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ABSTRACT

An envisioned circular economy of commonly used polymers, high-density polyethylene (HDPE) and isotactic polypropylene
(@iPP), is challenging due to their immiscibility with almost all other plastics. Therefore, highly effective compatibilizers and
synthetic protocols permitting their large-scale production are highly desirable. Herein, we report the efficient one-pot synthesis
of strictly linear HDPE-b-iPP diblock copolymers achieved by coordinative chain transfer polymerization (CCTP). Various di-
block copolymers with short and very narrow distributed HDPE (M, =1400-2400g x mol™'; P=1.4) and long iPP segments were
synthesized and used to compatibilize HDPE/iPP blends. The synthesized block copolymers differ in their overall molecular
weights (M, =10,600-60,600g x mol ™) by varying the iPP segment, whereas the HDPE block was kept in a narrow range. Block
copolymers with a molecular weight from M, =23,000-39,000gxmol~" are competitive or outperform commercial compatibi-
lizers, INFUSE™ and INTUNE™, with the highest efficiency in compatibilizing 30/70 (wt./wt.) HDPE/iPP blends by a Swt.-%
copolymer addition. SEM studies revealed that after adding the diblock copolymer, HDPE core shell structures were formed, and
the HDPE particle size decreases compared to the neat blend, avoiding HDPE particles from debonding during tensile deforma-
tion tests.

1 | Introduction as compatibilizers can significantly improve the mechanical

properties of polymer blends even at very low concentrations

Due to their superior properties, polyethylene (PE) and iso-
tactic polypropylene (iPP) are the most widely used polymers
in the world [1]. However, their high demand and poor bio-
degradability inevitably lead to an increase in plastic waste,
making a circular economy of these polymers necessary [2].
Despite their very similar molecular structures, PE and iPP
are not miscible with each other, undergo macrophase separa-
tion, and turn recycling in the form of polymer blends due to
their poor mechanical properties into a challenging task [3].
Copolymers containing HDPE and/or iPP block architectures

[4]. They can reduce or overcome the domain formation and
restore the original properties of the major component of the
blend. Several kinds of HDPE/iPP compatibilizers have been
described in literature [5], starting from diblock [6], triblock
[7], linear multiblock [8], star like [9], grafted [10, 11], cycles
[12] and random [13] copolymers (Figure 1A). Due to their
promising results in HDPE/iPP compatibilizing and recy-
cling, the research over the last decades has focused on PE
and/or iPP grafted or multiblock copolymers and has led to the
commercialization of a compatibilizer by the DOW Chemical
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FIGURE 1 | (A) Selected nonreactive HDPE-iPP block copoly-
mer compatibilizers. (B) Previous work: Illustration of an immiscible
HDPE/iPP polymer-polymer interface stabilized by a HDPE grafted iPP
block copolymer, which cocrystallizes in both domains. (C) This work:
HDPE-core-iPP-shell formation in an iPP matrix, stabilized by a HDPE-
b-iPP diblock copolymer.

Company under the trade name INFUSE™ [14]. INFUSE™ is
an olefin multiblock copolymer (OBC) with alternating blocks
of hard (rigid) and soft (elastomeric) segments. INFUSE™ con-
sists of hard PE units with low a-olefin incorporation (HDPE)
and soft randomly distributed ethylene-a-olefin copolymers
(LLDPE) and is produced by chain shuttling technology [15].
Chain shuttling polymerization is a one-pot dual-catalyst ap-
proach for producing block copolymers by shuttling polymer
chains between them.

PE-b-iPP diblock compatibilizers, especially hard-hard diblock
copolymers, have been less investigated so far, and the research
has mainly focused on two long and/or equal chain lengths be-
cause it is believed that short chains can be easily pull out [8a,
16]. A typical commercially available diblock compatibilizer
with long chains is produced by the DOW Chemical Company
under the trade name INTUNE™ (Table S1) [17]. INTUNE™
is an iPP-EP block copolymer consisting of a crystalline iPP and
a randomly distributed ethylene-propene (EP) block [14c, 18],
allowing both hard-hard and hard-soft variations, by softening
or hardening the ethylene block through more or less propene
incorporation. INTUNE™ is produced by coordinative chain
transfer polymerization (CCTP) [15b, 19]. CCTP is a degenera-
tive chain transfer process in which one catalyst molecule forms
numerous macromolecules in a highly controlled fashion. A
polymer chain can reversibly transmetalate between a tran-
sition metal-based catalyst (growing state) and a main group
metal alkyl (dormant state), such as triethylaluminum (AIEt,),
diethylzinc (ZnEt,) or dialkylmagnesium (MgR,). Recently, we
have applied this process to synthesize grafted HDPE chains on
iPP back bones and have used these block copolymers to com-
patibilize HDPE in an iPP matrix (Figure 1B) [11].

