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Multiblock Copolymers of Polyolefins and Polyesters

CROSS-REFERENCE TO RELATED APPLICATION
This application is an International Application which claims priority to U.S.
Provisional Patent Application Serial No. 62/827,413, filed April 1, 2019, which is

incorporated herein by reference.

TECHNICAL FIELD
This document relates to multiblock copolymers of polyolefins and polyesters,
wherein the polyester contains one or more terephthalate units. This document further
includes methods and materials for making and using such multiblock copolymers, as
well as multilayer films, polymer blends, and molded articles made from such

multiblock copolymers.

BACKGROUND
Polyolefins and polyesters are two of the most prevalent polymers in the
world. Polyolefins, such as polyethylene (PE), and polyesters, such as poly(ethylene
terephthalate) (PET), are often combined in food or other packaging because of their
gas barrier and mechanical properties. Multi-component products, including, e.g.,
PE/PET multilayer films, are commonly used in packaging, but the pure components
cannot be easily or economically physically separated, which can make recycling of

the packaging difficult or impractical.

SUMMARY

Provided herein are multiblock copolymers (MBCPs ) of polyolefins and
polyesters, wherein the polyester contains one or more terephthalate units. Such
multiblock copolymers can be useful, e.g., as adhesion promoters and as
compatibilizers for recycled multicomponent polymer products. This document
further includes methods for making and using multiblock copolymers, as well as
multilayer films, polymer blends, and molded articles made from such multiblock
copolymers.

The MBCPs provided herein can advantageously adhere to both a polyolefin
layer and a polyester layer of a multilayer film. The MBCPs provided herein

advantageously provide compatibilization of the interface of immiscible blends of
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polyolefin and polyesters containing one or more terephthalate units and enable
sublimate unusable blends to be formed into practical materials. Without being bound
by any theory, it is believed the MBCPs provided herein enable compatibilization by
improving ductility of the blends. These properties of the MBCPs provided herein open
up the possibility of recycling previously inseparable multicomponent products by
simple, direct melt blending.

Such MBCPs provide several advantages. For example, the MBCPs provided
herein exhibit improved adhesion, mechanical strength and compatibility in
polyester/polyolefin multi-layer films and blends, wherein the polyester contains one
or more terephthalate units. The improved properties provided by the MBCPs
described herein can significantly improve recyclability of packaging materials.

Polyesters containing one or more terephthalate units and polyolefins can have
very large interaction parameters and can exhibit thin interfacial thicknesses, resulting
in significantly poor adhesion and poor general compatibility. As one example of the
advantages provided by the the MBCPs described herein, MBCPs can dramatically
strengthen the polyester/polyolefin interlayer which otherwise shows very poor
adhesion. Moreover, the MBCPs provided herein can dramatically increase adhesion.
Without being bound by any particular theory, it is believed the MBCPs can form
entanglements with the adjoining homopolymer layers near the interface. In addition
this entanglement phenomenon can be enhanced by increasing the size of the
individual blocks in the MBCP, and thus can be tailored to particular product needs.

As another example of the advantages provided by the MBCPs decribed
herein, MBCPs provided herein can effectively compatibilize polyester/polyolefin
blends, wherein the polyester contains one or more terephthalate units. Moreover, the
MBCPs can significantly reduce the size of the polyolefin droplets in the polyester
matrix of such blends. Finally, the MBCPs provided herein can significantly increase
elongation at break of such blends. Without being bound by any particular theory, it is
believed that the interfacial energy of the blends decreases due to the localization of
MBCP at the interface and that the resulting adhesion improves greatly contributing to
the improvement of physical properties. Such properties of the MBCPs open up, by
direct melt blending with a MBCP, the possibility of recycling multicomponent
products such as PET/PE multilayer films common in food packaging, which are

normally difficult or impractical to separate.
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In a first general aspect, this document provides a multiblock copolymer
comprising a block obtained from a polyester, wherein the polyester contains one or
more terephthalate units; and a block obtained from a polyolefin. In some
embodiments, the block obtained from a polyester can have an average M of from
about 2,000 to about 200,000. In some embodiments, the block obtained from a
polyolefin can have an average Mn of from about 2,000 to about 200,000.

In a second general aspect, this document provides a process for preparing a
multiblock copolymer provided herein comprising reacting a hydroxy-terminated
polyester block precursor, wherein the polyester contains one or more terephthalate
units; a hydroxy-terminated polyolefin block precursor; and an acid chloride.

In a third general aspect, this document provides a process for preparing a
multiblock copolymer provided herein comprising performing a ring opening reaction
with a cyclic polyester block precursor; a diacyl chloride; and a hydroxy-terminated
(e.g., monohydroxy-terminated, dihydroxy-terminated) polyolefin block precursor to
form a diblock polyester-polyolefin polymer or a triblock polyester-poly olefin-
polyester polymer; and coupling the diblock or triblock polymer in the presence of the
diacyl chloride, wherein the polyester contains one or more terephthalate units.

In a fourth general aspect, this document provides a multilayer film
comprising a multiblock copolymer as provided herein.

In a fifth general aspect, this document provides a method of making the
multilayer films provided herein, comprising laminating a multiblock copolymer
provided herein to a first polymer layer, a second polymer layer, or both the first and
second polymer layers.

In a sixth general aspect, this document provides a method of making the
multilayer films provided herein, comprising premixing a multiblock copolymer
provided herein with a first polymer or a second polymer; and coextruding the first
and second polymer to form the multilayer film.

In a seventh general aspect, this document provides a polymer blend
comprising a multiblock copolymer provided herein; and two or more immiscible
polymers.

In an eighth general aspect, this document provides a process for

compatibilizing two or more immiscible polymers comprising adding a multiblock
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copolymer provided herein to a melted blend comprising a first polymer and second
polymer, wherein each of the first and second polymers are immiscible with respect to
the other.

In a ninth general aspect, this document provides a process comprising melting
a multilayer film comprising a multiblock copolymer provided herein to produce a
melt blend; and forming the melt blend into a molded article.

In a tenth general aspect, this document provides molded article comprising
the MBCPs described herein.

Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to
which the present application pertains. Methods and materials are described herein for
use in the present application; other, suitable methods and materials known in the art
can also be used. The materials, methods, and examples are illustrative only and not
intended to be limiting. All publications, patent applications, patents, sequences,
database entries, and other references mentioned herein are incorporated by reference
in their entirety. In case of conflict, the present specification, including definitions,
will control.

Other features and advantages of the present application will be apparent from

the following detailed description and figures, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic of an exemplary process for preparing a multilayer films.

FIG.2 is an exemplary synthetic scheme and a '"H NMR spectrum of PET
block precursor for MBCP according to Example 1.

FIG. 3 is an exemplary synthetic scheme and a "H NMR spectrum of PE block
precursor for MBCP according to Example 1.

FIG. 4 is a 'H NMR spectrum for MBCP-4k in TCE-d2 at 120 °C according to
Example 1.

FIG. 5Ais a '"H NMR spectrum of PET-7k according to Example 1.

FIG. 5B is a '"H NMR spectrum of PE-7k according to Example 1.

FIG. 5C is a 'H NMR spectrum of PET/PE MBCP-7k according to Example 1.

FIG. 6 is a DSC thermogram of PET-PE multiblock copolymers and triblock

copolymer according to Example 1.
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FIGS. 7A and 7B are high-temperature SEC analyses using refractive index
detection of MBCPs according to Example 1.

FIG. 8 is an exemplary synthetic scheme and 'H NMR spectrum of PE block
precursor for TBCP according to Example 1.

FIG. 9 is an exemplary synthetic scheme and 'H NMR spectrum of TBCP
according to Example 1.

FIG. 10 is a thermal gravimetric analysis for MBCPs and TBCP in nitrogen
(TA Instruments TGAS500) according to Example 1. Samples were heated under
nitrogen at a ramp rate of 20 °C/min to 270 °C, and held for 20 min.

FIG. 11A s a representative curve of peel strength of exemplary PET/PE
laminates with TBCP, with MBCPs, according to Example 2.

FIG. 11B is a representative curve of peel strength of exemplary PET/PE
laminates without BCP, with MBCPs, according to Example 2.

FIG. 12 are AFM phase images of a cross-section of an exemplary
PET/MBCP-7k/PE interface according to Example 2.

FIG. 13Ais an AFM phase image of an exemplary as-extruded blend of
PET/PE (80/20), according to Example 3.

FIG. 13B is an AFM phase image of an exemplary as-extruded blend of
PET/PE/TBCP (80/20/2), according to Example 3.

FIG. 13C is an AFM phase image of an exemplary as-extruded blend of
PET/PE/MBCP-4k (80/20/2), according to Example 3.

FIG. 13D is an AFM phase image of an exemplary as-extruded blend of
PET/PE/MBCP-7k (80/20/2), according to Example 3.

FIG. 14A is an AFM phase image of an exemplary blend of PET/PE (80/20)
after annealing for 3 min at 270 °C, according to Example 3.

FIG. 14B is an AFM phase image of an exemplary blend of PET/PE/TBCP
(80/20/2) after annealing for 3 min at 270 °C, according to Example 3.

FIG. 14C is an AFM phase image of an exemplary blend of PET/PE/MBCP-
4k (80/20/2) after annealing for 3 min at 270 °C, according to Example 3.

FIG. 14D is an AFM phase image of an exemplary blend of PET/PE/MBCP-
7k (80/20/2) after annealing for 3 min at 270 °C, according to Example 3.
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FIG. 15 is a DSC thermogram of exemplary polymer blends with heating rate
of 5 °C /min after cooled down from 270 °C with cooling rate of 5 °C/min, according
to Example 3.

FIGS. 16A and 16B show representative stress—strain curves for uniaxial
tensile elongation of exemplary PET/PE polymer blends, according to Example 4.

FIG. 17A is a SEM image of a tensile test of an exemplary cryo-fractured
polymer blend of PET/PE (80/20), according to Example 4.

FIG. 17B is a SEM image of a tensile test of an exemplary cryo-fractured
polymer blend of PET/PE/TBCP (80/20/2), according to Example 4.

FIG. 17C is a SEM image of a tensile test of an exemplary cryo-fractured
polymer blend of PET/PE/MBCP-4k (80/20/2), according to Example 4.

FIG. 17D is a SEM image of a tensile test of an exemplary cryo-fractured
polymer blend of PET/PE/MBCP-7k (80/20/2), according to Example 4.

FIG. 18 is a stress-strain tensile test of PET and LLDPE, according to
Example 4.

FIG. 19 is a DSC thermogram of exemplary block precursors with heating rate
of 5 °C /min after cooled down from 270 °C with cooling rate of 5 °C/min, according

to Example 1.

DETAILED DESCRIPTION

DEFINITIONS

The term “multiblock copolymer” (MBCP) includes copolymers comprised of
two types of blocks where the number of blocks is at least two. In certain
embodiments, MBCPs provided herein can have at least two types of blocks, where
the number of blocks is 2, 3,4, 5,6, 7, 8,9, 10, 12, 15, 20, 40, 100 or more blocks.

As used herein, “Mn” refers to the number average molecular weight of a
polymer. For example, M is the total weight of the polymer divided by the total
number of molecules.

As used herein, the term “polymer” refers to a macromolecule containing a
plurality of repeating subunits.

