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iPP/HDPE blends compatibilized by a polyester: An
unconventional concept to valuable products

Jakub Kruszynski1’21', Weronika Nowicka'?t, Artur Rozanski?, Yingxin Liu', Daniele Parisi*,
Lanti Yangs, Farhan Ahmad Pasha®, Miloud Bouyahyi1, Lidia Jasinska-Walc'->*, Rob Duchateau’%*

Polyolefins are the most widely used plastics accounting for a large fraction of the polymer waste stream. Al-
though reusing polyolefins seems to be a logical choice, their recycling level remains disappointingly low. This is
mainly due to the lack of large-scale availability of efficient and inexpensive compatibilizers for mixed polyolefin
waste, typically consisting of high-density polyethylene (HDPE) and isotactic polypropylene (iPP) that, despite
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their similar chemical hydrocarbon structure, are immiscible. Here, we describe an unconventional approach of
using polypentadecalactone, a straightforward and simple-to-produce aliphatic polyester, as a compatibilizer for
iPP/HDPE blends, especially the brittle iPP-rich ones. The unexpectedly effective compatibilizer transforms brittle
iPP/HDPE blends into unexpectedly tough materials that even outperform the reference HDPE and iPP materials.
This simple approach creates opportunities for upcycling polymer waste into valuable products.

INTRODUCTION

With a market share of more than 60% and having the lowest lifecycle
environmental impact of all polymers, polyolefins play a crucial role
in our daily life (1-5). Polyolefins are lightweight, cheap, and food
contact-approved, which makes them materials of choice for, often
single-use, packaging applications and other fast-moving consumer
goods. Consequently, vast amounts of polyolefin waste are produced
annually. Driven by environmental awareness concerning the pollu-
tion of polymer waste and the carbon footprint of single-use plastics,
a growing amount of these polyolefins end up in recycle streams rath-
er than being landfilled or incinerated. Recycled polyolefin waste can
be separated relatively easily from other polymers based on their den-
sity. However, separating polyolefins from each other is challenging
(6, 7). The purity levels of current post-consumer recycle polyolefins,
consisting of high-density polyethylene (HDPE) and isotactic poly-
propylene (iPP), range between 80 and 90% of either HDPE or
iPP. Although this level of purity might seem adequate for mechanical
recycling, the bulk properties, especially the iPP-rich blends, are rath-
er disappointing (8). Despite both being simple aliphatic hydrocar-
bons, blends of HDPE and iPP are immiscible forming distinct phases
(9). To overcome the resulting poor mechanical properties, various
compatibilizer strategies have been developed including miscibility
and interfacial properties studies in ternary blends (10-12). The most
common compatibilizers are block or graft copolymers consisting of
HDPE and iPP segments (13-23). A major breakthrough in this field
was achieved by Coates and coworkers, who demonstrated that small
amounts of an HDPE- and iPP-based tetrablock copolymer ensure
the exceptional performance of HDPE/iPP blends and laminates (24).
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Despite the promising results of using block and graft copolymers as
compatibilizers, their synthesis is challenging and often costly, which
encumbers their large-scale production and widespread use. To ac-
commodate the recycling of the vast and ever-growing amounts of
mixed polyolefin waste produced yearly, cheap and easy-to-synthesize
compatibilizers will be essential.

We envisioned an unconventional complementary strategy to com-
patibilize iPP/HDPE blends based on the concept of finding an inex-
pensive and easy-to-produce homopolymer that has a clear affinity for
both HDPE and iPP. Although finding a homopolymer to effectively
compatibilize HDPE/iPP blends seems very unlikely, the literature
provides several interesting leads. Long-chain aliphatic polyesters have
shown remarkable PE-like properties (25-27). Polypentadecalactone
(PPDL), for example, has a crystal structure, unit cell parameters, and
properties similar to those of HDPE (fig. S1). Although still immisci-
ble, PPDL and HDPE form blends with excellent mechanical proper-
ties, which find their origin in the epitaxial crystallization of PPDL
onto HDPE, resulting in lamellae penetration through the interface of
the two polymers (28). The affinity of PPDL for iPP has thus far never
been studied.

Pentadecalactone (PDL) is a renewable product that belongs to the
class of naturally occurring macrocyclic musks used in the fragrance
industry. Its eco-friendliness led to an increased demand and the de-
velopment of improved synthetic routes, which makes PDL commer-
cially available in larger quantities (29). PDL can conveniently be
polymerized using catalytic ring-opening polymerization to afford
PPDL, a linear aliphatic polyester having 14 CH, moieties between
each ester group (30-32). The combination of an inexpensive catalyst
and low polymerization temperature renders this chain growth po-
lymerization process sustainable and scalable using standard melt po-
lymerization reactors. For this study, a PPDL with M;, = 99.5 kg mol ™"
and D = 2.2 was synthesized.