Herein, we report the synthesis of semicrystalline, hard-hard
HDPE-b-iPP diblock copolymers with variable molecular weight,
consisting of a short very narrowly distributed HDPE chain and
an iPP chain of adjustable length. A one-pot synthesis protocol is
used, applying CCTP with two sequentially polymerized olefins.
A carefully selected combination of depleted MAO (d-MAO) as
activator, triethylaluminum (AIEt,) as chain transfer agent (CTA)
and two highly active catalysts that act sequentially with opposite
a-olefin selectivities enables the efficient bulk synthesis of HDPE-
b-iPP diblock copolymers. These copolymers can compatibilize
HDPE/iPP blends permitting recycling of such plastic mixtures
and are competitive with or outperform commercially available
compatibilizers. Mechanistic investigations suggest a core shell
mechanism for compatibilization (Figure 1C), which inhibits the
crystallization-induced crack formation on polymer interfaces.

2 | Results and Discussion

2.1 | Synthesis of the HDPE-b-iPP Diblock
Copolymers

The synthesis of our HDPE-b-iPP diblock copolymers is shown
in Figure 2. The polymers are synthesized in a one-pot process,
consisting of two sequential steps that involve two different ole-
fins and catalysts: a guanidinato trimethanido zirconium(IV)
(Zr") [20] and an ansa-bis(indenyl) dichlorido zirconium(IV)
(Zr'h) [21]. The first catalyst (Zr?), developed by our group, is
highly reversible in the CCTP of ethylene, has a high AlEt, toler-
ance for a broadly tunable chain length, and exhibits a very fast
chain transfer to aluminum, allowing the simultaneous growth
of all alkyl groups to AI(HDPE), with a very narrow polydisper-
sity (Table S2; Figures S1 and S2), but it does not homopolymer-
ize propylene. The second catalyst (Zr'") has a very good a-olefin
response, matches the high AlEt, tolerance of Zr!, and polymer-
izes propylene in an isotactic fashion via irreversible CCTP [22].
Both catalysts can be activated with d-MAO.

In Step I, the Zr! ethylene CCTP catalyst is used to synthesize
linear aluminum terminated HDPE [AI(HDPE),] with a flexi-
ble chain length, whereas the discrimination of propylene ho-
mopolymerization avoids by-products in Step II. The chain
length of the HDPE can be adjusted by the triethylaluminum
concentration and fine-tuned by changing the amount of eth-
ylene consumed. For the synthesis of HDPE-b-iPP diblock co-
polymers, a HDPE chain length above the entanglement range,
1200gxmol™, and below the precipitation point of AI(HDPE),
in toluene at 70°C, 2800 g x mol~!, was chosen.

In Step II, the monomer feed is switched to propylene and the
Zr'! catalyst is added to the reaction mixture. Zr'! stereoselec-
tively polymerizes propylene in an isotactic manner via irre-
versible CCTP in the presence of trialkylaluminum (AIR,) and
elongates the ethylene polymeryl chains with an iPP block of
adjustable chain length to (HDPE-iPP) AI(HDPE),  (n=1, 2,
3). The chain length of the iPP block is specified by varying the
trialkylaluminum concentration, the propylene pressure, and
polymerization temperature. Although the propylene pressure
in all experiments was kept constant, increasing the tempera-
ture or the trialkylaluminum concentration decreases the iPP
chain length and vice versa. The overall molecular weight of
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FIGURE 2 | Successive one-pot synthesis of HDPE-b-iPP diblock copolymers. Step I: Synthesis of AI(HDPE),. Step II: Elongation of ethylene

polymeryl chains with an isotactic polypropylene block.

the diblock copolymers is therefore adjustable by the trialkyl-
aluminum concentration, the ethylene consumption, and the
polymerization temperature. Regarding Step II, the inabil-
ity of Zr' to polymerize pure a-olefins, especially propylene,
prevents the formation of atactic polypropylene by-products,
whereas Zr'l must maintain the irreversibility of the chain
transfer even under high AIEt, concentrations in order to pre-
serve the stereo-control of the copolymer backbone. The re-
markable versatility of this dual Zr catalyst system enables the
highly efficient synthesis of hard-hard HDPE-b-iPP diblock
copolymers.