Polymeric materials are essential to daily human life, and are used in various
products including packaging, textiles, electronics, automobiles, etc. The attractive
properties of synthetic polymers (such as excellent chemical resistance and reasonable

production cost) distinguish polymeric materials from traditional materials such as
6
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metals and ceramics. In 2015, the plastic production volume was 380-million-tons [1].
One reason for this high level of polymer production is packaging materials, which
comprises 42% of the total plastic production. Most of these packaging materials are
single use [1]. Since many synthetic polymers can take an extremely long time to
degrade in the environment [2], [3], a number of serious environmental problems,
such as ocean pollution and microplastic accumulation throughout the food chain,
have arisen [2], [4]. Polymer recycling and the implemention of bio-degradable
substitutes continue to be explored in an effort to reduce the negative environmental
impacts of polymers. However, among the polymer waste streams in the U.S., only a
fraction (< 8.8 %) of polymer products are recovered from municipal solid waste for
recycling purposes. The majority of these waste streams are composed of polyesters
containing one or more terephthalate units, such as poly(ethylene terephthalate) (PET)
and, polyolefins such as polyethylene (PE) [5], [6]. PET and PE are two of the most
commonly produced and consumed polymers in the world, accounting for
approximately 80% of the total non-fiber plastics production. Both of these materials
are used primarily in packaging materials because of their desirable properties. For
example, PE can exhibit great ductility and impact strength, good chemical resistance,
sealability, and excellent moisture barrier properties. PET can provide superior
oxygen barrier properties, thermal stability (<350 °C), high modulus, and good
mechanical strength.

PET and PE are commonly used in one-way packaging and are usually easy to
recycle when they are used as a single substrate. In food packaging, however, PET
and PE are often combined as a multilayer film in order to take advantage of the
attractive properties of both polymers for improved performance. However, it is
challenging to combine two or more polymer layers together directly because many
polymer combinations (such as PET/PE) are inherently immiscible due to their small
entropy gain from polymer mixing unless there are attractive interactions. This can
lead to poor adhesion. Even when two polymers with similar structures are combined,
such as PE and isotactic polypropylene (iPP), poor combatibility and adhesion are
observed [7]. The adhesion between PE and PET is even worse than that of PE/iPP
because the interaction parameter is larger.

Numerous attempts have been made to improve the adhesion between polymer

layers. Such attempts can be classified into two categories. A first option is to place a
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tie layer between the two polymer layers [8]—[12]. Tie layer polymers usually have
functional groups which are grafted or randomly introduced into copolymers, such as
maleic anhydrides or glycidyl (meth)acrylates. The copolymer can chemically react
with one or both layers so that the two layers can be combined effectively. Generally,
reactive polyurethane adhesives which consist of isocyanate (toluene diisocyanate,
diphenylmethane diisocyanate, etc.) and polyol (polyethylene glycol, polypropylene
glycol, etc.) functional groups are also used to enhance adhesion. Another second
effective option to improve the adhesion is surface modification by ion sputtering,
corona and plasma irradiation [13]-[16]. Such treatments can enhance the surface
properties of the polymer films to promote the adhesion by chemical and physical
modification of the surface. However, when it comes to recycling, the multilayer
films can be challenging to work with because the pure components can be difficult to
physically separate [17]. The easiest and the most economical recycling method is to
melt and simply mix polymers directly. However, in recycled blends of two or more
immiscible polymer components, poor mechanical properties usually occur due to
miscibility issues. To achieve the desired mechanical properties of polymer blend,
improvement of both compatibility and adhesion is needed.

One potential approach to improve the compatibility in polymer blends is to
introduce a reactive or non-reactive compatibilizer. For reactive compatibilization,
polymers with reactive functional groups (e.g., maleic anhydride, glycidyl, or amino
group) can be introduced to the blends during the mixing process and chemically react
with, e.g., PET [18]-[25]. A greater compatibilizing effectiveness has been reported
with copolymers containing glycidyl epoxy groups on side-chains as compared to
those with maleic anhydride functional groups [23]. PET-grafted-polyolefin was
formed as a sterically repelling layer at the interface after the reaction between the
compatibilizer and the end groups of PET, resulting in finer domain dispersions.
Recently, an amino-telechelic PE compatibilizer was synthesized, and was mixed with
PET/high-density polyethylene (HDPE) blends in an extruder in a melt state [26]. The
amino end groups enabled the reaction with PET to form multiblock copolymers as a
compatibilizer. The properties of such polymer blends were better than the reported
PET-grafted-polyolefin because each block in the reacted compatibilizer was
structurally similar to both HDPE and PET. Howeyver, certain disadvantages were also

present. For example, the reactive compatibilization reaction required efficient

PCT/US2020/026208
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mixing, since there was little to no thermodynamic driving force for those functional
polymers to migrate to the interface. Additionally, the reaction time needed to be
shorter than the residence time of mixing in order to complete the reaction and the
chemical bonds generated by reaction needed to be stable under the desired
processing conditions (high temperature and high shear rate). Furthermore, viscosity
was found to increase during and after the reaction due to unexpected crosslinking
reactions, making processing more difficult.

Non-reactive compatibilizers are another potentially effective way to
compatibilize immiscible blend systems, the most common approach of which mixes
a miscible or compatible component with a homopolymer. For instance, random
copolymers [27], [28] and graft copolymers [29]-[31] can have an ability to
compatibilize polymer blends by localizing at the interface. Block copolymers are
also one of the more industrially effective compatibilizers. For example, through the
addition of a styrene-ethylene-butylene-styrene (SEBS) block copolymer,
improvements in the ductility of the ternary blends have been reported. [32], [33]. The
resulting interpenetrating network of PET and PE in the presence of SEBS was
attributed to the observed improvement of mechanical properties. The investigators
regarded the polystyrene in SEBS as a PET-like block, while the poly(ethylene-
butylene) acted as a PE-like block. It was hypothesized that the compatibilizer would
prefer to stay at the interface and “emulsify” the PET and PE.

MBCPs, as used herein, are comprised of at least two types of blocks where
the number of blocks is at least two. MBCPs can have more efficiency of
compatibilization compared to the di- or tri-block copolymers [35], [36]. Recently, the
synthesis of ethylene and isotactic propylene (PE-iPP) MBCPs was reported with
precisely controlled molecular weights utilizing a hafnium pyridylamine catalyst [ 7],
[37]. The compatibilized blends showed good mechanical properties and could be
used as recycled products. Improvement of interfacial adhesion between iPP and PE
films having iPP-PE tetra-block copolymers disposed between the iPP and PE films
was observed as compared to that with di-block copolymers. However, improved
compatibility and adhesion is still needed for blends of polyolefins and polyesters

containing one or more terephthalate units, such as for common PET/PE blends.

MULTIBLOCK COPOLYMERS
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Provided herein are multiblock copolymers (MBCPs) comprising polyolefins
and polyesters, wherein the polyester contains one or more terephthalate units. Such
MBCPs can be useful, e.g., as adhesion promoters and as compatibilizers for recycled
multicomponent polymer products, such as recycled PET/PE blends.

In some embodiments, the MBCPs can comprise a block obtained from a
polyester, wherein the polyester contains one or more terephthalate units; and a block
obtained from a polyolefin. In some embodiments, the MBCPs can consist essentially
of blocks obtained from a polyester containing one or more terephthalate units and
blocks obtained from a polyolefin.

In some embodiments, the MBCPs can have a number average molecular
weight (Mx) of from about 4,000 to about 600,000, from about 6,000 to about
300,000, from about 8,000 to about 200,000, from about 10,000 to about 100,000,
from about 8,000 to about 80,000, from about 8,000 to about 70,000, from about
8,000 to about 60,000, from about 8,000 to about 50,000, from about 8,000 to about
40,000, from about 8,000 to about 30,000, from about 8,000 to about 24,000, or from
about 8,000 to about 20,000. In some embodiments, the MBCPs can have a number
average molecular weight (Mn) of about 4,000, about 5,000, about 6,000, about 7,000,
about 8,000, about 9,000, about 10,000, about 11,000, about 12,000, about 13,0000,
about 14,000, about 15,000, about 16,000, about 17,000, about 18,000, about 19,000,
about 20,000, or more, up to about 600,000.

MBCPs can have two different types of repeating units. A first type of
repeating units are the individual monomeric units of which the blocks are composed.
In some embodiments, the MBCPs can have and average of 2 or more repeating
individual monomeric units, from 2 to 50 repeating individual monomeric units, from
2 to 40 repeating individual monomeric units, from 2 to 30 repeating individual
monomeric units, from 2 to 20 repeating individual monomeric units, from 4 to 20
repeating individual monomeric units, from 4 to 18 repeating individual monomeric
units, from 4 to 16 repeating individual monomeric units, from 6 to 14 repeating
individual monomeric units, from 6 to 12 repeating individual monomeric units, from
8 to 14 repeating individual monomeric units, or from 10 to 14 repeating individual
monomeric units. In some embodiments, the MBCPs can have an average of 2, 3, 4,

5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, or more repeating individual

10
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monomeric units. Fractional average repeating individual monomeric units (e.g,
decimal averages, such as, e.g., 6.5, 11.2, etc.) are also contemplated herein.

A second type of repeating units in MBCPs is repeating block units. As used
herein, repeating block units refers to the simplest repeating block units. For example,
in a polymer exhibiting -ABABAB- structure, each A and each B. singularly, are the
simplest repeating block units (while each —AB-, though also a repeating block unit, is
not the simplest unit). In some embodiments, the MBCPs can have an average of from
about 2 to about 20 repeating block units. In some embodiments, the MBCPs can have
an average of 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20
repeating block units. Fractional average repeating block units (e.g, decimal averages,
such as, e.g., 6.5, 11.2, etc.) are also contemplated herein.

In some embodiments, the block units of the MBCPs can be randomly
arranged. In some embodiments, random arrangement can include perfectly random
arrangement. In some embodiments, random arrangement can include biased random
order. In some embodiments, the blocks can be alternatingly arranged. In some
embodiments, alternating arrangement of the blocks can be perfectly alternating. In
some embodiments, alternating arrangement of the blocks can be non-perfectly
alternating.

In some embodiments, the MBCPs can have more than one melting point. In
some embodiments, the melting points of the MBCPs can approximately correspond
to the melting points of one or more, or of each of the polyolefin and/or polyester
from which the blocks are obtained. In some embodiments, the MBCPs can have a
first Tm of from about 115 “C to about 135 “C, and a second Twm of from about 245 °C
to about 275 "C.

In some embodiments, the MBCPs can comprise from about 10 wt.-% to about
90 wt.-% blocks obtained from the polyester, from about 20 wt.-% to about 80 wt.-%
blocks obtained from the polyester, from about 30 wt.-% to about 70 wt.-% blocks
obtained from the polyester, from about 40 wt.-% to about 60 wt.-% blocks obtained
from the polyester, from about 40 wt.-% to about 50 wt.-% blocks obtained from the
polyester, from about 50 wt.-% to about 60 wt.-% blocks obtained from the polyester,
or from about 45 wt.-% to about 55 wt.-% blocks obtained from the polyester. In
some embodiments, the MBCPs can comprise about 10 wt.-%, 20 wt.-%, 30 wt.-%,
40 wt.-%, 50 wt.-%, 60 wt.-%, 70 wt.-%, 80 wt.-%, 90 wt.-%, 41 wt.-%, 42 wt.-%, 43

11
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wt.-%, 44 wt.-%, 45 wt.-%, 46 wt.-%, 47 wt.-%, 48 wt.-%, 49 wt.-%, 51 wt.-%, 52
wt.-%, 53 wt.-%, 54 wt.-%, 55 wt.-%, 56 wt.-%, 57 wt.-%, 58 wt.-%, 59 wt.-%, 15
wt.-%, 25 wt.-%, 35 wt.-%, 45 wt.-%, 55 wt.-%, 65 wt.-%, 75 wt.-%, or 85 wt.-%
blocks obtained from the polyester.

In some embodiments, the MBCPs can comprise from about 10 wt.-% to about
90 wt.-% blocks obtained from the polyolefin, from about 20 wt.-% to about 80 wt.-%
blocks obtained from the polyolefin, from about 30 wt.-% to about 70 wt.-% blocks
obtained from the polyolefin, from about 40 wt.-% to about 60 wt.-% blocks obtained
from the polyolefin, from about 40 wt.-% to about 50 wt.-% blocks obtained from the
polyolefin, from about 50 wt.-% to about 60 wt.-% blocks obtained from the
polyolefin, or from about 45 wt.-% to about 55 wt.-% blocks obtained from the
polyolefin. In some embodiments, the MBCPs can comprise about 10 wt.-%, 20 wt.-
%, 30 wt.-%, 40 wt.-%, 50 wt.-%, 60 wt.-%, 70 wt.-%, 80 wt.-%, 90 wt.-%, 41 wt.-%,
42 wt.-%, 43 wt.-%, 44 wt.-%, 45 wt.-%, 46 wt.-%, 47 wt.-%, 48 wt.-%, 49 wt.-%, 51
wt.-%, 52 wt.-%, 53 wt.-%, 54 wt.-%, 55 wt.-%, 56 wt.-%, 57 wt.-%, 58 wt.-%, 59
wt.-%, 15 wt.-%, 25 wt.-%, 35 wt.-%, 45 wt.-%, 55 wt.-%, 65 wt.-%, 75 wt.-%, or 85
wt.-% blocks obtained from the polyolefin.