RESULTS AND DISCUSSION

To investigate whether PPDL also shows affinity to iPP and hence
might function as a compatibilizer for blends consisting of HDPE and
iPP, molecular dynamics simulations were performed. The miscibility
of polymer blends is typically described by miscibility parameters
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such as the binding energy (Epinding)> mixing energy (AEmiy), and the
Flory-Huggins interaction parameter (). These parameters depend on
the Hildebrand solubility parameter (5) and cohesive energy densities
(CEDs) (33-35), which can be obtained from molecular dynamics sim-
ulations (36-40). For the simulations of the iPP/HDPE blends (with and
without PPDL as compatibilizer), four models with different ;PP and
HDPE ratios were used (Fig. 1). The models PP’ (PPg; 3yt0,/HDPEq 74104/
PPDLg_Owt%) and PP” (PP74'6wt%/HDPE18_1wt%/PPDL7'3Wt%) represent
iPP-rich blends, while PE" (PP1; 4w/ HDPE73 1wt/ PPDL14 5v195) and
PE” (PP19.0wtos/ HDPE7g 344196/PPDL1] 7105) reflect the HDPE-rich com-
positions (Fig. 1E). To exclude crystallization-related phenomena, all
the modeling was performed at 190°C as the processing temperature of
the blends. First, the miscibility of binary iPP/PPDL, HDPE/PPDL,
and iPP/HDPE blends (~90:10 w/w) were investigated (Fig. 1C, figs. S2
to S4, and table S1). Furthermore, PPDL—like other long-chain ali-
phatic polyesters, thoroughly studied by Mecking and coworkers
(41)—and HDPE are structurally the most similar polymers; the Einding
is the lowest of all three binary blends. The Epinding for the iPP/PPDL
blend is significantly higher than for the HDPE/PPDL blend, which,
based on the molecular structure of the polymers, was not expected.
The higher affinity of iPP to PPDL than to HDPE was underlined by
the higher Epinding for the iPP/PPDL as compared to the corresponding
iPP/HDPE blend. The corresponding AE; and y parameters show
the same trend. These encouraging results incited us to study whether
or not PPDL would have a compatibilizing effect on iPP/HDPE blends
(Fig. 1, figs. S5 and S6, and table S2). iPP/HDPE blends are immiscible
at room temperature, leading to a positive Flory-Huggins interaction
parameter () (40, 42-44) at room temperature. However, these simu-
lations were performed at 190°C (processing temperature), and at this
temperature, the molten mixture of iPP/HDPE shows a negative Flory-
Huggins interaction parameter (), as depicted in Fig. 1C. The iPP/
HDPE/PPDL ternary blends show a more negative () value in all the
cases in comparison to respective binary iPP/HDPE mixtures. This
qualitative trend demonstrates that the presence of PPDL increases
miscibility. Figure 1B shows a strong increase (nearly doubling) of the
Eiinding upon the addition of PPDL to each of the blends, which dem-
onstrates the compatibilizing capability of PPDL in all of these systems.
The Epinding is considerably higher for the iPP-rich blends compared to
the HDPE-rich blends, being in agreement with the abovementioned
higher affinity of PPDL for iPP than for HDPE. To understand the ori-
gin of the difference in Epinding iPP/PPDL and HDPE/PPDL, a detailed
study on the complex relationships between chain, molecular and to-
pological aspects, structure, morphology, and properties will be re-
quired, which falls out of the scope of the current work. The best
compatibilizing effect is found for the PP” blend (iPP/HDPE w/w ratio
is 80/20; iPP/HDPE/PPDL w/w/w ratio is 75/18/7). The AE;x, derived
from the CED and fractional volume of the individual components,
shows a very similar trend as the Epinding and is the lowest for iPP-rich
blends, especially for PP” (Fig. 1D). The Flory-Huggins interaction pa-
rameter also shows the most negative value for the compatibilized iPP-
rich blend PP” (Fig. 1C). The literature on solubility parameters such
as Epinding Mixing energy (AEnix), and the Flory-Huggins interaction
parameter (y) for HDPE/iPP is scattered, and to our best knowledge,
we could not find these values at 190°C (processing temperature) for
HDPE/iPP to adjudge the quantitative reliability. Nevertheless, the cal-
culated values are good qualitative indications for these HDPE/iPP/
PPDL mixtures, which encouraged us to experiment investigation of
PPDL potential as a compatibilizer for HDPE/iPP blends of different
compositions.
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To obtain more detailed insight into the interactions between
PPDL, HDPE, and iPP, wide-angle x-ray scattering (WAXS) analysis
of the individual blend components has been performed and thermal
properties, as well as the morphology of the binary blends, have been
studied by differential scanning calorimetry (DSC) and transmission
electron microscopy (TEM) analysis, respectively. The blends were
prepared in a corotating twin screw extruder and analyzed by size ex-
clusion chromatography (SEC) (fig. S7 and table S3). The WAXS pro-
files show a clear resemblance of the orthorhombic crystal structures
of PPDL and HDPE, whereas iPP crystallizes in the monoclinic o
form (Fig. 2, A and B, and fig. S1) (45). The individual components in
the blends crystalize independently and do not affect each other (46).
DSC analysis (Fig. 2C and fig. S8) revealed that blending HDPE with
PPDL leads to a substantial increase in the crystallization temperature
(T¢) of PPDL by 5°C. This behavior can be explained by the aforemen-
tioned epitaxial crystal growth of PPDL onto HDPE lamellae, which
function as nucleating agents (28). Conversely, no increase in T, of
PPDL is observed upon blending with iPP, which is in agreement with
the lack of epitaxy for this system. However, the T. of iPP increased
substantially from 113° to 121°C when mixed with PPDL, which is
likely a result of heterogeneous nucleation caused by spinodal decom-
position leading to a reduced nucleation barrier (47). TEM spectros-
copy confirms that epitaxy, usually accompanied by clear lamellae
penetration through the interface of immiscible components, is the
origin of the affinity between HDPE and PPDL (Fig. 2, D and E) (28,
48). As a result, the HDPE/PPDL blend image does not reveal a clear
interphase between the PPDL and HDPE matrix. On the other hand,
the morphological study of the iPP/PPDL blend exhibited a pro-
nounced phase separation of the components with no indication of
epitaxy for iPP/PPDL blends. However, a rather rough interphase
does suggest some partial mixing of the amorphous phase at the inter-
face. Hence, both molecular dynamics simulations and experimental
data demonstrate that PPDL has an affinity to both HDPE and iPP,
albeit different in nature. Whereas the resemblance in the crystal
structure of PPDL and HDPE results in epitaxy, PPDL and iPP show
better miscibility of the amorphous phases.