Detailed studies about the CCTP of propylene with Zr',
the influence of trialkylaluminum concentration (Table S3,
Figure S4), and the polymerization temperature (Table S4,
Figures S5—S11) on the molecular weight, the propylene con-
sumption (Table S5 and Figure S12), and trialkylaluminum
alkyl chain length (Table S6 and Figure S13) are presented in
the Supporting Information. Aluminum termination of all iPP
chains can be proven either by the absence of olefinic reso-
nances in the high temperature 'H nuclear magnetic resonance
(HT-'H-NMR) spectrum of the iPP produced at 50°C after acidic
workup (Figure S9) or by CCTP of propylene with Zr!! followed
by oxidation and acidic workup, leading to hydroxy terminated
iPP (Table S7 and Figure S14). At polymerization temperatures
above 80°C, traces of olefinic resonances in the 'H-NMR spec-
trum (Figure S10) were detected which probably come from
decomposition of the sterically crowded Et,AliPP, whereas
Et,AIHDPE produced with Zr'f under the same conditions was
stable.

Based on these results, the CCTP of propylene with Zr'! starting
from AI(HDPE), was investigated through continuous sampling
during polymerization (Table S8, Figures S16-S20). It was found
that as propylene consumption proceeds, the number of elon-
gated polymeryl chains of (HDPE), Al(iPP-b-HDPE), (n=1,
2, 3) increased, whereas the molecular weight and the melting
point of the iPP fraction of the diblock copolymer (Table S14,
Figures S21 and S22) remained almost unchanged and in-
dependent of the polymerization progress (Figure 3A). This

observation proves an irreversible chain transfer process after
chain elongation.

After confirming that both catalysts fulfill the requirements,
eight different HDPE-b-iPP diblock copolymers were syn-
thesized (Table 1) following the synthesis protocol outlined
in Figure 2. The molecular weight of the aluminum termi-
nated polymers [AI(HDPE),] was adjusted between 1400 and
2700gxmol~! [20a], to ensure solubility of the polymer in tol-
uene at 70°C as mentioned above. These long chain aluminum
alkyls were then elongated through propylene CCTP at 50°C,
65°C, and 85°C. After quenching the reaction with ethanol/hy-
drochloric acid, a blend of residual HDPE and HDPE-b-iPP di-
block copolymers was obtained.

2.2 | Characterization of the HDPE-b-iPP Diblock
Copolymers

The polymers were analyzed by high temperature size exclu-
sion chromatography (HT-SEC), differential scanning cal-
orimetry (DSC), solution differential scanning calorimetry
(micro-DSC), HT-'H-NMR, and HT-'3C-NMR, atomic force
microscopy (AFM), and scanning electron microscopy (SEM).
HT-SEC gives information about the molecular weight dis-
tributions (Table 1, M, ;;ppp.p.ipp) Of the HDPE-b-iPP and the
mass fraction (Table 1, wppr  ipp) Of elongated HDPE chains.
A bimodal molecular weight distribution with slightly overlap-
ping curves (Figure 4) was observed for all samples. Due to
this overlap, the HT-SEC curves were deconvoluted into HDPE
residue and HDPE-b-iPP by fitting experimental GPC curves
of HDPE/HDPE-b-iPP blends to two overlapping Gaussian
curves (Table 1, Tables S15—S22 and Figures S23—S30) [23].
This method assumes that both polymers exhibit symmetrical
curves within the mixture. The low molecular weight fraction
(M, =1400-2400 g x mol™!; D=1.4) can be attributed to the un-
converted HDPE residue which is comparable to the reference
samples of the pure (Table S2; Figure S2) and aliquot HDPE
samples taken prior to step 2 (Table S23). The high molecu-
lar weight fractions represent the corresponding HDPE-b-iPP
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FIGURE 3 | Reaction Monitoring by high-temperature size exclusion chromatography. Molecular weight distributions: (A) Continuous sampling
during propylene polymerization (Table S8). (B) Purification of HDPE-b-iPP from unreacted HDPE through two times Soxhlet extraction of the raw
material (Table 1 entry 3b and Tables S23 and S24).