In some embodiments, the MBCP as provided herein has a random
arrangement, and has the following structural formula (I), wherein the brackets
indicate a repeating element (e.g., a polyolefin unit, a polyester unit, or -polyester-

polyolefin- units), and wherein “CO” indicates the random arrangement of the

copolymer.:
— o —
O~
A ° 5 9 _ .
~"of, 0
o o CO‘/{/\/lfn\o
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X SN
o
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In some embodiments, n, m, X, vy, and z are each independently an integer

from 1 to 1,500, from 1 to 1,000, from 1 to 800, from 1 to 300, from 1 to 100, from 1
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10 50, or from 1 to 20. In some embodiments, n, m, X, y, and z are each independently
selected from 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 30, 40,
50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 250, 300, 500, 600, 800, 1000, 1100,
1200, 1300, 1400, and 1500.

In some embodiments, the MBCP as provided herein has an alternating
arrangement, and has the following structural formula (IT), wherein the brackets
indicate a repeating element (e.g., a polyolefin unit, a polyester unit, or -polyester-
polyolefin- units):

0

,{OMO)k@\( 0
On0 o)
m(o$o

In some embodiments, n, m, and z are each independently an integer from 1 to
1,500, from 1 to 1,000, from 1 to 800, from 1 to 300, from 1 to 100, from 1 to 50, or
from 1 to 20. In some embodiments, n, m, X, y, and z are each independently selected
from1,2,3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 30, 40, 50, 60,
70, 80, 90, 100, 120, 140, 160, 180, 200, 250, 300, 500, 600, 800, 1000, 1100, 1200,
1300, 1400, and 1500.

Polyesters

The MBCPs provided herein can comprise a block obtained from a polyester,
wherein the polyester contains one or more terephthalate units.

In some embodiments of the MBCPs provided herein, a block obtained from a
polyester can have an average Mn of from about 2,000 to about 200,000, from about
2,000 to about 180,000, from about 2,000 to about 160,000, from about 2,000 to about
140,000, from about 2,000 to about 120,000, from about 2,000 to about 100,000, from
about 2,000 to about 80,000, from about 2,000 to about 60,000, from about 2,000 to
about 40,000, from about 2,000 to about 20,000, from about 3,000 to about 200,000,
from about 3,000 to about 180,000, from about 3,000 to about 160,000, from about
3,000 to about 140,000, from about 3,000 to about 120,000, from about 3,000 to about
100,000, from about 3,000 to about 80,000, from about 3,000 to about 60,000, from
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about 3,000 to about 40,000, from about 3,000 to about 20,000, from about 2,000 to
about 19,000, from about 2,000 to about 18,000, from about 2,000 to about 17,000,
from about 2,000 to about 16,000, from about 2,000 to about 15,000, from about 2,000
to about 14,000, from about 2,000 to about 12,000, from about 2,000 to about 10,000,
from about 4,000 to about 19,000, from about 4,000 to about 18,000, from about 4,000
to about 17,000, from about 4,000 to about 16,000, from about 4,000 to about 15,000,
from about 4,000 to about 14,000, from about 4,000 to about 12,000, from about 4,000
to about 10,000, from about 6,000 to about 19,000, from about 6,000 to about 18,000,
from about 6,000 to about 17,000, from about 6,000 to about 16,000, from about 6,000
to about 15,000, from about 6,000 to about 14,000, from about 6,000 to about 12,000,
and/or from about 6,000 to about 10,000.

In some embodiments, the polyester contains one or more terephthalate units.
In some embodiments, the polyester contains at least 2, at least 3, at least 4, at least 5,
at least 6, at least 7, at least 8, at least 9, at least 10, at least 12, at least 14, at least 16,
at least 18, at least 20, at least 25, at least 30, at least 40, at least 50, at least 60, at least
75, at least 80, at least 100, at least 150, at least 200, at least 250, at least 300, at least
400, at least 500, at least 600, at least 700, at least 800, at least 900, or at least 1000
terephthalate units.

Any polyester containing one or more terephthalate units can be used in the
MBCPs described herein. Suitable polyesters containing one or more terephthalate
units can be selected from, for example, polyethylene terephthalate (PET), polyethylene
terephthalate glycol (PETG), polybutylene terephthalate (PBT), polycyclohexane
terephthalate glycol (PCTG), polycyclohexane terephthalate (PCT), polytrimethylene
terephthalate (PTT), polydianol terephthalate (PDT), and combinations thereof. In
some embodiments, the polyester is polyethylene terephthalate (PET).

Polyolefins

The MBCPs provided herein can comprise a block obtained from a polyolefin.

In some embodiments of the MBCPs provided herein, a block obtained from a
polyolefin can have an average Mn of from about 2,000 to about 200,000, from about
2,000 to about 180,000, from about 2,000 to about 160,000, from about 2,000 to about
140,000, from about 2,000 to about 120,000, from about 2,000 to about 100,000, from
about 2,000 to about 80,000, from about 2,000 to about 60,000, from about 2,000 to
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about 40,000, from about 2,000 to about 20,000, from about 3,000 to about 200,000,
from about 3,000 to about 180,000, from about 3,000 to about 160,000, from about
3,000 to about 140,000, from about 3,000 to about 120,000, from about 3,000 to about
100,000, from about 3,000 to about 80,000, from about 3,000 to about 60,000, from
about 3,000 to about 40,000, from about 3,000 to about 20,000, from about 2,000 to
about 19,000, from about 2,000 to about 18,000, from about 2,000 to about 17,000,
from about 2,000 to about 16,000, from about 2,000 to about 15,000, from about
2,000 to about 14,000, from about 2,000 to about 12,000, from about 2,000 to about
10,000, from about 4,000 to about 19,000, from about 4,000 to about 18,000, from
about 4,000 to about 17,000, from about 4,000 to about 16,000, from about 4,000 to
about 15,000, from about 4,000 to about 14,000, from about 4,000 to about 12,000,
from about 4,000 to about 10,000, from about 6,000 to about 19,000, from about
6,000 to about 18,000, from about 6,000 to about 17,000, from about 6,000 to about
16,000, from about 6,000 to about 15,000, from about 6,000 to about 14,000, from
about 6,000 to about 12,000, and/or from about 6,000 to about 10,000.

Suitable polyolefins can be selected from, for example, a polyethylene, an
ethylene a-olefin (C3-C20) copolymer, polypropylene, a propylene a-olefin (C4—
C20) copolymer, polybutylene, a butylene a-olefin (C5-C20) copolymer, a
polyisobutylene polymer, a-olefin diene copolymers, block copolymers comprising
styrene and a conjugated diene, low-density polyethylene (LDPE), high-density
polyethylene (HDPE), linear low-density polyethylene (LLDPE), poly(vinyl alcohol)
(PVA), polyisoprene, and copolymers and hydrogenated forms thereof. For example,
in some embodiments, the polyolefin can be hydrogenated polyisoprene, available
from Cray Valley. In some embodiments, the polyolefin is selected from
polyethylenes, polypropylenes, polystyrenes, alkyl polystyrenes, polybutylenes,
polybutadienes, polyacrylates, polymethacrylates, polyisoprenes, polyisobutylene,
polyvinylidene dichloride, polyethylene vinyl alcohol, and combinations thereof. In

some embodiments, the polyolefin is a polyethylene.

PROCLSS OF MAKING MULTIBLOCK COPOLYMERS

In some embodiments, MBCPs can be prepared by coupling hydroxy-

terminated polyesters containing at least one terephthalate unit and hy droxy-terminated
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polyolefins through a polyesterification reaction. Exemplary synthetic methods for
preparing MBCPs of the present document are described below.

In some embodiments, the MBCPs provided herein contain block units that are
randomly arranged. In some embodiments, random arrangement can include perfectly
random arrangement. In some embodiments, random arrangement can include biased
random order. Without being bound by any particular theory, it is believed that certain
processes for making the polymers can be used to result in random arrangements of the
block units. In some embodiments, such randomly arranged MBCPs can be prepared
with a process comprising reacting a hydroxy-terminated polyester block precursor,
wherein the polyester contains one or more terephthalate units; a hydroxy-terminated
polyolefin block precursor; and an acid chloride. In some embodiments, one or more of
the block precursors can be di-hydroxy terminated. In some embodiments, one or more
of the block precursors can be mono-hydroxy terminated.

In some embodiments, the reaction can be performed at between about 70 "C
and 300 "C. In some embodiments, the reaction can be performed at between about
110 °C and 130 °C. In some embodiments, the reaction is performed in the presence
of a Lewis base neutralizer, which is a Lewis base that can neutralize any acidic
byproduct. Exemplary Lewis base neutralizers include, but are not limited to,
lutidine, TEA, hindered amine bases, and combinations thereof. In some
embodiments, the reaction is performed in the presence of a Lewis base catalyst,
which is a Lewis base (e.g., DMAP) that can catalyze the polyermization described
herein. In some embodiments, the reaction is performed in the presence of one or
more solubilizing solvents capable of solubilizing polyesters containing one or more
terephthalate units, polyolefins and the resulting multiblock copolymer. Exemplary
solubilizing solvents include, but are not limited to, THF, TCE, and combinations
thereof. In some embodiments, the reaction is performed in the presence of lutidine,
DMAP, and TCE.

The acid chloride can be any acid chloride. In some embodiments, the acid
chloride is a diacyl chloride. In some embodiments, the diacyl chloride is selected
from terephthaloyl chloride, sebacoyl chloride, adipoyl chloride, and isophthaloyl
chloride. In some embodiments, the ratio of acid chloride functional groups to
combined hydroxyl groups present on the polyester block precursor and polyolefin

block precursor is from about 1:9 to about 9:1, from about 1:8 to about 8:1, from
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about 1:7 to about 7:1, from about 1:6 to about 6:1, from about 1:5 to about 5:1, from
about 1:4 to about 4:1, from about 1:3 to about 3:1, from about 1:2 to about 2:1, or
about 1:1.

In some embodiments, randomly arranged MBCPs can be prepared according
5 to Scheme 1.

Scheme 1

iisted palrester sontamning
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Aoit Chlpride
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hepedramg-terninatad polyoieds

TCE, 129 =0
10 In one exemplary embodiment, a randomly arranged MBCP can be formed
according to Scheme 2.
Scheme 2
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In some embodiments, n, m, X, vy, and z are each independently an integer from 1 to
15 1,500, from 1 to 1,000, from 1 to 800, from 1 to 300, from 1 to 100, from 1 to 50, or
from 1 to 20. In some embodiments, n, m, X, y, and z are each independently selected

from1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 30, 40, 50, 60, 70,
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80, 90, 100, 120, 140, 160, 180, 200, 250, 300, 500, 600, 800, 1000, 1100, 1200, 1300,
1400, and 1500

In some embodiments, the MBCPs provided herein contain block units that are
alternatingly arranged. In some embodiments, alternating arrangement of the blocks
can be perfectly alternating. In some embodiments, alternating arrangement of the
blocks can be non-perfectly alternating. Without being bound by any particular theory,
it is believed that certain processes for making the polymers can be used to result in
alternating arrangements of the block units. In some embodiments, such alternatingly
arranged MBCPs can be prepared with a process comprising performing a ring opening
reaction with a cyclic polyester block precursor; a Lewis acid catalyst; and a hydroxy-
terminated polyolefin block precursor to form a diblock polyester-polyolefin polymer
or a triblock polyester-polyolefin-polyester polymer; and coupling the diblock or
triblock polymer in the presence of the diacyl chloride, wherein the polyester contains
one or more terephthalate units. In some embodiments, one or more of the block
precursors can be di-hydroxy terminated. In some embodiments, di-hydroxyterminated
block precursors can form triblock polymers. In some embodiments, one or more of the
block precursors can be mono-hydroxy terminated. In some embodiments, mono-
hydroxyterminated block precursors can form diblock polymers.

