interactions. Mild mismatch leads to incomplete depletion of
the impurities in the critical nematic precursor. With a sufficient mismatch in nematic in-
teractions, the two polymers are not compatible in the nematic phase — the impurities are
completely expelled from the nematic precursor. When s/ > 1, however, the impurities
can promote the formation of nematic precursors, and the minority polymers are somewhat

enriched in the critical nematic nucleus (Figure 9c¢).
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Figure 9: Nematic order (open symbols) and composition profiles (filled symbols) of critical
nematic nuclei in symmetric blends with (a) as/a; = 0.6, (b) as/a; = 0.9, (¢) ag/a; = 1.1,
respectively. r = 0 represents the center of the nucleus. (d) Free energy barrier for nematic
precursor formation AF,.,, vs. impurity volume fraction ¢. Polynomial fits (solid curves).
Interpolation (dashed curve).

By inserting S(r) and ¢,(r) into eqn 7, we obtain the free energy of the critical nematic
nucleus AF),.,,, which increases with ¢ when the impurity polymers weaken the nematic

interactions (as/ca; < 1) in the blends (Figure 9d). The composition-dependent free energy
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barriers can be described using a 3rd-degree polynomial AF,.,, ~ AF° + a¢ + bd? + c¢?,

nem

where AF?_is the free energy barrier for nucleating nematic order in a pure polymer sample.
When impurities with stronger nematic interactions (ay/ay > 1) are added to the polymer
blends, the free energy barrier AF,,,, increases slightly at low ¢ and then decreases with
increasing the impurity volume fraction ¢. Here, adding impurity polymers can promote the
formation of nematic precursors. The mild increment of AF,,,, at low ¢ results from the
free energy penalty for the compositional gradient at the nematic-melt interface.

We can also use the nematic coupling parameters and persistence lengths measured in
MD simulations to compute the free energy barrier for nucleating nematic order in PE/iPP,
PE/cis-PB, and PE/trans-PB blends at 300K. Even with zero chemical incompatibility (x =
0), we predict iPP and cis-PB to be excluded from nematic precursors (Figure 10a and 10b).
Blending impurities with weaker nematic interactions can increase the free energy of PE
nematic precursors. When the “excess” nematic free energy of mixing in the precursor
is sufficiently large to compensate for the reduced translation entropy upon demixing, the
impurity polymers are separated from the nematic precursors. With a greater a/N, than that
of iPP, a small amount of cis-PB are compatible with nematic PE while iPP is excluded from
the nematic precursors. Trans-PB, on the other hand, exhibits stronger nematic coupling
interactions than PE. Thus, trans-PB is somewhat enriched in PE nematic precursors. Our
theoretical predictions qualitatively agree with MD simulation results. We compute the
normalized volume fractions of impurities in nematic precursors with sizes smaller than 1000
carbon atoms in our simulations (¢,em)/¢ , where ¢ is the bulk impurity volume fraction
(Figure 10d). Indeed, iPP and cis-PB are partially excluded and trans-PB are slightly
enriched in nematic domains.

We then compute the free energy barriers for nematic precursor formation AF,.,, as a
function of bulk impurity volume fractions ¢ (Figure 11a). The value of AF,.,, increases
with increasing ¢ for polymers with nematic interactions weaker than that of PE, such as

iPP and cis-PB. With stronger nematic interactions of Kuhn segments, cis-PB chains do not
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Figure 10: Predicted nematic order (open symbols) and composition profiles (filled symbols)
of critical nematic nuclei in (a) PE/iPP, (b) PE/cis-PB, and (¢) PE/trans-PB blends. (d)
Normalized impurity volume fraction of nematic precursors smaller than 1000 carbon atoms
from MD simulations. ¢ denotes bulk volume fraction.

enhance AF,,,, as much as iPP. We expect the nucleation rate of the nematic precursors to

~AFnem /KT where the pre-exponential

decrease exponentially as AF,,.,, increases as I,o,, = lpe
factor Iy depends on the dynamics and transport of polymer segments to the nucleus. Thus,
the lower free energy barriers result in a fast and weaker composition-dependent nucleation
rate for PE/cis-PB blends, which qualitatively agrees with our MD simulations. Although
we predict that adding trans-PB to PE can decrease AF,.,,, the formation rate of nematic
precursors in PE/trans-PB remains rather constant as the trans-PB volume fraction increases
in the MD simulations. This is because the free energy barrier is already rather low for PE
to nucleate the nematic order, of order 1 kT. We expect the formation of nematic precursors

in PE/trans-PB is limited by the dynamics and relaxation of polymer chains.