TABLE 1 | Polymerization details for the synthesis of HDPE-b-iPP using Zr! for ethylene and Zr"! for propylene polymerization after activation
with d-MAO.?

Mn HDPE Mn HDPE-b-iPP C")HDPE-b—iPP

Ent. Vo [L] Virop [z, T,,0t[°Cl [gxmol™] b, [gxmol™!] Dy opE-beipp [wt.-%)
1 12 — 70 1800 1.4

6 50 60,600 2.8 40
2 14 — 70 2200 1.3

9 50 54,100 3.4 42
3ab 2 — 70 1700 1.5

8 50 39,500 2.2 84
3b¢ 3900 1.1 39,500 2.1 98
4 12 — 70 1800 1.4

11 65 35,200 1.9 56
5 16 — 70 2700 1.4

14 65 31,900 1.9 54
6a 10 — 70 1500 1.4

11 65 25,000 2.2 57
6b° 2000 1.1 31,300 1.8 81
7a 13 — 70 1500 1.3

12 85 11,300 2.1 57
7b¢ 2600 1.1 23,000 1.7 71
8 11 — 70 1400 1.3

13 85 10,600 1.9 57

“Reaction conditions: V, ., =250mL; n,, =1pumol; n, = 1umol; ny o =2mmol; 1y, =2.80mmol; p,g ., =3 bara; p, . =5 bara; All M, and the mass ratios

were determined by high temperature size exclusion chromatography and subsequent peak deconvolution. Mark-Houwink parameters: K=40.6 and a=0.725 for linear
HDPE and K=19.0 and a=0.725 for iPP.

O 5 3 = 1.0mmol.

CHDPE-b-iPPF after two times Soxhlet extraction.
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with an overall M, ranging from 10,600 to 60,600 g x mol~" and
polydispersities typical for metallocene iPP of D=1.9-3.4. The
HDPE-b-iPP fraction accounts for approximately 40wt.-%—
85wt.-% of the polymer. The degree of HDPE chain elongation
of the aluminum terminated polymer AI(HDPE), can be deter-
mined by analyzing the amount of HDPE residue compared to
the amount of HDPE produced by the ethylene conversion in
Step I, which we routinely monitor. Due to the slower chain
transfer rate between Zr'' and AI(HDPE), compared to AlEt,,
the molecular weight of the diblock copolymers is significantly
higher than pure iPP, which was synthesized under the same
conditions with AlEt, as CTA (Table S4).

The melting and crystallization temperatures of HDPE-b-iPP
were determined by DSC measurements (Figures S31—S38).
In a typical diblock copolymer raw material (HDPE-b-iPPB,
B=blend) after polymerization, up to three melting and crys-
tallization peaks can be observed (Figure 5). The DSC curves
are composed of residual HDPE, the HDPE-, and the iPP-phases

as-synthesized HDPE-b-iPP
cumulative fit

....... ﬁt HDPE

------- fit HDPE-b-iPP

log(MW)

FIGURE 4 | Deconvolution of a typical molecular weight distribu-
tion of HDPE-b-iPP (Table 1, entry 3) determined by high temperature
size exclusion chromatography. The red dotted line represents the fit
curve of the molecular weight distribution of unreacted HDPE (Mark-
Houwink parameters for HDPE: K=40.6 and a=0.725) after the reac-
tion, the blue dotted line represents the fit curve of HDPE-b-iPP (Mark-
Houwink parameters for iPP: K=19.0 and o =0.725).