The next step was to experimentally test the efficiency of PPDL as
a compatibilizer for iPP/HDPE blends. As mentioned earlier, most
iPP and HDPE recycle streams contain more than 80% of the main
components. Whereas HDPE-rich recycled materials reveal good
mechanical properties, the mechanical performance of the iPP-rich
congeners is unsatisfactory due to their brittle nature. We therefore
focused on iPP-rich blends and used compositions with 80/20 and
90/10 iPP/HDPE w/w ratios.

First, the thermal properties (fig. S9 and table S4) and morpholo-
gies (Fig. 3 and figs. S10 to S12) of the ternary iPP/HDPE/PPDL
blends were investigated. The iPP/HDPE/PPDL 90/10/5 and 80/20/5
w/w/w compositions show the same increase (5°C) in the T. of the
PPDL as for the binary HDPE/PPDL blend. The T. of iPP also in-
creases for both blends, but less as compared to the iPP/PPDL blend
(4°C versus 8°C). Most likely, the crystallization of HDPE results in
heterogeneous nucleation of the iPP (49, 50). The presence of distinct
PPDL crystallization and melting peaks indicates that, upon cooling,
even a small amount of PPDL forms a separated phase in the blends.
The comparison of the TEM images of the iPP/HDPE 90/10 w/w and
iPP/HDPE/PPDL 90/10/5 w/w/w compositions reveals a substantial
decrease of the HDPE domain size from an average of 400 to 200 nm
upon the addition of PPDL, indicative for the compatibilizing effect of
the latter (Fig. 3, A and B, and fig. S10). Although the HDPE is well

20of 11

¥202 ‘12 feW uo ABojouyos | Jo A1siBAIUN Ysueps 1e B10°a0us 105 MMM //:sdNy WoJ) pepeoiumod


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

SCIENCE ADVANCES | RESEARCH ARTICLE
A 13 pp" 1200
HDPE HDPE Il iPP/HDPE
o 18% 1000+ I iPP/HDPE/PPDL
o S
’ PPDL PPDL E
8% 7% © 8004
3
PE" § 600
(]
&
o) 400
PPDL PPDL %
15% 12% £ I I
@ 200 -
12% 10%
0- o
Model PP' Model PP" Model PE' Model PE"
C -100 0 %
] ~[- PP’ 1 9
-200 A | O~ PP" 21 %
3 L ~/\— PE’ ~ -4 5
s g - jd
g -500 - ‘ = & 107 %
=) il [0) Q!
2 -600 5 %] g
S — ] E
_800- X RT@iQ)j " e 187 Abmix = 0 ;)h + 0 ;)h . < $h> . g
-900 T : -20 i J mix 2
iPP/HDPE iPP/HDPE/PPDL S
E 2
Blend component Model PP’ Model PP" Model PE' i
_|
iPP (wt %) 82.3 74.6 12.4 8
o
Q
HDPE (wt %) 9.7 18.1 73.1 <
<
PPDL (wt %) 8.0 7.3 14.5 2
N
HDPE/iPP ratio 11:89 20:80 85:15 %
iPP chains 12 12 1
HDPE chains 18 37 75
PPDL chains 2 2 2

Fig. 1. Molecular Dynamics simulation of polymer miscibility. Blend compositions (A), binding energy Epinding (B), Flory-Huggins interaction parameter x (C), and mix-
ing energy Enix (D) for noncompatibilized and compatibilized blends PP’, PP”, PE’, and PE” as well as input data for modeling (E).
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Fig. 2. Morphology and thermal analysis of HDPE/PPDL and iPP/PPDL blends. WAXS analysis HDPE/PPDL, iPP/PPDL, and individual polymers used for their prepara-
tion (A and B), thermal properties of the HDPE/PPDL, iPP/PPDL blends, and individual polymers used for their preparation analyzed by DSC (C), TEM analysis of HDPE/PPDL
(D), and iPP/PPDL (E) 90/10 w/w blends.
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Fig. 3. Morphology and performance analysis of iPP/HDPE 90/10 w/w blends. TEM image of the iPP/HDPE 90/10 w/w blend and iPP/HDPE/PPDL 90/10/5 w/w/w blend
(A).The compatibilizing effect of PPDL visualized by HDPE-dispersed phase size determination in iPP/HDPE and iPP/HDPE/PPDL blends using TEM (B). Measured (symbols)
and calculated (line) complex viscosity (n*) of iPP, HDPE, uncompatibilized iPP/HDPE 90/10 blend, and compatible iPP/HDPE/PPDL 90/10/5 composition. Samples were
tested under oscillation frequency (o) at a constant temperature of 190°C (C). Static mechanical properties measurements of the compatibilized iPP/HDPE/PPDL blend,
the uncompeatibilized iPP/HDPE blend, and iPP, HDPE, and PPDL reference materials (D).