Non-limiting examples of Lewis acid catalysts that may be used include, for
example, titanium tetraisopropoxide, dibutyltin oxide, tin octanote, aluminum
isopropoxide, zirconium acetylacetonate, zirconium tetrabutoxide, tin(II) n-octanoate,
tin(IT) 2-ethylhexanoate, tin(Il) laurate, dibutyltin dichloride, dibutyltin diacetate,
dibutyltin dilaurate, dibutyltin dimaleate, dioctyltin diacetate, antimony triethoxide or
boronic acid derivatives, such as pyridineboronic acid.

In some embodiments, the diacyl chloride is present in excess. In some
embodiments, the diacyl chloride is selected from terephthaloyl chloride, sebacoyl
chloride, adipoyl chloride, or isophthaloyl chloride. In some embodiments, the ratio of
acid chloride functional groups to combined hydroxyl groups present on the polyester
block precursor and polyolefin block precursor is from about 1:9 to about 9:1, from
about 1:8 to about 8:1, from about 1:7 to about 7:1, from about 1:6 to about 6:1, from
about 1:5 to about 5:1, from about 1:4 to about 4:1, from about 1:3 to about 3:1, from
about 1:2 to about 2:1, or about 1:1.
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In some embodiments, the reaction can be performed at between about 50 "C
and 300 "C.

In some embodiments, alternatingly arranged MBCPs can be formed by
converting a hydroxy terminated block precursor into an acid chloride terminated block
5 precursor, using excess acid chloride. After removing any remaining unreacted acid
chloride, an acid chloride terminated block precursor is reacted with a hydroxyl
terminated block precursor to produce an alternating MBCP. In some embodiments, the
acid chloride is a diacyl chloride. In some embodiments, the hydroxy terminated block
precursor is dihydroxy terminated. In some embodiments, the acid chloride terminated
10 block precursor is a diacid chloride terminated block precursor.

In some embodiments, a polyester block precursor can be converted to an acid
chloride terminated polyester block precursor and then reacted with a hydroxy

terminated polyolefin block precursor to form a MBCP.

In one exemplary embodiment, an alternatingly arranged MBCP can be formed

15 according to Scheme 3.
Scheme 3
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In some embodiments, a polyolefin block precursor can be converted to an acid

chloride terminated polyolefin block precursor and then reacted with a hydroxy

terminated polyester block precursor to form a MBCP.
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In one exemplary embodiment, an alternatingly arranged MBCP can be formed

according to Scheme 4.

Scheme 4
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Suitable starting materials and intermediates are readily available from various
10 commercial sources.

PRODUCTS AND METHODS USING THE MULTIBLOCK COPOLYMERS OF THE
PRESENT DOCUMENT

Multilayer Films and Methods

15 In some embodiments, this document provides multilayer films comprising the

MBCPs provided herein. For example, a multilayer film comprising a MBCP as
described herein can comprise at least one layer comprising the multiblock copolymer
disposed between a first polymer layer and a second polymer layer. In some
embodiments the film can be a tri-layer film having a first polymer layer; a second

20 polymer layer; and a layer of the MBCP disposed between the first polymer layer and
the second polymer layer. In some embodiments, the layer comprising the MBCP
consists essentially of the multiblock copolymer.

In some embodiments, the first polymer layer is a polyester containing one or

more terephthalate units. In some embodiments, the polyester of the first polymer
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layer contains a chemical repeat unit that is chemically the same as a chemical repeat
unit in the polyester from which the block obtained from a polyester in the MBCP is
obtained. For example, in some embodiments, the first polymer can have a butylene
terephthalate repeat unit when the block obtained from a polyester in the MBCP is
obtained from a polybutylene terephthalate.

In some embodiments, the polyester of the first polymer is any polyester
containing a terephthalate unit. In some embodiments, the polyester of the first
polymer is any polyester as described herein. In some embodiments, the polyester of
the first polymer is selected from polyethylene terephthalate (PET), polyethylene
terephthalate glycol (PETQ), polybutylene terephthalate (PBT), polycyclohexane
terephthalate glycol (PCTG), polycyclohexane terephthalate (PCT), polytrimethylene
terephthalate (PTT), polydianol terephthalate (PDT), and combinations thereof. In
some embodiments, the polyester is polyethylene terephthalate (PET).

In some embodiments, the second polymer layer is a polyolefin. In some
embodiments, the polyolefin of the second polymer layer contains a chemical repeat
unit that is chemically the same as a chemical repeat unit in the polyolefin from which
the block obtained from a polyolefin in the MBCP is obtained. For example, in some
embodiments, the second polymer can have a polypropylene repeat unit when the
block obtained from a polyolefin in the MBCP is obtained from a polypropylene.

In some embodiments, the polyolefin of the second polymer layer is any
polyolefin. In some embodiments, the polyolefin of the second polymer layer is any
polyolefin as described herein. In some embodiments, the polyolefin is selected from
wherein the polyolefin is selected from polyethylenes, polypropylenes, polystyrenes,
alkyl polystyrenes, polybutylenes, polybutadienes, polyacrylates, polymethacrylates,
polyisoprenes, polyisobutylene, polyvinylidene dichloride, polyethylene vinyl
alcohol, and combinations thereof. In some embodiments, the polyolefin is
polyethylene.

In some embodiments, the layer comprising the MBCP has an average
thickness of from about 10 nm to about 1 um, about 10 nm to about 900 nm, about 10
nm to about 800 nm, about 10 nm to about 700 nm, about 10 nm to about 600 nm,
about 10 nm to about 500 nm, about 10 nm to about 400 nm, about 10 nm to about
300 nm, about 10 nm to about 200 nm, about 10 nm to about 100 nm, about 10 nm to

about 300 nm, about 20 nm to about 300 nm, about 30 nm to about 300 nm, about 40
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nm to about 300 nm, about 50 nm to about 300 nm, about 60 nm to about 300 nm,
about 70 nm to about 300 nm, about 80 nm to about 300 nm, about 90 nm to about
300 nm, about 100 nm to about 300 nm, or about 150 nm to about 250 nm,. In some
embodiments, the layer comprising the MBCP has an average thickness of from about
100 nm to about 250 nm.

In some embodiments, the multilayer films provided herein have
advantageously high adhesive strength. Without being bound by any particular theory,
it is believed the MBCP advantageously increses the adhesion between the first
polymer and second polymer layers. In some embodiments, the film has an adhesive
strength of greater than 0.5 N/mm, greater than 0.6 N/mm, greater than 0.7 N/mm,
greater than 0.8 N/mm, greater than 0.9 N/mm, or greater than 1.0 N/mm.

The multilayer films described herein can be manufactured according to
known methods. In some embodiments, a method of making a multilayer film is
provided comprising laminating the multiblock copolymer to the first polymer layer,
the second polymer layer, or both the first and second polymer layers. In some
embodiments, a method of making a multilayer film is provided comprising
premixing the multiblock copolymer with the first polymer or the second polymer;
and coextruding the first and second polymer to form the multilayer film.

In some embodiments, the multilayer films provided herein are
advantageously easily recyclable. Without being bound by any particular theory, it is
believed the MBCP layer compatibilizes the first polymer and the second polymer
during recycling. In some embodiments, a process is provided comprising melting a
multilayer film provided herein to produce a melt product; and forming the melt

product into a molded article.

Polymer Blends and Methods of Compatibilizing Polymer Blends

In some embodiments, MBCPs provided herein exhibit beneficial
compatibilizing behavior for compatibilizing two or more immiscible polyers in a
melt blend.

Polymer blends are provided herein, comprising a MBCP provided herein; and

two or more immiscible polymers.
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In some embodiments, the first polymer is a polyester containing one or more
terephthalate units. In some embodiments, the polyester of the first polymer contains a
chemical repeat unit that is chemically the same as a chemical repeat unit in the
polyester from which the block obtained from a polyester in the MBCP is obtained.
For example, in some embodiments, the first polymer can have a polybutylene
terephthalate repeat unit when the block obtained from a polyester in the MBCP is
obtained from a polybutylene terephthalate.

In some embodiments, the polyester of the first polymer is any polyester
containing a terephthalate unit. In some embodiments, the polyester of the first
polymer is any polyester as described herein. In some embodiments, the polyester of
the first polymer is selected from polyethylene terephthalate (PET), polyethylene
terephthalate glycol (PETG), polybutylene terephthalate (PBT), polycyclohexane
terephthalate glycol (PCTG), polycyclohexane terephthalate (PCT), polytrimethylene
terephthalate (PTT), polydianol terephthalate (PDT), and combinations thereof. In
some embodiments, the polyester is polyethylene terephthalate (PET).

In some embodiments, the second polymer is a polyolefin. In some
embodiments, the polyolefin of the second polymer contains a chemical repeat unit
that is chemically the same as a chemical repeat unit in the polyolefin from which the
block obtained from a polyolefin in the MBCP is obtained. For example, in some
embodiments, the second polymer can have a polypropylene repeat unit when the
block obtained from a polyolefin in the MBCP is obtained from a polypropylene.

In some embodiments, the polyolefin of the second polymer layer is any
polyolefin. In some embodiments, the polyolefin of the second polymer layer is any
polyolefin as described herein. In some embodiments, the polyolefin is selected from
wherein the polyolefin is selected from polyethylenes, polypropylenes, polystyrenes,
alkyl polystyrenes, polybutylenes, polybutadienes, polyacrylates, polymethacrylates,
polyisoprenes, polyisobutylene, polyvinylidene dichloride, polyethylene vinyl
alcohol, and combinations thereof. In some embodiments, the polyolefin is
polyethylene.

In some embodiments, the polymer blends provided herein exhibit
advantageous properties. In some embodiments, the second polymer exhibits a
number average droplet size (Dn) within a matrix of the first polymer of less than 5

um, less than 4 um, less than 3 um, less than 2 um, or less than 1 um. In some
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embodiments, the polymer blend exhibits a strain at break of greater than 50 %,
greater than 60 %, greater than 70 %, greater tha 80 %, greater than 90 %, greater than
100 %, greater than 110 %, greater than 120 %, greater than 130 %, greater than 140
%, greater than 150 %, greater than 200 %, greater than 250 %, greater than 300 %,
greater than 330 %, or greater than 350 %.

In some embodiments, the polymer blend exhibits a stress at break of greater
than 25 MPa, greater than 30 MPa, greater than 35 MPa, or greater than 40 MPa.

Also provided herein is a process for compatibilizing two or more immiscible
polymers comprising: adding MBCP provided herein to a melted blend comprising a
first polymer and second polymer, wherein each of the first and second polymers are
immiscible with respect to the other. In some embodiments, the MBCP is added to the
melted blend such that the MBCP is present in the melted blend in an amount of less
than about 5 wt.-% of the melted blend, less than about 4 wt.-% of the melted blend,
less than about 3 wt.-% of the melted blend, less than about 2 wt.-% of the melted
blend, or less than about 1 wt.-% of the melted blend.

Molded Articles

This document further provides molded articles comprising at least one MBCP
provided herein. In some embodiments, such molded article are made from recycled
materials. In some embodiments, the molded articles comprise two or more

immiscible polymers and at least one MBCP.

Some embodiments described herein can include, without limitation:
Embodiment 1. A multiblock copolymer comprising:

a block obtained from a polyester having an average M of
from about 2,000 to about 200,000, wherein the polyester contains one
or more terephthalate units; and

a block obtained from a polyolefin having an average M of

from about 2,000 to about 200,000.