—— HDPEresd:
—— HDPE-b-iPPB

M ——HDPE-5-iPPE

AN

——HDPEresd-
——HDPE-b-iPPB

~W\——HDPE-b-iPPt

—

—

endo —

endo ——»

of the block copolymer. The assignment of the melting (m.p.)
and crystallization (crystn.p.) peaks of the HDPE residue is per-
formed by using reference samples of the pure HDPE, which has
a m.p. at 127.8°C and a crystn.p. at 117.5°C (Figure S1). HDPE
melting and crystallization temperatures in the mixture were
found to be in the range from 120°C to 129°C and between
114°C and 117°C, respectively. The residual melting peaks
around 125°C and 145°C, as well as crystallization temperatures
of around 110°C and 118°C, were allocated to the HDPE- and
the iPP-phases of the block copolymer. Both the HDPE- and
iPP-phases of the block copolymer show lower melting and crys-
tallization temperatures than pure comparative HDPE and iPP
samples (Figures S1 and S8). The different melting and crystal-
lization temperatures of the HDPE- and the iPP-block indicate a
microphase separation [24]. To gain more insight and to verify
the diblock polymer architecture, three HDPE-b-iPP® polymers
were two times Soxhlet extracted with benzene at 80°C to re-
move as much as possible from the residual HDPE. According
to HT-SEC measurements (Figure 3B, Figures S39 and S40;
Table S24), this results in a decrease of the residual HDPE from
16wt.-% to 2wt.-% for entry 3a, from 43wt.-% to 19wt.-% for
entry 6a, and from 43wt.-% to 29wt.-% for entry 7a of Table 1.
The extracted HDPE-b-iPPF (E =extracted) materials were an-
alyzed by high temperature 'H- and >*C-NMR measurements,
DSC, micro-DSC, polarization microscopy, and AFM.

The 'H-NMR (Figure 6, Figures S47 and S50) and *C-NMR
(Figure S48) spectra of the purified polymers Table 1 entry 3b
and entry 6b reveal the existence of a HDPE-b-iPP block copo-
lymer by showing the four resonances of the CH, the two dias-
tereotopic CH, and CH, protons of the iPP as well as the singlet
resonance of the CH, protons of the HDPE chain [6b, 11, 23b].
By comparing the integrals of PE and polypropylene resonances,
the ratio between the iPP and HDPE repeating units can be cal-
culated. For the purest HDPE-b-iPPE, Table 1 entry 3b, the pro-
portion of HDPE can be determined by this ratio to 11.3mol-%
or 9.3wt.-% considering the 2wt.-% of unincorporated HDPE
residue. For a detailed calculation, see Table S30.

As expected, the purified diblock copolymers show less melting
and crystallization temperatures in the micro-DSC (Figure S51)
and DSC as well (Figures 5 and S52—S54). For the purest sam-
ple (Table 1 entry 3b), only one melting point in the micro-DSC

6I() Sb 1(I)012IO 1;1016!015202(')0
temperature [°C]

60 80 100 120 140 160 180 200
temperature [°C]

FIGURE 5 | DSC melting and crystallization curves (10K xmin™!)
of the extracted HDPE™s| the raw material HDPE-b-iPPB and the ex-
tracted polymer HDPE-b-iPPF for Table 1 entry 6b (A) and entry 3b (B).

=

T T T T T
6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1
chemical shift [ppm]

FIGURE 6 | HT-'H-NMR spectrum (300MHz, 120°C, C,D,Cl,) of

purified HDPE-b-iPP® after 2x Soxhlet extraction (Table 1, entry 3b);
*residual proton resonance of C,D,Cl,.
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was observed. In contrast, in the DSC, separated melting points
at 126.7°C and 148.3°C for the HDPE- and iPP-phases were
still present, whereas the crystallization point accidentally fell
together to one peak at 114.4°C. In addition, polarization mi-
croscopy, as well as AFM surface images, show evidence of
the presence of a microphase separation. In the micrographs of
HDPE-b-iPPE diblock copolymer recorded with a polarization
microscope, the iPP block crystallized first on cooling at 135°C
to set a hard spherulites morphology in the blend, followed by
the lamellar crystallization of HDPE chains (Figure 7 top) [25].
For a detailed temperature profile of the polarization micros-
copy, see Figure S55.