dispersed, a slightly less pronounced reduction of the HDPE domain
sizes has been observed for the iPP/HDPE/PPDL 80/20/5 w/w/w
blend compared to the uncompatibilized iPP/HDPE 80/20 w/w blend
(figs. S11 and S12). This might originate from an insufficient amount
of compatibilizer with respect to the contribution of HDPE in the fi-
nal product. For both blends, the presence of PPDL leads to a signifi-
cant change in the interphase between the blend components, which
allows HDPE lamellae penetration into the iPP matrix (figs. S10
and S11).

Atomic force microscopy (AFM) quantitative nanomechanical
mapping (QNM) was applied for a quantitative mapping of the
blends’ nanomechanical properties (figs. S13 and S14). Peak-force
QNM, used for the modulus mapping of the blends’ components,
revealed two well-defined iPP and HDPE phases for the uncompati-
bilized iPP/HDPE 90/10 w/w blend with an elastic modulus of 2.5 +
0.2 GPa and 1.7 + 0.2 GPa, respectively. It is important to underline
that, typically, the viscoelastic responses of polymer samples are fre-
quency dependent and an increase of the storage modulus and

Kruszynski et al., Sci. Adv. 10, eado1944 (2024) 23 May 2024

the glass transition temperature might be observed at higher fre-
quencies (51). AFM-QNM analyses performed at a frequency of
2000 Hz, which is 1000 times higher than the typical bulk mechani-
cal testing by DMTA analysis, demonstrate slightly higher modulus
values for both the iPP and the HDPE phase in the tested blend sam-
ple in comparison to the DMA results performed at orders lower
frequency (52). The addition of PPDL to the iPP/HDPE 90/10 w/w
composition did not seem to have a significant effect on the iPP
(2.5 + 0.2 GPa to 2.2 = 0.2 GPa) and HDPE (1.7 =+ 0.2 GPa to
1.3 + 0.2 GPa) moduli as the values are indistinguishable within the
error on the measurement. A similar result was obtained for the iPP/
HDPE/PPDL 80/20/5 w/w/w composition. Whereas no drop in glass
transition temperature [Ty, determined using dynamic mechanical
thermal analysis (DMTA)] was observed for the ternary blends iPP/
HDPE/PPDL, the lower T values of binary iPP/PPDL and HDPE/
PPDL blends suggest a plasticizing effect for these blends (figs. S15 to
S18 and table S5). The incorporation of increasing quantities of
PPDL into iPP resulted in a reduction of the T from 7° to 3°C, being
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in agreement with the theoretical values calculated using the Flory-
Fox equation (see the Supplementary Materials: discussions con-
cerning compatibilizer distribution in the blends). In addition, above
the glass transition temperatures, only a minor decrease in the iPP
storage and loss moduli was observed, indicating a small impact of
PPDL on the viscoelastic properties of the polypropylene, as also
proven by AFM-QNM. The storage and loss moduli of the iPP/
HDPE blends compatibilized by PPDL maintain the desired perfor-
mance characteristics, ensuring the suitability of the blends for high-
temperature applications designed for iPP.

The effect of the PPDL compatibilizer on iPP/HDPE 90/10 w/w
blends was also assessed by means of shear rheology in the linear vis-
coelastic regime (Fig. 3C). The two pure components, ;PP and HDPE,
exhibit a quantitatively similar flow curve, characterized by the onset
of a Newtonian regime, and a well-resolved shear thinning region
with a slope between 0.7 and 0.8, in agreement with past works on
melts, in particular, polydisperse iPPs (53). The uncompatibilized
iPP/HDPE 90/10 w/w blend yielded a rheological spectrum that dis-
plays a low-frequency viscosity upturn that sets the blend far from
Newtonian behavior, reflecting poor miscibility and the presence of
agglomerates which prevents flow behavior. Conversely, the iPP/
HDPE 90/10 blend compatibilized with 5% PPDL shows Newtonian
behavior at low frequencies and a slightly higher viscosity compared
to the reference iPP (see inset of Fig. 3C). That is, the presence of
PPDL allowed for a blend, with the intact shear thinning region, rel-
evant for the processability of the polymers. The model of Grames-
pacher and Meissner (G-M) was adopted to capture the experimental
rheological observations and highlight the effect of the PPDL on the
blends (54). The G-M model is based on the additive contributions to
the complex shear modulus of the continuous and dispersed phases,
as well as the polymer interface. The latter is a function of the average
domain size of the dispersed domains, and the interfacial energy.
Note that the linear mixing rule works well when the blend constitu-
ents have Newtonian viscosities of the same order of magnitude, as in
the present case (54). For the noncompatibilized blend, an average
domain size of 318.5 nm taken from Fig. 3B and typical interfacial
energy for iPP/HDPE blends of 1.6 mN/m were adopted (55). With
such parameters, the model well-described the observed data (see
black line in Fig. 3C). For the compatibilized blend, with an average

domain size of 200 nm taken from Fig. 3B, the best fit of the data was
obtained with a lower interfacial energy equal to 0.1 mN/m. The result
of this model corroborates the hypothesis that PPDL lowers the inter-
facial energy between the investigated polyolefins.