To further validate our theory, we fit the composition-dependent I,,.,, from our simula-

tions for PE/iPP and PE /cis-PB using I,,ep, = lpe™2Fren/kT in which AF,.,, is the predicted
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blends. MD simulations (symbols). Predicted I, = Toe=AFnem/kT where I is the kinetic
factor obtained by fitting MD data (curves).

free energy barrier and the kinetic factor [ is the only fitting parameter (Figure 11b). In-
deed, our theoretically calculated AF,,.,, can well describe the composition-dependent I,,.,,
at low ¢. Still, our model overpredicts the free energy barriers at large ¢ for both PE/iPP
and PE/cis-PB blends.

The over-prediction arises from the neglected chemical incompatibility between different
polymers. In our mean-field model, AF,,.,, is essentially the free energy difference between
a critical nematic precursor and an isotropic and well-mixed blend, of which the free energy
is simply the translation entropy of mixing. In well-mixed polymer blends, the mismatch in
molecular structures gives rise to the excess free energy of mixing, often characterized using
the Flory-Huggins parameter as x¢(1 — ¢). A positive y penalizes mixing different species

and enhances the free energy of a well-mixed blend when the impurity volume fraction ¢
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increases. As a consequence, we expect AF,.,, to be lower at large ¢ when the free energy
of the isotropic and well-mixed blend becomes higher due to a positive Flory-Huggins .

To demonstrate the effect of y on AF,.,,, we first estimate x for PE/iPP blends. Al-
though PE and iPP are common polymers, the experimentally measured x is not readily
available. Nevertheless, we estimate the lower and upper bounds of y for PE and iPP us-
ing the interfacial width between phase-separated PE and iPP, about 3 to 5 nm.*%% The
Helfand and Tagami theory predicts that the interfacial width for long and incompatible
polymer blends as & = 2b/(6x)"/%,°° where b is the statistical segment length. Using the
mean statistical segment length b = 0.56 nm for PE and iPP,*! we estimate x to be in the
range of 0.008 to 0.023. We expect the estimated bounds of x to be reasonable because the
Flory-Huggins parameter for PE and head-to-head polypropylene (HHPP) is about 0.009 at
300K,3> within our predicted range. The upper bound of x used in this work and the results
obtained using inverse gas chromatography are also of the same order of magnitude.®?

The weak incompatibility between PE and iPP indeed reduces the free energy barrier
AF,em. By including a positive x in the free energy functional (eqn 8), we show that
AF,.,, decreases with increasing y. The incompatibility between PE and iPP promotes
the depletion of impurities from the nematic precursor. Nevertheless, the effects of xy on
AF,., are negligible when the impurity volume fraction ¢ is low. Using the lower and upper
bounds of AF},.,,, we also obtain the boundaries of the formation rate of nematic precursors
in PE/iPP, consistent with our MD simulation results. With correct y, we expect accurate
prediction of the composition-dependent I,,.,, to be feasible for other polymer blends, such
as PE/cis-PB.

Finally, we want to point out that the composition-dependent free energy barrier AF,.,
may recall the freezing point depression, a colligative property observed in solutions, for
some readers. When the two polymers are incompatible in the nematic phase due to the
mismatch in the nematic coupling, the minority polymer must be repelled from the nematic

nuclei, which leads to an entropic penalty for demixing. Similar to the effects of solutes on
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the freezing points of solvents, the impurities “depress” the isotropic-to-nematic transition
temperature and enhance the free energy barrier for nucleating the nematic order. Never-
theless, to quantitatively model the effects of impurity on polymer crystal nucleation, we
need the orientational coupling interactions and the incompatibility x, which are governed

by the detailed chemical structures of different components in polymer blends.

Conclusion

In summary, we apply MD simulations to quantify the composition-dependent crystal nu-
cleation of PE in binary blends, which contain small amounts of contaminant polymers.
We show that when strong phase separation occurs before crystallization, the crystalline
order nucleates in the PE domains, and the nucleation rate I.,, is independent of the blend
compositions. When PE is mixed with impurity polymers before crystallization, the crystal
nucleation rate I, exhibits a composition dependence. Together with a mean-field model,
our simulations demonstrate that impurities with weak nematic coupling, such as iPP, hinder
the PE crystal nucleation by increasing the free energy barrier for forming nematic precur-
sors, the prerequisite for PE to nucleate crystalline order at low temperatures. When PE
is blended with polymers of strong enough nematic interactions, such as trans-PB, the free
energy barrier for nucleation nematic order can be reduced. Kinetic factors, such as trans-
port and conformational relaxation of polymer segments, however, may limit the overall
formation rate of the nematic and crystalline nuclei when the free energy barriers are low.
The combination of MD simulations and polymer theories here lays the foundation for
predicting the crystal nucleation in polymer blends. The composition-dependent free energy
barrier for nucleating the nematic order can be used to approximate the crystal nucleation
rate under strong supercooling conditions and permit the prediction of crystallite distribu-
tions near the interfaces of weakly phase-separated blends, such as mechanically recycled

plastics. We expect our findings to help design better interfacial compatibilizers, such as
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multi-block copolymers, and optimize the mechanical properties of semicrystalline poly-

mer blends.
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