For AFM, the polymer was dissolved in 1,2,4-trichlorobenzene,
and one drop was slowly evaporated at 150°C on an object slide,
followed by isothermal crystallization at 130°C. In the AFM mi-
crographs of HDPE-b-iPPE diblock copolymer (Table 1 entry 3b)

a clear phase separation of banded spherulites of HDPE in an
iPP matrix was observed (Figure 8 left). Banded spherulites of
PE have been reported earlier, for example in HDPE-b-aPP di-
block copolymers [26].

2.3 | Compatibilization of iPP Containing up to
30wt.-% HDPE Impurities

The HDPE-b-iPP® diblock copolymer blends were used as syn-
thesized for compatibilization studies. Dog bone samples of
10/90, 20/80, and 30/70 (wt./wt.) HDPE/iPP blends from com-
mercially available HDPE and iPP polymers (SABIC HDPE
B5823, SABIC PP 500P, Table S1) were prepared and used to
determine the mechanical properties by tensile stress-strain
measurements. These blends were then compatibilized with
2.5wt.-%, 5wt.-%, and 10wt.-% HDPE-b-iPP® of different iPP

x

FIGURE7 | Polarization micrographs after cooling to 25°C of pure iPP (A) and HDPE (B), purified HDPE-b-iPPE (C), neat 30/70 wt.-% HDPE/iPP
blend (D and E), and compatibilized 27/63/10wt.-% HDPE/iPP/HDPE-b-iPPF blend (Table 1 entry 6b, F).

FIGURES8 | Atomic force microscopy (AFM) micrographs (3 x 3um) of neat HDPE-b-iPPE Table 1 entry 3b, (A) isothermally crystallized at 130°C,
30/70wt.-% HDPE/iPP blend (B) and compatibilized with 10wt.-% HDPE-b-iPPE (Table 1 entry 3b, C).
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block chain length, and commercial OBC compatibilizers
INFUSE™ and INTUNE™, All samples were compared with
neat iPP and the uncompatibilized blends (Figures S56—S116).
The selected results are shown in Figure 9.

A decrease in strain from 252% to 103% by blending iPP with
30wt.-% HDPE can be observed. The addition of 10wt.-% of
HDPE-b-iPP® to the blend results in an improvement of the aver-
age strain in every sample (Table S31) from 119% (Table 1 entry
1) to 458% (Table 1 entry 7a), and matching up with the best
commercial OBC compatibilizers INFUSE™ and INTUNE™
[14, 17, 18, 27], which show a restoration of the strain at break for
the 30/70 (wt./wt.) HDPE/iPP polymer blends to 438% and 447%,
respectively. The restoration of the strain at break was found to
be inversely related to the iPP block chain length or overall mo-
lecular weight of the diblock copolymer, with an optimum strain
at a weight of 11,300gxmol! (Table 1 entry 7a). An additional
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FIGUREY9 | Stressstrain plotdiagram of iPP (black), neat 30/70 (wt./

wt.) HDPE/iPP blend (red), and compatibilized with 10wt.-% HDPE-b-
iPPB entry 3a, 6a, and 7a (Table 1), INFUSE™, and INTUNE™.
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FIGURE 10 | Stress strain plot diagram of iPP (black), neat 10/90
(wt./wt.), 20/80 (wt./wt.), and 30/70 (wt./wt.) HDPE/iPP blends, and
2.5Wt.-%, 5wt.-%, and 10wt.-% HDPE-b-iPP® compatibilized blends
(Table 1 entry 6a, M, =25,000g X mol ™).

reduction in molecular weight to 10,600gx mol~! (Table 1 entry 8)
did not further improve the strain but resulted in a slight decrease
to 439%. It is noteworthy that the performance of the HDPE-b-iPP?
diblock compatibilizer is closely related to the amount of HDPE in
the blend. Although for a 30/70 (wt./wt.) HDPE/iPP polymer blend
10wt.-% compatibilizer is necessary, for 10/90 (wt./wt.) and 20/80
(wt./wt.) HDPE/iPP polymer blends 2.5wt.-% and 5wt.-% HDPE-
b-iPP® (Table 1 entry 6a, M w= 25,000gxmol™!) are sufficient
to recover the strain to 451% and 444%, respectively (Figure 10,
Table S31).