Although molecular dynamics simulations, physical properties
analyses, and morphological studies strongly indicate that PPDL

functions as a compatibilizer for HDPE/iPP blends, the ultimate proof

is provided by a static mechanical properties study (Fig. 3D, Table 1,
figs. S19 and S20, and table S6). Pristine iPP and HDPE display ductile
behavior when exposed to external uniaxial tension, which, for the

grades used in our study, resulted in an average elongation at break of

290 and 930%, respectively. With stress (273 MPa) and strain (1050%)

at the break, the tensile behavior of PPDL strongly resembles that of

HDPE. Conversely, the brittle failure with a maximum strain at a
break of only 32% of the uncompatibilized iPP/HDPE blends is illus-
trative of their poor mechanical performance. The addition of a small
amount of PPDL, miscible with iPP, epitaxially crystalizing onto
HDPE and partially localized at the interphase (figs. S21 and S22),
appeared to have a profound and unexpected effect on the mechanical
properties of this blend. Unexpectedly, the strain at the break values
for both compatibilized iPP/HDPE/PPDL 90/10/5 and 80/20/5 w/w/w
blends (726 and 656%, respectively) did not only approach that of pris-
tine iPP, as was hoped, but they are even more than two times higher

than the value for iPP and are close to the strain at the break of

HDPE. In addition, a strain hardening comparable to HDPE provides
a significant enhancement of the stress at break from 23 to 32 MPa.
The addition of 5% of PPDL does not lead to a decrease in the yield
stress or modulus. As a result, the addition of a small amount of PPDL
transforms the brittle uncompatibilized iPP/HDPE blend into a mate-
rial with a considerably increased toughness than pristine iPP and
HDPE. In the interest of optimizing the compatibilizer amount, iPP/
HDPE compositions containing 3 and 1 wt % of PPDL were also tested
(fig. S20 and table S6). Lowering the amount of PPDL from 5 to 3 wt %
and lastly to 1 wt % leads to a gradual drop of the stress and strain at
break. But even with 1 wt % of PPDL in the blend, a strain at break
similar to that of a neat iPP is obtained. It is worth mentioning that
injection-molded specimens revealed improved mechanical proper-
ties as the compression-molded counterparts (fig. S19 and table S6),

clearly proving the potential for large-scale industrial application of

Table 1. Static mechanical properties of the iPP/HDPE, iPP/HDPE/PPDL blends, and polymers used for their preparation.

Sample Yield stress MPa

Yield strain %

Stress at the break MPa Strain at the break %

iPP 347+1.8

135+34

205+2.2 292 + 121

iPP/HDPE/PPDL 80/20 + 5% 345+0.8
PPDL
Kruszynski et al., Sci. Adv. 10, eado1944 (2024) 23 May 2024

240+ 104 656 + 146
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this approach to compatibilizing iPP/HDPE blends with a simple
polyester-like PPDL.

We have demonstrated that a simple-to-produce aliphatic polyes-
ter can function as a highly effective compatibilizer for otherwise
brittle, low-value iPP/HDPE blends. The origin of the compatibiliz-
ing effect of PPDL for iPP/HDPE blends is twofold in nature. PPDL
reveals epitaxial growth from HDPE lamellar crystals and miscibility
with the amorphous phase of iPP. PPDL-compatibilized iPP-rich
blends are characterized by a decrease of the HDPE domain size
from 400 to 200 nm, an increase of the T, of PPDL due to epitaxy,
and a reduced Ty of the iPP phase due to the partial miscibility of the
amorphous phases of PPDL and iPP. The static mechanical proper-
ties of the PPDL-compatibilized iPP/HDPE blends are exceptional
showing a strong toughening effect of PPDL on the {PP/HDPE blend.
The unexpectedly effective compatibilizer transforms brittle iPP/
HDPE blends into unexpectedly tough materials that even outperform
the reference HDPE and iPP materials. Its simplicity makes this approach
easily scalable and unlocks a potential route to convert large amounts
of mixed polyolefin waste into high added value, high-volume products.

MATERIALS AND METHODS

Materials

Isotactic PP (PP531PH grade, received from SABIC), HDPE (HDPE
B5429 grade, received from SABIC), Irganox 1010 (purchased from
BASEF), w-pentadecalactone (PDL, >97%), benzyl alcohol (99.8%), cal-
cium hydride (>97%), Al(CH3); (2 M solution in toluene) purchased
from Merck, N,N-bis(salicylidene)-2,2-dimethyl-1,3-propanediamine
(98%, purchased from Sigma-Aldrich) and dry ethanol (purchased
from Biosolve) were all used as received. Tetrahydrofuran and toluene
(purchased from Sigma- Aldrich) were dried using an MBraun-SPS-800
purification column system.