Embodiment 2. The multiblock copolymer of claim 1, wherein the multiblock

copolymer has an average Mx of from about 4,000 to about 600,000,
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Embodiment 3. The multiblock copolymer of any one of claims 1-2, wherein the
multiblock copolymer has an average of from about 2 to about 20 repeating block

units.

Embodiment 4. The multiblock copolymer of any one of claims 1-3, wherein the

blocks are randomly arranged.

Embodiment 5. The multiblock copolymer of any one of claims 1-3, wherein the

blocks are alternatingly arranged.

Embodiment 6. The multiblock copolymer of any one of claims 1-5, wherein the
multiblock copolymer consists essentially of blocks obtained from a polyester

containing one or more terephthalate units and blocks obtained from a polyolefin.

Embodiment 7. The multiblock copolymer of any one of claims 1-6, wherein the
multiblock copolymer has a first Tm of from about 115 “C to about 135 °C, and a
second Tm of from about 245 “C to about 275 "C.

Embodiment 8. The multiblock copolymer of any one of claims 1-7, wherein the
polyester is selected from polyethylene terephthalate (PET), polyethylene
terephthalate glycol (PETG), polybutylene terephthalate (PBT), polycyclohexane
terephthalate glycol (PCTG), polycyclohexane terephthalate (PCT), polytrimethylene
terephthalate (PTT), polydianol terephthalate (PDT), and combinations thereof.

Embodiment 9. The multiblock copolymer of any one of claims 1-8, wherein the
polyolefin is selected from polyethylenes, polypropylenes, polystyrenes, alkyl
polystyrenes, polybutylenes, polybutadienes, polyacrylates, polymethacrylates,
polyisoprenes, polyisobutylene, polyvinylidene dichloride, polyethylene vinyl

alcohol, and combinations thereof.

Embodiment 10. The multiblock copolymer of any one of claims 1-9, wherein the
multiblock copolymer comprises from about 10 wt.-% to about 90 wt.-% blocks

obtained from the polyester.
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Embodiment 11. The multiblock copolymer of any one of claims 1-9, wherein the
multiblock copolymer comprises from about 40 wt.-% to about 60 wt.-% blocks

obtained from the polyester.

Embodiment 12. The multiblock copolymer of any one of claims 1-11, wherein the
multiblock copolymer comprises from about 10 wt.-% to about 90 wt.-% blocks
obtained from the polyolefin.

Embodiment 13. The multiblock copolymer of any one of claims 1-11, wherein the
multiblock copolymer comprises from about 40 wt.-% to about 60 wt.-% blocks

obtained from the polyolefin.

Embodiment 14. A process for preparing a multiblock copolymer comprising
reacting:
a hydroxy-terminated polyester block precursor, wherein the
polyester contains one or more terephthalate units;
a hydroxy-terminated polyolefin block precursor; and

an acid chloride.

Embodiment 15. The process of claim 14, wherein the polyester is selected from
polyethylene terephthalate (PET), polyethylene terephthalate glycol (PETG),
polybutylene terephthalate (PBT), polycyclohexane terephthalate glycol (PCTG),
polycyclohexane terephthalate (PCT), polytrimethylene terephthalate (PTT),
polydianol terephthalate (PDT), and combinations thereof.

Embodiment 16. The process of any one of claims 14-15, wherein the polyolefin is
selected from polyethylenes, polypropylenes, polystyrenes, alkyl polystyrenes,
polybutylenes, polybutadienes, polyacrylates, polymethacrylates, polyisoprenes,
polyisobutylene, polyvinylidene dichloride, polyethylene vinyl alcohol, and

combinations thereof.
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Embodiment 17. The process of any one of claims 14-16, wherein the polyester block

precursor has an average Mn of from about 2,000 to about 200,000.

Embodiment 18. The process of any one of claims 14-17, wherein the polyolefin

block precursor has an average Mx of from about 2,000 to about 200,000.

Embodiment 19. The process of any one of claim 14-18, wherein the reacting is

performed at between about 70 “C and 300 "C.

Embodiment 20. The process of any one of claim 14-19, wherein the reacting is

performed at between about 110 "C and 130 "C.

Embodiment 21. The process of any one of claim 14-20, wherein the reacting is

performed in the presence of lutidine, DMAP, and TCE.

Embodiment 22. The process of any one of claims 14-21, wherein the acid chloride is

a diacyl chloride.

Embodiment 23. The process of claim 22, wherein the diacyl chloride is selected
from terephthaloyl chloride, sebacoyl chloride, adipoyl chloride, and isophthaloyl

chloride.

Embodiment 24. The process of any one of claims 14-23, wherein a ratio of acid
chloride functional groups to combined hydroxyl groups present on the polyester

block precursor and polyolefin block precursor is from about 1:9 to about 9:1.

Embodiment 25. A process for preparing a multiblock copolymer comprising:
performing a ring opening reaction with
a cyclic polyester block precursor;
a Lewis acid catalyst; and
a hydroxy-terminated polyolefin block precursor to
form a diblock polyester-polyolefin polymer or a

triblock polyester-polyolefin-polyester polymer; and
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coupling the diblock polymer or the triblock polymer in the
presence of a diacyl chloride, wherein the polyester contains

one or more terephthalate units.

Embodiment 26. The process of claim 25, wherein the diacyl chloride is present in

€XCesS.

Embodiment 27. The process of any one of claims 25-26, wherein the diacyl chloride
is selected from terephthaloyl chloride, sebacoyl chloride, adipoyl chloride, and
isophthaloyl chloride.

Embodiment 28. The process of any one of claims 25-27, wherein the reaction is

performed at between about 50 “C and 300 "C.

Embodiment 29. A multilayer film comprising the multiblock copolymer of any one

of claims 1-13.

Embodiment 30. The multilayer film of claim 29, wherein the film comprises at least
one layer comprising the multiblock copolymer disposed between a first polymer

layer and a second polymer layer.
Embodiment 31. The multilayer film of claim 29, wherein the film is a tri-layer film
having a first polymer layer; a second polymer layer; and a layer of the multiblock

copolymer disposed between the first polymer layer and the second polymer layer.

Embodiment 32. The multilayer film of any one of claims 29-31, wherein the film

has an adhesive strength of greater than 0.5 N/mm.

Embodiment 33. The multilayer film of any one of claims 29-31, wherein the film

has an adhesive strength of greater than 1.0 N/mm.
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Embodiment 34. The multilayer film of any one of claims 29-33, wherein the layer
comprising the multiblock copolymer consists essentially of the multiblock

copolymer.

Embodiment 35. The multilayer film of any one of claims 29-34, wherein the layer
comprising the multiblock copolymer has an average thickness of from about 10 nm

to about 100 pm.

Embodiment 36. The multilayer film of any one of claims 29-34, wherein the layer
comprising the multiblock copolymer has an average thickness of from about 100 nm

to about 250 nm.

Embodiment 37. The multilayer film of any one of claims 29-36, wherein the first

polymer layer is a polyester containing one or more terephthalate units.

Embodiment 38. The multilayer film of claim 37, wherein the polyester is selected
from polyethylene terephthalate (PET), polyethylene terephthalate glycol (PETG),
polybutylene terephthalate (PBT), polycyclohexane terephthalate glycol (PCTGQG),
polycyclohexane terephthalate (PCT), polytrimethylene terephthalate (PTT), poly-
xylylene terephthalate (PXT), polydianol terephthalate (PDT), and combinations
thereof.

Embodiment 39. The multilayer film of any one of claims 37-38, wherein the
polyester of the first polymer layer contains a chemical repeat unit that is chemically
the same as the a chemical repeat unit in the polyester from which the block obtained

from a polyester in the multiblock copolymer is obtained.

Embodiment 40. The multilayer film of any one of claims 29-39, wherein the second

polymer layer is a polyolefin.

Embodiment 41. The multilayer film of claim 40, wherein the polyolefin is selected
from wherein the polyolefin is selected from polyethylenes, polypropylenes,

polystyrenes, alkyl polystyrenes, polybutylenes, polybutadienes, polyacrylates,
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polymethacrylates, polyisoprenes, polyisobutylene, polyvinylidene dichloride,

polyethylene vinyl alcohol, and combinations thereof.

Embodiment 42. The multilayer film of any one of claims 40-41, wherein the
polyolefin of the second polymer layer contains a chemical repeat unit that is
chemically the same as the a chemical repeat unit in the polyolefin from which the

block obtained from a polyolefin in the multiblock copolymer is obtained.

Embodiment 43. The multilayer film of any one of claims 40-42, wherein the
polyolefin is polyethylene.

Embodiment 44. A method of making the multilayer film of any one of claim 29-43,
comprising laminating the multiblock copolymer to the first polymer layer, the second

polymer layer, or both the first and second polymer layers.

Embodiment 45. A method of making the multilayer film of any one of claim 29-43,
comprising:
premixing the multiblock copolymer with the first polymer or the
second polymer; and

coextruding the first and second polymer to form the multilayer film.

Embodiment 46. A polymer blend comprising:
the multiblock copolymer of any one of claims 1-13; and

two or more immiscible polymers.

Embodiment 47. The polymer blend of claim 46, wherein the two or more immiscible
polymers comprise a first polymer and a second polymer, and wherein the first

polymer is a polyester containing one or more terephthalate units.

Embodiment 48. The polymer blend of claim 47, wherein the polyester is selected
from polyethylene terephthalate (PET), polyethylene terephthalate glycol (PETG),
polybutylene terephthalate (PBT), polycyclohexane terephthalate glycol (PCTGQG),

polycyclohexane terephthalate (PCT), polytrimethylene terephthalate (PTT), poly-
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xylylene terephthalate (PXT), polydianol terephthalate (PDT), and combinations
thereof.

Embodiment 49. The polymer blend of any one of claims 47-48, wherein the second

polymer is a polyolefin.

Embodiment 50. The polymer blend of claim 49, wherein the polyolefin is selected
from polyethylenes, polypropylenes, polystyrenes, alkyl polystyrenes, polybutylenes,
polybutadienes, polyacrylates, polymethacrylates, polyisoprenes, polyisobutylene,

polyvinylidene dichloride, polyethylene vinyl alcohol, and combinations thereof.

Embodiment 51. The polymer blend of any one of claims 46-50, wherein the second
polymer exhibits a number average droplet size (D) within a matrix of the first

polymer of less than 5 pm.

Embodiment 52. The polymer blend of any one of claims 46-50, wherein the second
polymer exhibits a number average droplet size (D) within a matrix of the first

polymer of less than 1 pm.

Embodiment 53. The polymer blend of any one of claims 46-52, wherein the polymer

blend exhibits a strain at break of greater than 50 %.

Embodiment 54. The polymer blend of any one of claims 46-53, wherein the polymer

blend exhibits a strain at break of greater than 100 %.

Embodiment 55. The polymer blend of any one of claims 46-54, wherein the polymer

blend exhibits a stress at break of greater than 25 MPa.

Embodiment 56. The polymer blend of any one of claims 46-55, wherein the polymer

blend exhibits a stress at break of greater than 40 MPa.

Embodiment 57. A process for compatibilizing two or more immiscible polymers

comprising:
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adding the multiblock copolymer of any one of claims 1-10 to a
melted blend comprising a first polymer and second polymer,
wherein each of the first and second polymers are immiscible

with respect to the other.

Embodiment 58. The process of claim 57, wherein multiblock copolymer is present

1n an amount of less than about 5 wt.-% of the melted blend.

Embodiment 59. A process comprising:
melting the multilayer film of any one of claims 29-43 to produce a
melt blend; and

forming the melt blend into a molded article.

Embodiment 60. A molded article comprising the multiblock copolymer of any one

of claims 1-13.

EXAMPLES
Unless noted otherwise, all reagents were obtained from commercial suppliers.
Unless noted otherwise, appropriate laboratory and analytical procedures were

employed.