After the investigation of the compatibilization ability of the crude
HDPE-b-iPP? diblock copolymers, we became interested in the
performance of the extracted HDPE-b-iPPF ones. Again, dog bones
of a 30/70 (wt./wt.) HDPE/iPP blend compatibilized with 5wt.-%
and 7.5wt.-% of HDPE-b-iPPE of different iPP chain lengths were
prepared and used for the tensile stress-strain measurements. The
results for 5wt.-% compatibilizer and the comparison with neat
iPP, INFUSE™, and INTUNE™ are shown in Figure 11.

As expected, the extracted HDPE-b-iPPF diblock copolymers
are highly efficient in the compatibilization of a 30/70 (wt./wt.)
HDPE/iPP blend. Although for the crude HDPE-b-iPP® diblock
copolymer, 10wt.-% is necessary to restore the strain at break
of a 30/70 (wt./wt.) HDPE/iPP blend, for the extracted ones,
only 5wt.-% is needed. The strain was increased to 428%, 438%,
and 449% for Table 1 entry 3b, 6b, and 7b, respectively, whereas
INFUSE™ and INTUNE™ achieve 342% and 406%, respec-
tively (Table S31). It's noteworthy that HDPE-b-iPPE diblock
copolymers not only restore the strain at break but also do not
soften the blend and reduce the stress, like INFUSE™,

2.4 | Investigation of the Compatibilization
Mechanism

To get more insight into the compatibilization mechanism
of the HDPE-b-iPP diblock copolymers in HDPE/iPP blends,
DSC, optical polarization, scanning electron, and atomic
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FIGURE 11 | Stress strain plot diagram of iPP (black), neat 30/70

(wt./wt.) HDPE/iPP blend (red), and compatibilized with 5wt.-% HDPE-
b-iPPE entry 3b, 6b, and 7b (Table 1), INFUSE™, and INTUNE™.
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iPP

30/70 wt.-% HDPE/iPP

FIGURE 12 | Scanning electron microscopy (SEM) images at different magnifications obtained from injection molded cryo-fractured dog bone
specimen cross-sections of: (A) pure iPP. (B) 30/70wt.-% HDPE/iPP blend. Compatibilized HDPE/iPP/HDPE-b-iPP® blends with different mass ratios
28.5/66.5/5wt.-% and 27/63/10wt.-% before (C and D) and after tensile test (E and F).

force microscopy investigations were performed. For co-
crystallization experiments, iPP 500P, HDPE B5823, and a 30/70
(wt./wt.) HDPE/iPP blend were blended with 10wt.-% HDPE-b-
iPPE (Table 1 entry 6b) and the DSC melting and crystallization
curves were measured (Figures S117—S120). Due to the long
iPP block chain, HDPE-b-iPPE (Table 1, entry 6b) and pure iPP
blends cocrystallize, showing only one melting at 161.0°C (m.p.)
and one crystallization point at 116.6°C (crystn.p.). In contrast,
pure HDPE and HDPE-b-iPPF (Table 1, entry 6b) blends display
2m.p. and 2 crystn.p. indicating HDPE/iPP macrophase sepa-
ration. For a 27/63/10wt.-% HDPE/iPP/HDPE-b-iPP blend, two
melting (131.4°C and 161.4°C) and one crystallization (117.1°C)
temperatures are visible.

For the optical polarization microscopy, dynamic crystallization
(Temperature profile Figure S55) was performed. The samples

were placed between two object slides, melted and tempered
at 230°C for 5min isothermally. A cooling step to 135°C at
10K xmin~! was performed, and the samples were tempered
isothermally for 1h. Crystallization occurs from 135°C to 110°C
and is performed at a cooling rate of 5K xmin~!. Afterwards,
the samples were cooled to room temperature at a cooling rate
of 10K xmin~. The crystallization of the iPP phase in the neat
blend 30/70 (wt./wt.) HDPE/iPP starts at 135°C and crystallizes
in the form of slowly growing spherulites (Figure 7, bottom left).
The crystallization of the HDPE phase occurs at 117°C in the
form of fast-growing lamella crystals. The HDPE crystals can be
identified at the interfaces of the iPP spherulite crystals. Below
107°C, a rapid crack formation between the iPP spherulites and
HDPE lamellas of the neat blend becomes visible. Figure 7, bot-
tom center, shows the blend after finishing the crystallization
at 25°C, being permeated by cracks (black) at the spherulite
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FIGURE 13 | Proposed core shell compatibilization mechanism.
(A) A neat 30/70wt.-% HDPE/iPP blend forming large HDPE crys-
tals, which can easily debonded leaving cavities and leading to tensile
strength lost. (B) Adding a HDPE-b-iPPB (blend) diblock copolymer core
shell formation anchors the HDPE particles in the iPP matrix and re-
storing the tensile strength.