Synthesis of Salen aluminum methyl

In a nitrogen-filled MBraun glove box, a toluene solution of N,N'-bis
(salicylidene)-2,2-dimethyl-1,3-propanediamine (Salen ligand; 0.4 M,
20 mmol, 50 ml) was added to a toluene solution (0.5 M, 10 mmol,
20 ml) of trimethyl aluminum. After 1 hour, the Schlenk flask was
taken out of the glove box and the pale yellow mixture was heated to
100°C for 2 hours after which the solvent was removed in vacuo leav-
ing Salen aluminum methyl as an off-white solid in quantitative yield.
Synthesis of PPDL

In a nitrogen-filled MBraun glove box, the Salen aluminum methyl
precatalyst (97.2 mg, 0.28 mmol) was dissolved in toluene (4.0 g) and
treated with benzyl alcohol (22.5 mg, 0.21 mmol). The glass crimp cap
vial containing the clear catalyst solution was tightly closed and removed
from the glove box. The catalyst solution was introduced by syringe
into a steel reactor charged with molten PDL (50 g, 0.208 mol). The reac-
tor content was stirred (300 rpm) using a magnetic stirrer and heated
(140°C) using a heating plate for 24 hours. Then, the product was removed
from the reactor, washed with methanol, and dried in a vacuum oven
at 50°C for 48 hours.

Preparation of iPP/HDPE, iPP/HDPE/PPDL, iPP/PPDL, and
HDPE/PPDL blends

All blends were prepared using exactly the same procedure, only
differing in the amounts of iPP, HDPE, and PPDL. The appropriate
amounts of blend components (approximately 40 g in total) were
measured, mixed with antioxidant Irganox 1010 [2500 parts per
million (ppm)], and fed into a corotating twin-screw extruder heated
to 190°C and a screw rotation rate set at 120 rpm resulting in a residence

Kruszynski et al., Sci. Adv. 10, eado1944 (2024) 23 May 2024

time of 1.5 min. To ensure good mixing, each mixture was passed two
times through the extrusion.

Typical procedure for the preparation of an iPP/HDPE/

PPDL blend

iPP (PP531PH, 36 g), HDPE (HDPE B5429, 4 g), and PPDL (2 g) with
antioxidant Irganox 1010 (2500 ppm) were fed into a corotating twin-
screw extruder. The extruder temperature was set at 190°C and the
screw rotation rate was set at 120 rpm. The mixture was extruded two
times with an average residence time of 1.5 min.

Typical procedure for the sample preparation via

injection molding

After blending in the extruder, the mixture was evacuated directly to
a mini-injection molding machine with a stainless steel mold in ac-
cordance with ISO 527-3, type 5A. The injection temperature was set
at 190°C, and the process took place under a pressure of 15 MPa.
Typical procedure for the sample preparation via

compression molding

Compression molding of the polymer blends was performed using
PP ISO settings on a LabEcon 600 high-temperature press (Fontijne
Presses, The Netherlands). The materials were introduced into a Tef-
lon mold to prepare samples with a thickness of 1 mm. The program
for the compression molding involved the following steps: heating to
190°C for 5 min under 100-kN force followed by cooling to room
temperature for 10 min under applied force.

Methods

Molecular dynamics model preparation

To create a realistic model, we used the number of average molecular
weights of the HDPE (M, = 13.0 kg mol™), iPP (M, = 166.9 kg
mol ™), and PPDL (M,, = 99.5 kg mol™) that were actually used in
blending experiments in this study. The molecular weights needed to
be normalized by a factor of 10 resulting in HDPE, iPP, and PPDL
chains consisting of 47, 400, and 40 monomeric units, respectively
(Fig. 1). All molecular dynamics simulations were performed in the
process temperature at which the polymers were blended experimen-
tally (190°C). This temperature was also chosen to avoid problems
due to the semicrystalline nature of all three polymers. On the basis of
calculations and experimental data, the density of 0.76 g cm™ was
selected for the polymer mixtures (56).

The simulations were performed using BIOVIA Materials Studio
2022 (57). The Amorphous Cell module was used to construct repre-
sentative models of the different polymer mixtures (58). The Forcite
module was used for periodic boundary condition-based molecular
dynamics calculations to predict key properties. The most advanced
condensed-phase optimized molecular potentials for atomistic simu-
lations studies (COMPASSIII) was selected for the molecular dynam-
ics simulations (59-62). In COMPASSIII, the total energy (Eota) of
the simulation system is represented by the summation and non-
bonding interactions (Egs. 1 and 2).

+E

Etotal = Eb + Eq + E(Z) + EX +E vdw + Eele (1)

Cross

E +E + Enonbond (2)

total — Evalence cross

Four different models with different iPP and HDPE ratios were
used. The models PP’ and PP” are iPP-rich, while PE’ and PE" are
HDPE-rich. A detailed description of these models is covered in ta-
ble S2 and the models are depicted in Fig. 1 and fig. S5. Each set’s
constructed three-dimensional cubic cell was subjected to a series of

7of 11

¥202 ‘12 feW uo ABojouyos | Jo A1siBAIUN Ysueps 1e B10°a0us 105 MMM //:sdNy WoJ) pepeoiumod