Materials and Methods

Materials
PET pellets were provided from Toray Plastics America (North Kingstown, RI)
were dried in a vacuum oven at 120 °C for more than 12 h before melt blending and hot
press. The intrinsic viscosity of PET is 0.6 dl/g (in 2-chlorophenol). Linear low-density
polyethylene (LLDPE) pellets (L3003.32, melt flow index = 3.2/10 min at 190 °C/2.16
kg) were provided from ExxonMobil (Irving, TX) and used as received. The branch

content was determined to be 37 CHs / 1000 C by '"H NMR spectroscopy.
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Preparation of hyvdroxv-terminated PET block precursor

The following is one of the examples of PET block precursor synthesis. Ethylene
glycol (6.42 g, 130.4 mmol), pyridine (23.38 g, 295.5 mmol) and catalytic N, N-
dimethyl-4-aminopyridine (DMAP) were dissolved in anhydrous tetrahydrofuran (THF,
100 mL) in a two-necked, 500-mL round-bottomed flask purged with argon. The stirred
solution was cooled to 0 °C, and a solution of terephthaloyl chloride (20.00 g, 98.5
mmol) in anhydrous THF (200 mL) was added using an addition funnel over 45 minutes.
After the addition was completed, the reaction was warmed to room temperature and
stirred for 4 hours. Ethylene glycol (6.42 g, 130.4 mmol) was then added to quench the
reaction, and the resulting mixture was stirred at room temperature overnight. The
reaction was then poured into methanol (800 mL) with stirring. The precipitate was
isolated and washed sequentially with methanol (200 mL), deionized (DI) water (2 x
200 mL) and acetone (2 x 200 mL) before being placed in a vacuum oven (60 °C, <13
Pa) to dry ovemight. The reaction yielded 23.85 g of a white solid. NMR number
average molecular weight (AMn) was determined to be 4600 g/mol by end-group
evaluation. 'TH NMR (8:1 chloroform-d: trifluoroacetic acid-d, 25 °C): & 4.12 (m, 2H, -
CH>-CH»-OH), 4.57 (m, 4H, -CH»-CH>-OH), 4.73-4.80 (m, EG units), 8.15-8.25 (m,
HAY).

Preparation of hydroxy-terminated PE block precursor

The following is one of the examples of PE block precursor synthesis. The
procedure was conducted based on previous literature [38][20]. The chain transfer
agent, cis-1,4-diacetoxy-2-butene (2.07 g, 12.0 mmol) was added to THF (135 mL) in
a two-neck 500 mL Schlenk flask under Argon purging. The flask was then transferred
to a 35 °C oil bath, and cis-cyclooctene (30 g, 272.2 mmol) was added dropwise over
30 min. The addition of a Grubbs catalyst second generation (101.86 mg, 0.12 mmol)
solution in THF (3 mL) was started after adding 1 mL cis-cyclooctene. After 6 hours,
the mixture was precipitated in methanol (1.2 L) with 35% HCI (1.5 g) solution in water
(13.5 g). The precipitated polymer was collected and dried under vacuum for two days.
The precipitation and drying procedures were repeated once, while in the second
precipitation, the dried polymer was dissolved in THF (250 mL) assisted with
sonication. To convert the end groups into hydroxy groups, the entire yield was

dissolved in THF (137.5 mL) at 40 °C and 25 wt% NaOMe (2.97 g, 55.0 mmol) solution
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in methanol was added. The solution was stirred for 20 hours and precipitated in
methanol (2 L) with 35% HCI (1.5 g) solution in water (13.5 g). The isolated white
power was dried under vacuum for three days (96% vyield). Dihydroxy-
poly(cyclooctene) (HO-PCOE-OH) (7 g, 63.5 mmol double bonds), p-toluenesulfonyl
hydrazide (36.67 g, 196.9 mmol), tributylamine (52.83 mL, 222.3 mmol), butylated
hydroxytoluene (35 mg, 0.16 mmol), and xylene (385 mL) were added to a 1000 mL
three-neck round-bottom flask. The mixture was heated in a 140 °C oil bath under reflux
for 6 hours. Precipitation was carried out in acidic methanol (4 L with 35% HCI (3 g)
solution in DI water (27.0 g)) and the precipitate was washed with methanol (2 x 500
mL). The isolated white powder was dried under vacuum for two days, and the yield
was obtained from the final weight as 96 %. The extent of hydrogenation was
determined > 99%. My was determined from 'H NMR end-group analysis as 4400
g/mol. '"H NMR (toluene-ds, 100 °C): & 3.40 (t, -CH2-CH>-OH), 1.37 (m, -CH>-,
backbone).

Preparation of PET-PE multiblock copolymer

The following is one of the examples of the multiblock copolymer synthesis. To
a round-bottomed flask purged with argon was dissolved the PET block precursor (0.45
mmol) and PE block precursor (0.45 mmol) in 1,1,2,2-tetrachloroethane (TCE, 50 mL)
at 135 °C. Once completely dissolved, the solution was cooled to 120 °C whereupon
2,6-utidine (2.73 mmol) and catalytic DMAP were added. A solution of terephthaloyl
chloride (0.90 mmol) in TCE (5 mL) was then added dropwise via an addition funnel.
After the addition was completed, the reaction was allowed to stir at 120 °C overnight.
The polymer was then precipitated in methanol (200 mL), isolated, and washed
sequentially with methanol (100 mL), DI water (2 x 100 mL) and acetone (2 x 100 mL)
before being placed in a vacuum oven (60 °C, < 13 Pa) to dry overight. The reaction

yielded 3.85 g of a white solid.

Preparation of monohydroxy-terminated PE block precursor

The procedure followed previous literature [39]. The anionic polymerization of
1,3-butadiene (15 g) was carried out in cyclohexane (1 L) at 40 °C for 16 h using sec-
butyllithium as an initiator. Polymerization in a nonpolar solvent (e.g., cyclohexane)

favors a predominantly 1,4-microstructure (~90%). End-functionalization was
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achieved by the addition of excess ethylene oxide (EO) to cap the living polybutadienyl
carbanions after EO capping; the stirred mixture turned from light yellow to colorless
and subsequent termination with ~10 mL acidic methanol. The resulting hydroxy-
terminated poly(1,4-butadiene) (PB-OH) was precipitated in methanol, re-dissolved in
benzene, and freeze-dried in a vacuum oven. Hydrogenation of PB-OH was achieved
using the Dow Re/Pt-SiO2 hydrogenation catalyst (1:3 catalyst to PB-OH by mass) at
80 °C in cyclohexane for 16 h with 3.5 MPa of Hz to produce monohydroxy-terminated
polyethylene. Complete saturation was confirmed by the absence of unsaturated

carbon-carbon double bonds according to 'H NMR characterization.

Preparation of PET-PE triblock copolvmer

To a 100 mL, flame-dried Schlenk flask under argon was dissolved terephthaloyl
chloride (0.51g, 2.5 mmol), 2,6-lutidine (0.81 g, 7.5 mmol) and catalytic DMAP (10
mg) in TCE (10 mL) at 120 °C. To this stirred solution was added dropwise by pipette
a solution of dihydroxy-terminated PET precursor (1.00 g, 0.25 mmol) in TCE (15 mL),
pre-warmed to 135 °C. After the addition was completed, the resulting reaction was
allowed to stir at 120 °C for 2 hours.

The Schlenk flask and its contents were then placed in an argon-purged glove box,
where the acid chloride-terminated PET was precipitated in diethyl ether (250 mL). The
solid was filtered, washed with diethyl ether (2 x 200 mL), then placed under vacuum to
dry overnight. The acid chloride-terminated PET precursor (1.34 g, 0.31 mmol) and
monohydroxy-terminated PE precursor (2.49 g, 0.62 mmol) were then charged to a flame-
dried 100-mL Schlenk flask in an argon-purged glove box. The flask was removed from
the glove box and a solution of catalytic DMAP (10 mg) in TCE (10 mL) was added by
syringe. The reaction was then stirred under argon at 120 °C for 24 hr. The polymer was
precipitated into methanol (100 mL), then washed with methanol (100 mL), DI water (2 x
100 mL) and acetone (2 x 100 mL), followed by drying in a vacuum oven (60 °C, <0.01
mm Hg) overnight. The reaction yielded 3.35 g of a white solid.

Polymer characterization

1H NMR spectra were recorded on a JEOL-ECS 400 MHz spectrometer with a 4

seconds relaxation delay for 16,000 scans. Reported chemical shift values were referenced
to residual solvent signals (chloroform-d: 7.24 ppm; TCE-d2: 6.0 ppm). The number
average molecular weight (Mn) was determined by 1H NMR end group evaluation (396

ppm for the methviene nearcst the hydroxyl of the fermmal ethviene glycol group; 3.67
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ppm for the methylene nearest the terminal hydroxyl group). The Mn, weight average
molecular weights (Mw), and molecular weight distribution (&) = Mw/Mn) were determined
by size exclusion chromatography (SEC; Agilent PL-220 equipped with RI detector)
referenced to monodispersed polystyrene standards. The column set (three Agilent PL-Gel
Mixed B columns and one PL-Gel Mixed B guard column) was operated with 1,2 4-
trichlorobenzene (TCB) containing 0.01 wt% of 3,5-di-tert-4-hydroxytoluene at 1.0
mL/min at 135 °C for PE precursors (Table 1). Since PET precursors, and PET-PE MBCPs
are not readily soluble in TCB, the samples were dissolved in TCE first to assist their
dissolution and then they were injected into the TCB mobile phase. In order to compare the
retention times between PET-PE MBCPs and their precursors, the PE precursor was also
tested using TCE to dissolve the sample followed by injection into the TCB mobile phase
(Figure S5). Differential scanning calorimetry (DSC) measurements were performed on a
TA Instruments Q200 DSC or a Mettler Toledo DSC1 with heating and cooling rates of 5
°C/min. Thermal transitions were determined on 5—10 mg samples in hermetically sealed
aluminum pans. Thermogravimetric analyses (TGA) were conducted on a TA Instruments
TGAS500. Samples were heated under nitrogen at a ramp rate of 20 °C/min to 270 °C and

held for 10 minutes.

Preparation of block copolvmer thin film and lamination

The multiblock copolymer thin films were processed through the following
procedure which is illustrated in Figure 1. Block copolymer (25 mg) was dissolved in
1 mL of TCE at 120 °C. The polymer solution, salt substrates (NaCl polished disk 25
mm x 2 mm, International Crystal Laboratories, Garfield, NJ), and glass pipets were
also heated at 120 °C. The TCE solution was transferred onto the heated salt substrate
by pipet via spin coating at 800 rpm for 1 min. The obtained thin film on the salt
substrate was then soaked in water. The PET film (0.25 mm thickness) was processed
by a Genesis hydraulic press (Wabash MPI, Wabash, IN) at 270 °C followed by being
washed with methanol. Afterward, it was put on the top of the block copolymer film
in water. Within 5 minutes, the PET film adhered to block copolymer thin film, and
the entire substrate was taken out of the water carefully. The resulting substrate was
dried in air for 12 hours and fully dried in a vacuum oven at 60 °C for 12 hours. The
triblock copolymer films were also processed in the same manner except that 2-
chlorophenol was used as a solvent. In the lamination process, 0.2 mm thick LLDPE

film (made by Genesis press at 150 °C) was placed on top of the block copolymer
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film. The film set was placed in the 0.35 mm thick stainless steel mold between two
fluoropolymer-coated fabric sheets and pressed at 270 °C for one minute followed by
cooling with water circulation. The laminates were taken out from the mold and
fluoropolymer-coated fabric sheets and cut into 10 mm wide strips for peel testing.
The laminates without the BCP layer (control samples) were prepared as control

samples in the same manner.

Peel test
The edges of laminates were separated into PET and PE films and placed in the
tensile tester Autograph AGS-X tensile tester (Shimadzu Corporation, Kyoto, Japan)
with a 500 N load cell and pulled at 5 mm/min. The peel strength is presented as the

peel force divided by the sample width and evaluated as a function of peel displacement.

Preparation of polymer blend

Pellets of PET and LLDPE were fed into a twin-screw extruder, DSM Xplore
micro compounder 5 mL (MC 5, Xplore Instruments BV, The Netherlands) with and
without block copolymer powder, and blended for 5 min in total at 270 °C and 100 rpm
with nitrogen purge gas with a nitrogen purge gas. The materials were then extruded

from a 5-mm-diameter circular die and cooled in air.