interphases. The procedure was repeated with the 30/70 (wt./
wt.) HDPE/iPP compatibilized blend with 10wt.% HDPE-b-iPP®
(Table 1 entry 6b). No change in the crystallization temperature
of the neat polymer phases compared to the pure blend can be
observed. The crystalline structure of the blend remained essen-
tially failure-free.

For AFM, the commercial 30/70wt.-% HDPE/iPP blend was
dissolved in 1,2,4-trichlorobenzene and one drop was slowly
evaporated at 150°C on a glass slide. Similar to the HDPE-b-
iPPE (Table 1 entry 3b) diblock copolymer (Figure 8A), the un-
compatibilized blend shows phase separation of the immiscible
polymers, resulting in large debonded polymer crystals, leaving
cracks between them (Figure 8B). The procedure was repeated
by adding 10wt.-% HDPE-b-iPPE to the polymer solution, re-
sulting in a shrinkage of the polymer crystals and close packing
(Figure 8C).

Phase morphology of immiscible blends is the major determi-
nant of final material properties. Dog bone shaped specimens
were prepared by injection molding and investigated by SEM
cryo-fractured cross-sections of iPP, neat and compatibilized
30/70wt.-% HDPE/iPP blends, before and after tensile testing
(Figure 11 and Figures S121—S123).

The SEM images of iPP homopolymer (Figure 12A) show large
iPP crystals in an iPP matrix but virtually no cavities, fracture,
and so on. The neat 30/70 wt.-% HDPE/iPP blend (Figure 11B) ex-
hibits small cracks around the large HDPE crystals, which have
weak or loose interactions with the iPP matrix and can already
be debonded during cryo-fracture, leaving cavities left. The
SEM images of compatibilized blends show a decrease in HDPE
crystal size by two-thirds and strong HDPE/iPP interactions,

recognizable by the deformation of the HDPE particles during
cryo-fracture. Oval deformation of the HDPE particles can also
be observed in Figure 12E,F after tensile testing.

2.5 | Proposed Compatibilization Mechanism

Based on this morphological characterizations and the tensile
testing, the following mechanism is proposed. In the 30/70 wt.-%
HDPE/iPP immiscible blends, large and weakly bonded HDPE
particles within the iPP matrix were formed, accompanied by
crack formation (Figure 13A). This leads to a reduction in the
tensile strength by 200% compared to neat iPP. By adding the
HDPE-b-iPP® diblock copolymer to the blend, the HDPE par-
ticle size decreases by two-thirds and the strain at break was
restored. The strong deformation of the HDPE particles after
cryo-fracture and tensile testing is the result of the strong an-
choring of the particles through the HDPE-b-iPP diblock copoly-
mer. We propose that the HDPE particles and the compatibilizer
form a core shell structure, which is very common for diblock
copolymers with a 1/3-2/3 block-to-block chain length ratio [28].
For core shell structures, one very narrowly dispersed block was
found to be beneficial [29]. The core shell mechanism is in good
agreement with the 3/1 mass ratio of HDPE/HDPE-b-iPP (core/
shell) and the inversely related overall molecular weight of the
diblock copolymer for productive compatibilization, because
shorter chains can more efficiently cover the HDPE core.

3 | Conclusion

CCTP permits the efficient bulk one-pot synthesis of semicrys-
talline HDPE-b-iPP diblock copolymers. Subsequently, opera-
tion of two catalysts, with distinct selectivity patterns, enabled a
highly flexible synthesis of these diblock copolymers. Variation
of the block chain length allows the identification of effective
compatibilizers to recycle blends of HDPE and iPP. The crude
HDPE-b-iPP® diblock copolymers can be purified by extraction
and are competitive or even better than commercially available
OBC compatibilizer.
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