http://mostwiedzy.pl

A\ MOST

SCIENCE ADVANCES | RESEARCH ARTICLE

geometry optimization and molecular dynamics simulations using a
Forcite module as implemented in Materials Studio 2022. First, the
cell was annealed with a periodic boundary condition to 190°C for 0.5 ps
with a pressure of 107> GPa to eliminate internal stress. Subsequently,
the cells were subjected to equilibration: First, the geometry was opti-
mized using the smart method (including steepest descent, conjugate
gradient, and the Newton method) for more than 10° steps until a
convergent value was reached. Then, the cubic cells were refined by
ultrashort molecular dynamics NVT (constant number of particles,
N, volume, V, and temperature, T') simulation equilibrated at 190°C
with a time step of 0.5 fs for 5000 steps followed by an NPT ensemble
run at 190°C with a time step of 0.5 fs for 30,000 steps. Minimum
fluctuations in density and energy were two cutoff criteria to deter-
mine the equilibrium of the system. Last, the equilibrated cells were
subjected to a production run of NPT (constant number of particles,
pressure, and temperature) ensemble at 190°C for 1000 ps. The misci-
bility parameters such as binding energy (Epinding)> mixing energy
(AEiy), and Flory-Huggins interaction parameter () were calculat-
ed for all four models and respected values are reported in table S2.
The energy versus time maps of all four models are depicted in fig. S6.
From fig. S6, it can be concluded that the energy of the system shows
a minute fluctuation at approximately the average value, indicating that
the systems are in an equilibrium state. Once the cubic cells of the ter-
nary blends PP’ (pp/uppE/ppoL)s PP (pp/HDPE/PPDL) PE' (PP/HDPE/PPDL), a0
PE" (pp/uppE/PPDL) Were constructed, they were used to construct
and analyze the corresponding binary blends PP’ pp/tippr), PP’ (pp/ppDL)s
and PP’ uppg/pppr). To be consistent in sample volume, the third com-
ponents of the original ternary blends were removed and the density of
the remaining two components was taken as variable.

The conceptual basis of calculated properties

Hildebrand solubility parameter (5). Hildebrand solubility parameter (5)
may be calculated by the square root of the CED as shown in Eq. 3 and
describes the attractive strength between the molecules of the material
(Eq. 4), exerting a huge influence on blend miscibility

8= 4/CED (3)

6T2 = 6vdwz + 6elez’ 6ele2 = 6H2 + 6P2 (4)

The CEDs are known to vary considerably with the molecular
weight of the polymer. If all intramolecular forces are eliminated,
CED is defined (Eq. 5) as the increase in energy per mole of a mate-
rial (33, 34)

CED = (Ea/v) (5)

Mixing energy. The computational results of CED allow the cal-
culation of the energy of mixing, AE,,; (38), of a binary mixture of
components i and j according to Eq. 6

_ Ecoh Ecoh _ Ecoh
() () (%), ©

The Hansen solubility parameters. The Hansen solubility parameters
are a way of predicting if one material will dissolve in another and form
a solution. They are based on the idea that like dissolves like where one
molecule is defined as being “like” another if it bonds to itself in a sim-
ilar way. Specifically, each molecule is given three Hansen parameters,
84, 8y, and Jy, each generally measured in megapascal.
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Flory-Huggins interaction parameter (y). Flory-Huggins interaction
parameter (x) can be calculated from AE,x using Eq. 7 (42-44, 62). The
smaller the Flory-Huggins parameter is, the better is the compatibility

of the two components
_ AE mix Vv 7

Fractional volume. The volume fraction (¢;) of component i in the
composite according to Eq. 8, where p, is the average density, p; is the
density of component i in the composite and C; is its concentration

in wt % (40)
_( SN[ P
o= () (%) ®

Binding energy. The binding energy (Epinding), defined as the negative
value of the interaction energy Eineer, is @ measure of the compatibil-
ity between two components mixed with each other (39). A negative
Eyinding represents poor compatibility between two components, while
a large positive Epinding represents good compatibility. The Epinding be-
tween components j and i may be obtained by Eq. 9.

Ebinding =~ EInter = - (EComplex - Ei - E]) 9)

Samples analysis

WAXS measurements were performed on a computer-controlled
goniometer coupled with a CuKa radiation source (A = 0.154 nm)
at 30 kV and 50 mA (Panalytical B.V., Almelo, Netherlands). The
analyzed samples were prepared using a compression molding
procedure.

M,, M, and the polydispersity index were determined using
SEC. The measurements were performed at 150°C on a Polymer Char
GPC-IR built around an Agilent GC oven model 7890, equipped with
an autosampler and the Integrated Detector IR4. 1,2-dichlorobenzene
(0-DCB) was used as an eluent at a flow rate of 1 ml min™". Polysty-
rene (PS) standards were selected to provide calibration points. The
injection volume was 200 pl. The SEC data were processed using Cal-
culations Software GPC One.

Melting (Ty,) and crystallization (T.) temperatures as well as en-
thalpies of the transitions were measured by DSC using a DSC Q100
from TA Instruments. The measurements were carried out at a heat-
ing and cooling rate of 10°C min™" from —40° to 230°C under nitro-
gen flow (15 ml min~}). The transitions were deduced from the
second heating and cooling curves.