Tensile testing

Extruded samples were pressed by a Genesis press at 270 °C for 3 minutes in a
0.3 mm thick stainless steel mold between two fluoropolymer-coated fabric sheets
followed by cooling with water circulation. The films were removed from the sheets
and stamped into dumbbell shape specimens (overall length = 38 mm, length of narrow
section = 22 mm, the width of narrow section = 5 mm). The mechanical properties of
specimens were evaluated by an Autograph AGS-X tensile tester (Shimadzu
Corporation, Kyoto, Japan) with a 500 N load cell following ASTM D1708. The
samples were elongated until the break with a velocity of 10 mm/min. Young’s modulus
was determined from the slope of the stress-strain curve with a range between 0-1 %

strain.
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Morphology of the polvmer blends

The fractured surface morphology of the polymer blends was obtained by
scanning electron microscopy (SEM). The extruded samples and the tensile test
specimens were cryo-fractured in liquid nitrogen. The fractured surface of the samples
was coated with 5 nm thick iridium layer to avoid charging. The coated surface was
observed by S8230 field emission SEM (Hitachi High-Technologies Corporation,
Tokyo, Japan) with 2 kV accelerating voltage, 10 pA emission current and 8 mm
working distance. Atomic force microscopy (AFM) was also conducted by Bruker
Nanoscope V. The extruded samples and the tensile test specimens were microtomed
at —80 °C with a series of consecutive cuts, initially with a glass knife, then finished
with a series of cuts by a Diatome diamond knife at 100 nm step length and a velocity
of 3 mm/s velocity. The samples were examined in the repulsive regime by a silicon
tip (HQ: NSC36/AL BS, NanoAndMore USA Corp., Watsonville, CA) with radius 8

nm, resonance frequency 130 kHz, and force constant 2 N/m.

Example 1. Synthesis and characterization of block copolymers

PET-PE multiblock copolymers (MBCPs) were synthesized via a coupling
reaction between hydroxy-terminated PET and PE block precursors with terephthaloyl
chloride. Acid chlorides have recently been employed by Bates and coworkers in the
preparation of poly(lactide-b-butadiene) and and poly(lactide-b-(ethylene-co-
ethylene)) MBCPs [40], [41]. Targeted PET block precursors (Mn = 4k, 7k) were
obtained via step-growth solution polymerization of ethylene glycol and terephthaloyl
chloride in THF (Figure 2). Hydroxy-terminated PE block precursors (My = 4k, 7k)
were obtained via ring opening metathesis polymerization as described elsewhere
[38]]20] (Figure 3). Characterization data of the PE and PET block precursors are
summarized in Table 1. MBCP-4k and MBCP-7k were then synthesized from PET-
4k/PE-4k and PET-7k/PE7k, respectively, with terephthaloyl chloride (1:1
hydroxy:acid chloride functional group ratio) in TCE at 120 °C (Scheme 2, reproduced

below).

Scheme 2
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cl
Cl

O

2 B-lutidine, DMAP
TCE, 120 °C

Once isolated, the molecular weights of the MBCPs were evaluated by 'H
NMR spectroscopy via end-group analysis, the results of which are summarized in
Table 2. Generally, the coupling reaction occurs randomly, therefore the sequence of
the blocks are not essentially alternating, however, from the calculated Mx values
(Figure 4), it was determined that MBCP-4k contained 10 repeating units, while
MBCP-7k was found to have 13 units on average (Figure SA-5C). Assessment of the
thermal properties of the MBCPs by DSC (Table 2) indicated two melting transitions
(Tm), one each for crystalline PET and PE (Figure 6). Additionally, in order to
compare the retention times between PET-PE MBCPs and their precursors, the PE
precursor was also tested using TCE to dissolve the sample followed by injection into
the TCB mobile phase (Figures 7A-7B). As shown in FIGS. 7A-7B, PE possessed a
negative dn/dc value while that of PET was positive enabling easier separation of the
chromatographic peaks.

For comparison, a PE-PET-PE triblock copolymer (TBCP) was also synthesized
following the synthetic method described above. TCE, lutidine, and catalytic DMAP
in TCE were dissolved into a solution, followed by coupling with dihy droxy-terminated
PET block precursor (M = 4k) with terephthaloyl chloride (Figure 8, 9). The properties
of the block precursors and the TBCP are provided in Table 1 and 2. The obtained block
copolymers were confirmed to be stable at 270 °C which is the processing temperature

described later (Figure 10).
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Table 1. Characterization and properties of block precursors.
M,(HNMR) M, (SEC) b Tt
Block precursor
(g/mol) (g/mol) (Mu/My) °O)
PET-4k 4,6002 - - 251
PET-7k 7,1002 - - 238
PE-4k 4.,400P 4.300°¢ 2.72¢ 129
PE-7k 6,600° 6,400° 2.53¢ 130
monoPE-4k 4,600° 4.100°¢ 1.09¢ 107

* Determined by '"H-NMR spectroscopy in 8:1 chloroform-d/TFA-d at 25 °C
® Determined by "H-NMR spectroscopy in TCE-d, at 120 °C

° Determined by SEC in 1,2 4-trichlorobenzene at 135 °C compared with polystyrene

standards via universal calibration with Mark-Houwink parameters
¢ Determined by second heating of DSC curve with heating rate of 5 °C /min (Figure 19)

Table 2. Characterization and properties of PET-PE block copolymers. My (‘"H NMR)

was determined by 'H NMR.

b

C

Polymer M (IH NMER) = fPETC Toe
(g/mol) °C) °C) °C)
MBCP-4k 45’50031 124,250 0.42 0.58
MBCP-7k 9()’200a 127,253 0.41 0.59
TBCP 14’90021 105, 242 0.31 0.69

* Determined by '"H-NMR spectroscopy in TCE-d, at 120 °C

® Determined by second heating of DSC curve with heating rate of 5 °C /min

rate of 5 °C/min.

¢Determined by 1H NMR spectroscopy according to the melt density of PET and PE
(0.989 and 0.769 g/cm3, respectively [18])
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Example 2. Adhesive properties of PET-BCP-PE multilayer film

As mentioned previously, multilayer films comprised of only PET and PE are
expected to exhibit inferior adhesion without an intermediate tie layer or surface
treatment. The interfacial thickness a; between two immiscible polymers over which

the repeat units are compositionally mixed can be estimated by the following equation

[42]:
_, (i + b))
“= 12y

where y is the Flory-Huggins interaction parameter and b is the statistical segmental
length. The ypgr_pg parameter at 270 °C was calculated to be 0.41 with a statistical
segmental length of b; = 7.9 A (PET), b, = 8.2 A (PE) [43]. The interfacial thickness
of PET/PE was calculated as 10.4 A which is around one-fourth of the value estimated
in iPP/PE system (a; ~ 40 A) that also exhibits poor adhesion [37] [44]. The reduction
in interfacial width is consistent with the higher incompatibility of the PET/PE system.
Thinner interfaces generally reduce the amount of interpenetration and mixing between
two adjoining polymers, resulting in lower interfacial adhesion.

In an effort to improve adhesion in PET-PE multilayer films, the BCPs
previously described were introduced as an interfacial layer, keeping in mind several
important factors: the miscibility of the tie-layer with each homopolymer, molecular
entanglements between layers and co-crystallization. As each PET and PE block is
expected to be miscible with the PET and LLDPE films, respectively, the BCP is
expected to act as a miscible interlayer. As PE block in the block copolymer has no
branch just like HDPE which is miscible with LLDPE with branch content of ~40 CH3
/1000 C [45], [46]. For entanglement, it is well known that there is a critical molecular
weight (M) necessary to improve the adhesion and, generally, it is known that A is 2—
3 times that of the entanglement molecular weight (M.). Data reported by Zhang ef al.
supports this notion as the insufficient molecular weight would cause chain pull-out
instead of chain scission [47]. As the length of each block in the BCPs utilized in this
study were longer than their respective M. values (1170 mol/g at 275 °C for PET; 828
mol/g at 140 °C for PE) [43], it is believed that the necessary molecular weight to
improve interfacial adhesion through entanglement has been achieved. Finally, co-

crystallization of the blocks and homopolymers at the interface must also be considered.
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Xu et al. showed in their study of iPP/PE adhesion that co-crystallization takes place
only when the molecular weight of each block length is above ~70 kg/mol [37]. As the
molecular weights of the individual blocks in our BCPs are well below this value, it is
assumed that co-crystallization effects are negligible.

Peel testing was performed to measure the adhesive strength of a “control”
PET/PE bilayer film (no BCP), the results of which indicated little to no adhesion as
expected (1.73x107 N/mm, Figure. 11A-11B) due to the lack of any interpenetration
between the layers. When a BCP tie-layer was introduced, the resulting multilayer films
exhibited a moderate to the substantial increase in adhesive strength. For example,
when the tri-block PET-PE-PET copolymer was utilized, the adhesive strength
increased to 1.36x107 N/mm, nearly four times higher than the control. Furthermore,
the adhesive strengths of multilayer films employing MBCP-4k or MBCP-7k were 0.62
and 1.14 N/mm, respectively, an increase of several orders of magnitude over the
control. As Russel et al. observed with their P(S-5-MMA) block copolymers, the
interfaces of PS/PMMA systems exhibited significant broadening (~50% by neutron
reflectivity) due to the penetration of a BCP tie-layer into the homopolymer phases [48)].
Similarly, we believe that the PET and PE blocks in the BCPs studied here penetrate
into and expand their respective homopolymer phases. The use of the MBCPs rather
than the TBCP allows for more interfacial crossing due to a larger number of individual
PET and PE blocks. Additionally, it is possible that the MBCPs form entangled loops
that anchor within the homopolymers layers [37]. In comparing the 4k and 7k MBCPs,
it is evident that an increase in the molecular weight of the individual blocks enhances
adhesion, most likely through improvements in both interfacial crossing and
entanglement.

Atomic force microscopy (AFM) was utilized to analyze cross-sections of the
tri-layer films. Shown in Figure 12 is an AFM image taken of a cross-section (after
microtoming) where MBCP-7k was employed as the interfacial layer. The multiblock
copolymer layer was indeed found between PET and PE layer and the average thickness

of the MBCP layer was determined to be 220 nm.
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Example 3. Polymer Blends

In an effort to mimic the recycling of PET/PE multilayer packaging, melt polymer
blends of neat PET/PE (80/20 by weight) and PET/PE/BCP (80/20/2) were processed
by mixing in a twin-screw extruder and morphologies analyzed by AFM. The block
copolymer didn't affect to the chemical structure of the homopolymers since the
melting temperatures of the blends are the same (Figure 15), meaning that no
reactions occur between the BCPs and the homopolymers are expected to occur. In
the AFM images, the PET matrix is observed as a brighter color while the PE droplets
are darker in color (Figure 13A-13D, 14A-14D). The structural size was determined
as the diameter of the PE droplet in the PET matrix in this study. They were

calculated by measuring the cross-sectional area of the PE droplets using the Imagel

N1/2
software, following the equation D; = 2 (%) , where Ai is of the cross-sectional

area of the droplets. The AFM images showed that both the TBCP and MBCPs
significantly reduced the droplet size. The number average structural size of the PE
droplets (D, = X, n;D; / X, n;) in the neat polymer blend was calculated to be 3.1 um
while that in the blend with the TBCP was 2.5 um. The MBCPs had a far more
effective compatibility compared to the TBCP as their D;, value was 0.41 um or less,
10 times smaller than the neat blend, at the same 2 wt.% loading.