Details of the samples’ morphology were examined with a trans-
mission electron microscope (Tesla BS 500, Tesla, Czech Republic),
operating at 90 kV. Samples for TEM examination, in the form of ul-
trathin sections approximately 60 nm thick, were prepared by cryo-
ultra-sectioning with an ultramicrotome (PowerTome PC, Boeckeler,
USA) equipped with a 35° diamond knife (Diatome, Switzerland).
Ultrathin sections were placed on standard copper grids for TEM ex-
amination. Before cutting, the analyzed samples were exposed to the
vapor of RuQOy at room temperature for 24 hours (63). From TEM
micrographs, the structural information on HDPE dispersion was ex-
tracted using the image analysis software Image] (National Institutes
of Health, USA) (64). Size determinations were made by evaluating at
least 300 domains of HDPE for each sample.
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AFM was performed using the Dimension FastScan AFM system
from Bruker using tapping mode AFM tips (Model TESPA-V2, k:
42 N m™", f: 320 kHz). The software NanoScope Analysis 1.5 from
Bruker was used as the computer interface for the operation and analysis
of AFM measurements. All AFM measurements were performed at
ambient conditions. Samples were cryo-microtomed at —120°C. Height
and phase images were recorded simultaneously at a scan rate of 1 Hz
with a resolution of 512 X 512 pixels. Optical imaging integrated into
the AFM setup was first used before AFM measurement to select the
area of interest for imaging. The nanomechanical properties of the
samples were characterized by a high accuracy quantitative nanome-
chanical mapping mode (HA-QNM) at a frequency of 0.7 Hz using
TAP-150-30 silicon cantilever tips (Bruker AFM Probes, 5 N/m nom-
inal spring constant) at ambient conditions. QNM mode enables the
quantitative measurements of nanoscale material mechanical proper-
ties by performing pixel-wise force curves in the scanned area in real
time. Analysis of the individual force curve data by the AFM Nano-
Scope software provides a map of material properties with the same
resolution as a topography image. Thereafter, the elastic modulus of
the scanned surface was extracted from the force curve using the
Derjaguin-Muller-Toropov (DMT) model and presented in the mod-
ulus mapping images.

DMTA was performed using a TA Instruments Q800 DMA. Samples
were tested by a strain-controlled temperature ramp with a frequency
of 1 Hz. The measurements were performed using film-tension mode.
The applied temperature profile was from —150°C to the melting point
of the sample with the ramp 2°C min ™. The glass transition tempera-
ture was calculated as the maximum of the tangent delta signal.

Tensile tests were performed using a Zwick type Z020 tensile tes-
ter equipped with a 2.5-kN load cell according to ISO 527-3 standard
(specimen type 1BA). A grip-to-grip separation of 40 mm was used.
The samples were prestressed to 3 N, and then loaded with a constant
cross-head speed 40 mm min~". Youngs modulus was estimated
with a constant cross-head speed of 1 mm min~" with an external
extensometer. The reported values are an average of at least 10 mea-
surements of each composition.

A Discovery Hybrid Rheometer DHR-2 (TA instruments) equipped
with a force rebalance transducer was used for the shear rheological
experiments. Stainless steel 25-mm-diameter parallel plates were ad-
opted for all the experiments. The temperature was controlled via a
convection oven fed with nitrogen gas to minimize sample degrada-
tion. Samples were shaped into discotic specimens by means of hot-
pressing, well above their glass transition temperature (typically at
180°C), and then cooled to room temperature. After loading, all the
samples were subjected to 30 min annealing at 180°C to erase residual
stresses, and to get rid of possible air bubbles, due to the hot pressing.
After that, the following rheological protocol was adopted for each
sample: (i) dynamic strain amplitude sweep at ® = 100 rad s~ " to de-
tect the linear viscoelastic regime and (ii) dynamic frequency sweep at
strain amplitudes in the range of 1 to 5% and frequency range be-
tween 100 and 0.01 rad s~

The G-M model. According to the GM model, the frequency re-
sponse of a polymer blend is given by two contributions (54): (i) the
viscoelastic response of the individual components that constitute the
dispersed and the continuous phases and (ii) the interfacial tension.
Hence, the total complex shear modulus is written as Eq. 10

= 0Gpp + (1 = B)Gypppy + G,

interface

Gltend (10)
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with ¢ being the volume fraction of the dispersed phase (PP in our
case), and G*pp, G*yppp, and G¥inerface being the complex shear mod-
ulus of the PP, HDPE, and the interfacial contribution, respectively. It
is important to highlight the fact that the linear mixing rule may fail if
the Newtonian viscosities of the two components are very different.

The effect of the interfacial tension on the moduli of Newtonian
liquids was first addressed by Choi and Schowalter (65). Subsequent-
ly, in 1989, Scholz et al. (66) reported a simplified version of the pre-
vious model, where the dynamic moduli, storage (G’) and loss (G"),
of a blend, can be calculated as

2.2
G@=nZh-B _1 < -2 >—w o (11
1+t T 1+ 0?7}
) ) n T\ o T,
G@=n— i =t (1o ) et (12
1+ oty T 1+t T,

The parameters of the above-reported equations are defined as

(5k+2) , 5(5k+2)?

N = Nmatrix 1 +¢’ 2k+ 1) +¢ 8(k+1)2 (13)

B 5(19k + 16)
“ _T°[1+¢4(k+1)(2k+3) (14)

_ 3(19k + 16)
TZ_TO[1+¢4(k+1)(2k+3) (15)
_ MNimarixR (19k +16)(2k + 3) (16)

0T g 40(k + 1)
k= T]dispersed (17)

T]matrix

where Nmairix and Ndispersed are the Newtonian viscosities of the ma-
trix and dispersed phase, respectively, R is the average radius of the
dispersed domains, and « is the interfacial tension. It follows that
the dynamic moduli of the blends are written as follows

n ,\ 07T
b]end (I)G +(1_¢)GHDPE T, 1__ 1+0)2 (18)
" T] T, 0)’[71 T,

(19)
Last, the complex viscosity of the resulting blend is written as

' "
Gblend2 + Gblend (20)

* —
Mplend = P
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