Blend morphology by AFM was also completed after annealing for 3 min at
270 °C in a hot press (tensile test specimen preparation), the results of which are
shown in Figure 9. The structural sizes of the droplets were found to increase in the
control and TBCP-containing samples, while the morphology appears to be
unchanged after annealing in the two blends containing MBCPs (particle size values
are provided in Table 3). The results indicate that the MBCPs is more effective than
TBCP as a sterically repelling layer at the interface between homopolymer in the melt
state. Therefore, a slower coarsening rate was observed in the blend compatibilized
with MBCP than that with TBCP. Such a phenomenon has been investigated by
Noolandi, who suggested that MBCPs form a pancake-shape at the interface between
two incompatible homopolymers in parallel orientation to the interface, which is more
efficient than the dumbbell-shape conformation formed by analogous di- or triblock
copolymers [36]. Simulation work by Balazs et al. further supported the idea that
MBCPs are readily spread out along the interface of immiscible blends compared to
diblock copolymers [49]. Therefore, it is possible that the PET-PE MBCPs expand
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along the interface, working more efficiently as a compatibilizer than the TBCP.
Although it is hypothesized that the MBCPs are thought to be more localized at the
interface compared to TBCP, further investigation into the transport equilibrium
between the interface and interpenetration into either homopolymer phase (micelle
formation) is necessary to support this claim.

Table 3. Size of the particles in the polymer blend

Before After
Polymer annealing annealing

(ums) (ums)
PET/LLDPE 3.1 4.1
PET/LLDPE/TBCP (2 wt.%) 2.5 3.2
PET/LLDPE/MBCP-4k (2 wt.%) 0.37 0.42
PET/LLDPE/MBCP-7k (2 wt.%) 0.41 0.42
PET/LLDPE/MBCP-4k (0.5 wt.%) 1.4 1.5

Example 4: Mechanical Properties of the Copolymer Blends

Both PET and PE are regarded as "tough" materials, where PET is a strong
material with high Young's modulus and yield strength, while PE is a softer material
with lower Young's modulus but a higher elongation at break. Polymer blending is a
preferred method for forming strong and ductile polymers, taking advantage of the best
attributes of the individual homopolymers. However, both the structural size and the
adhesion between the two phases must be considered in order to achieve the desired
end-use properties. Polymer blends usually exhibit poor mechanical properties when
immiscibility between the homopolymers leads to phase separation (droplet formation),
poor adhesion and low tensile strength.

Mechanical properties and miscibility of the PET/PE/BCP blends were
evaluated by tensile testing and SEM, respectively. Stress-strain curves from tensile
testing are shown in Figures 16A and 16B with values summarized in Table 4. As

expected, the neat blend of PET/PE 80/20 was very brittle with less than 10%
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elongation at break even though the PET and PE homopolymers each individually
broke at more than 200% and 800%, respectively (Figure 18). An SEM image of the
cryo-fractured PET/PE polymer blend from tensile testing is shown in Figure 17A. Note
that the PE droplets and gaps in this blend are quite large, indicating poor miscibility
with PET and thus low adhesion. These observations are consistent with the previously
discussed multilayer peel testing (Figure 11A-11B) and corresponding AFM image
(Figure 13A-13D).

With the addition of TBCP (2 wt%), the strain at break was observed to increase
three times that of the neat blend, though significant PE droplets and gaps between the
two components were still observed (Figure 17B). We postulate that the TBCP only
reduces the droplet size of the PE phase without enhancing interfacial adhesion. On the
other hand, stress and strain at break were dramatically enhanced when MBCPs (2 wt%)
was added to the blend without any significant change in Young’s modulus. For
example, the strain at break for the PET/PE/MBCP-7k (80/20/2) blend was found to be
approximately 395 % which is over 30 times better than the neat blend. As with the
previously discussed multilayer peel testing, the longer molecular weight blocks (7k
versus 4k) appear to enhance adhesion, most likely through a combination of improved
compatibility and chain entanglement. Overall, it is assumed that blends containing
MBCPs are not only more compatibilized than those with TBCP, they also improved
the adhesion between PET and PE phases. SEM images of the MBCP compatibilized
blend specimens after cryo-fracturing (Figure 17C and 17D) show that the interfacial
adhesion is much better than that of the uncompatibilized blend or the blend with TBCP.
There were neither clear boundaries of PET/PE nor spherical PE droplets at the fracture
surface. Furthermore, the PE droplets were deformed and elongated by the fracture
without detaching from one another. We assume that each block in the MBCP improved
the adhesion in the blend so that the applied force was appropriately and efficiently
transferred to the more ductile PE phase, leading to an improvement in the overall

toughness.

Table 4. Mechanical properties of PET, PE, and PET/PE blends.

Strain at break Stress at break  Young's modulus

Polymer
(%) (MPa) (GPa)
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PET 235.6 +32.1 394+1.1 196 +0.15
LLDPE 8404+ 87.3 249+ 34 0.22+0.02
PET/LLDPE (80/20) 98+23 21.1+1.8 1.28+0.10
PET/LLDPE/TBCP
13.0£1.5 206 +£52 1.40 £0.04
(80/20/2)
PET/LLDPE/MBCP-4k
333.0+93.0 362+50 1.34+0.10
(80/20/2)
PET/LLDPE/MBCP-4k
401.7+ 189 440+ 3.2 1.47 £0.06
(80/20/2)
PET/LLDPE/MBCP-7k
3954+21.3 419+1.6 1.25+0.02
(80/20/2)
Conclusions

PET-PE MBCPs were synthesized through a coupling reaction of hydroxy-

terminated PET and PE block precursors. The interfacial adhesion of PET/PE with the

5 MBCPs and the ability of the MBCPs to compatibilize immiscible PET/PE polymer
blends were investigated. Peel testing of multilayer PET/PE films confirmed that the
MBCPs dramatically strengthened the PET/PE interlayer which otherwise shows
inferior adhesion. While the PE-PET-PE TBCP-4k hardly improved adhesion (peel
strength 1.36x 103 N/mm), MBCP-4k dramatically increased it (0.62 N/mm).

10 Moreover, increasing the MBCP block length to 7k led to an even greater enhancement
in adhesion (1.14 N/mm). The MBCPs are thought to be more miscible with the
homopolymer phases, leading to greater entanglement at the interface. This
entanglement phenomenon was enhanced by increasing the size of the individual blocks
in the MBCP from 4k to 7k.

15 The MBCPs also worked effectively as compatibilizers in PET/PE polymer
blends. Adding only 2 wt% of MBCP to PET/PE (80/20) significantly reduced the size
of the PE droplets in the PET matrix by a factor of 10, while the elongation at break
increased over 30 times. It is considered that the interfacial energy decreases due to the
localization of MBCP at the interface and that the resulting adhesion improves greatly

20 contributing to the improvement of physical properties. These results open up the
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possibility of recycling multicomponent products such as PET/PE multilayer films,
which are normally difficult to separate, by direct melt blending with a PET-PET
MBCP.

Example 5: Exemplary Synthesis of an Alternating MBCP

In a round-bottomed flask purged with argon were dissolved ethylene glycol
(0.76 g, 0.012 mol), pyridine (2.92 g, 0.037 mol) and catalytic DMAP in TCE (20
mL). The reaction was warmed to 80 °C whereupon a solution of terepthaloyl
chloride (3.00 g, 0.015 mol) in TCE (25 mL) was added dropwise. After the addition
was completed, the reaction continued to stir at 80 °C for 2 hours. A solution of
dihydroxy PE block precursor (0.061 mol) in TCE (10 mL) was added dropwise and
the reaction stirred at 80 C for 16 hr. The reaction was then cooled to RT and
precipicated with acetone (400 mL), followed by filtration and washing with acetone
(400 mL) and DI water (400 mL) and drying in a vacuum oven overnight. The
reaction yielded 5.15 g of a white solid.
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OTHER EMBODIMENTS
It is to be understood that while the present application has been described in
conjunction with the detailed description thereof, the foregoing description is intended
to illustrate and not limit the scope of the present application, which is defined by the
scope of the appended claims. Other aspects, advantages, and modifications are within

the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A multiblock copolymer comprising:
a block obtained from a polyester having an average Mn of from about
2,000 to about 200,000, wherein the polyester contains one or more
terephthalate units; and
a block obtained from a polyolefin having an average M of from

about 2,000 to about 200,000.

2. The multiblock copolymer of claim 1, wherein the multiblock copolymer has an average

Mn of from about 4,000 to about 600,000.

3. The multiblock copolymer of any one of claims 1-2, wherein the multiblock copolymer

has an average of from about 2 to about 20 repeating block units.

4. The multiblock copolymer of any one of claims 1-3, wherein the blocks are randomly

arranged or alternatingly arranged.

5. The multiblock copolymer of any one of claims 1-4, wherein the multiblock copolymer
consists essentially of blocks obtained from a polyester containing one or more

terephthalate units and blocks obtained from a polyolefin.

6. The multiblock copolymer of any one of claims 1-5, wherein the polyester is selected
from polyethylene terephthalate (PET), polyethylene terephthalate glycol (PETG),
polybutylene terephthalate (PBT), polycyclohexane terephthalate glycol (PCTGQG),
polycyclohexane terephthalate (PCT), polytrimethylene terephthalate (PTT), polydianol
terephthalate (PDT), and combinations thereof.

7. The multiblock copolymer of any one of claims 1-6, wherein the polyolefin is selected
from polyethylenes, polypropylenes, polystyrenes, alkyl polystyrenes, polybutylenes,
polybutadienes, polyacrylates, polymethacrylates, polyisoprenes, polyisobutylene,

polyvinylidene dichloride, polyethylene vinyl alcohol, and combinations thereof.
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10.

11.

12.

13.

14.

15.

The multiblock copolymer of any one of claims 1-7, wherein the multiblock copolymer
comprises from one of about 10 wt.-% to about 90 wt.-% blocks obtained from the

polyester.

The multiblock copolymer of any one of claims 1-8, wherein the multiblock copolymer

comprises from about 40 wt.-% to about 60 wt.-% blocks obtained from the polyolefin.

A process for preparing a multiblock copolymer comprising reacting:
a hydroxy-terminated polyester block precursor, wherein the polyester
contains one or more terephthalate units;
a hydroxy-terminated polyolefin block precursor; and

an acid chloride.

The process of claim 10, wherein the polyester is selected from polyethylene
terephthalate (PET), polyethylene terephthalate glycol (PETG), polybutylene
terephthalate (PBT), polycyclohexane terephthalate glycol (PCTG), polycyclohexane
terephthalate (PCT), polytrimethylene terephthalate (PTT), polydianol terephthalate
(PDT), and combinations thereof.

The process of any one of claims 10-11, wherein the polyolefin is selected from
polyethylenes, polypropylenes, polystyrenes, alkyl polystyrenes, polybutylenes,
polybutadienes, polyacrylates, polymethacrylates, polyisoprenes, polyisobutylene,

polyvinylidene dichloride, polyethylene vinyl alcohol, and combinations thereof.

The process of any one of claim 10-12, wherein the reacting is performed at between

about 70 °C and 300 "C.

The process of any one of claim 10-13, wherein the reacting is performed in the presence

of a Lewis base catalyst, a Lewis base neutralizer, or a solubilizing solvent.

The process of any one of claims 10-14, wherein the acid chloride is a diacyl chloride.
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16. The process of claim 15, wherein the diacyl chloride is selected from terephthaloyl

chloride, sebacoyl chloride, adipoyl chloride, benzoyl chloride, and isophthaloyl chloride.

17. The process of any one of claims 10-16, wherein a ratio of acid chloride functional groups
to combined hydroxyl groups present on the polyester block precursor and polyolefin

block precursor is from about 1:9 to about 9:1.

18. A process for preparing a multiblock copolymer comprising:
performing a ring opening reaction with
a cyclic polyester block precursor;
a Lewis acid catalyst; and
a hydroxy-terminated polyolefin block precursor to form a
diblock polyester-polyolefin polymer or a triblock polyester-
polyolefin-polyester polymer; and
coupling the diblock polymer or the triblock polymer in the presence
of a diacyl chloride, wherein the polyester contains one or more terephthalate

units.

19. The process of claim 18, wherein the diacyl chloride is selected from terephthaloyl

chloride, sebacoyl chloride, adipoyl chloride, and isophthaloyl chloride.

20. The process of any one of claims 18-19, wherein the reaction is performed at between

about 50 “C and 300 "C.
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