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Fully bio-based linear branched polyethylene mimics bearing ester functions were synthesized by
metathesis copolymerization of linear and branched o,m-dienes obtained from fatty acid derivatives.
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Branched polyethylene mimicry by metathesis copolymerization of fatty acid-
based a,m-dienes.
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Castor oil and vernonia oil platforms were used to synthesize two linear and branched o,®-diene monomers. ADMET copolymerization
conducted in bulk yielded a series of copolyesters with various degrees of branching with respect to the feed ratio between the two o,®-
dienes. After hydrogenation, these copolyesters showed thermo-mechanical properties in accordance with the ones of LLDPE and
VLDPE with tunable melting points between 50°C and 90°C. As expected and similarly to the “PE-like” polyesters reported in the
literature, the presence of ester functions distributed along the polyethylene backbone slightly lowered the crystalline ability of the so-
formed polyesters. Nevertheless, these novel bio-based polyesters constitute a good sustainable alternative to olefin-based elastomers

(LLDPE and VLDPE), especially for specific applications which require degradability.

With about 80 million tons per year, polyethylene (PE) is the
top manufactured polymer, giving rise to low cost materials.
According to the type of polymerizations,
microstructures are achievable yielding materials with a large
range of thermo-mechanical properties. Four types of PE are
generally identified: almost purely linear high-density
polyethylene (HDPE) (d~ 0.94-0.97 g.cm™), low-density
polyethylene (LDPE) (d~ 0.90-0.94 g.cm™), linear low-density
polyethylene (LLDPE) and very low-density polyethylene
(VLDPE) (d~ 0.86-0.90 g.cm™) which are characterized by
different types and degrees of branching, randomly distributed
along the polymer backbone. The presence of branches

various PE

significantly lowers the crystalline ability of the PE, resulting
in elastomeric and ductile mechanical features.

Despite the numerous applications of PE materials, the latter do
not constitute a sustainable solution, in particular for
environmental applications, as evidenced by their lack of
hydrolytic degradability. With the aim to introduce potentially
degradable segments to a PE backbone while keeping its
characteristics, a lot of efforts have been carried out these last
years to design sustainable and bio-based “polyethylene-like”
polyesters.'® This is generally achieved by polycondensation of
long-chain o,m-difunctional monomers. In particular, many
synthetic routes to the chemical modification (metathesis, thiol-
ene addition, isomerizing alkoxycarbonylation...) of fatty acids
were studied yielding long chain aliphatic monomers bearing
hydroxyl, acid or ester groups.”” After polymerization,
aliphatic polyesters with variable ester function densities were
obtained, as a function of the substrate and the chemical
modification used. Nonetheless, most of the studies performed
on the development of “PE-like” polyesters from fatty acids
resulted in materials that mimic the structure of HDPE.

On the contrary, very few investigations were carried out to
synthesize “LDPE-, LLDPE- and VLDPE-like” polyesters
from plant oils. Some relevant examples include the works of

Matsumura and coll. concerning the enzyme-catalysed
so copolymerizations of hydrogenated methyl ricinoleate (methyl
12-hydroxystearate) with 12-hydroxydodecanoic acid or
pentadecalactone.'™ '' By varying the feed ratio between the
branched and linear monomers, a series of high molecular

weight copolyesters with versatile properties were obtained.
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Figure 1- Synthetic strategy to “LLDPE like” polyesters
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In this work, we aimed at developing new “LLDPE- and
VLDPE-like” polyesters through acyclic diene metathesis
(ADMET) copolymerization of two fatty-acid based a,w-diene
6 monomers. Castor oil and vernonia oil were used as feedstocks
for the synthesis of the branched and linear monomers.
ADMET copolymerization in bulk was then carried out
yielding a series of copolyesters with various degrees of
branching. Hydrogenation of the unsaturated copolyesters led
o5 to the saturated analogous mimicking the chemical structures of
LLDPE and VLDPE (Figure 1). The thermo-mechanical
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properties of the so-formed copolyesters were investigated and
compared to their petroleum-based analogues.

Methyl 10-undecenoate and 12-hydroxystearic acid, obtained
by steam cracking and hydrogenation of ricinoleic acid
respectively, were employed for the synthesis of the branched
a,o-diene (B). A second monomer (L) showing a linear
structure (with the same main chain structure than for the
branched monomer) was also synthesized from methyl 10-
undecenoate and 1,12-dodecanediol (obtained by oxidative
cleavage of vernolic acid).

The formation of (L) was carried out by a simple
transesterification, in bulk, of two equivalents of methyl 10-
undecenoate with one equivalent of 1,12-dodecanediol (Figure
S2). For the branched monomer (B), the synthetic strategy was
the same than for the linear one, using 12-hydroxystearyl
alcohol instead of 1,12-dodecanediol (Figure S3). The
polymerization grade of the monomers was confirmed by GC
analysis regarding the high purity obtained (>97%).

Once the a,0-diene monomers (L) and (B) synthesized, it was
then possible to develop a series of polyesters by ADMET
copolymerization of the two monomers. All the
polymerizations were launched at 85°C in bulk under dynamic
vacuum due to the non-volatility of the monomers. Grubbs 1*
generation metathesis catalyst was employed in this study in
order to limit olefins isomerization. The feed ratio between the
two monomers was changed from 100% of purely linear
monomer (L) to 100% of branched monomer (B) resulting in a
number of atoms of the main chain between two branching
points as low as 34 (0-29 branching points per 1000 atoms of
the main chain) as shown in Table 1.

After 24h of polymerization, the catalyst was deactivated with
ethyl vinyl ether and the polyesters were precipitated into
methanol. The resulting polyesters were analyzed both by 'H-
NMR and SEC in THF (Figure S4). The disappearance of the
proton peaks at 5.8 and 4.9 ppm and the appearance of a
multiplet at 5.4 ppm provide evidence of polyester synthesis by
formation of internal olefins (Figure 2). The exact composition
of the copolymers was also determined by 'H-NMR analysis.
The average number of atoms of the main chain between two
branching points was varying between 34 and 136 atoms
(except for the purely linear polyester) which show good
agreement with the number of carbon atoms generally found
for commercial LLDPE.

The unsaturated polyesters were then analyzed by SEC in THF
using a PS calibration. Except for BO (62 kg.mol™") synthesized
using mechanical stirring (contrary to the other polyesters
which were synthesized under magnetic stirring), the obtained
molecular weight values were in the range 14-22 kg.mol" with
D~ 1.5-1.7 (Table 1). Thus, mechanical stirring seems to be
required for efficient removal of the ethylene condensate.

In certain circumstances, it is desirable to keep unsaturation in
the polymer backbone for further functionalization or cross-
linking. However, in the context of our study, the polyesters
must be free from remaining double bonds to avoid oxidation
and possible cross-linking during heating of the samples.
Reduction of the double bonds of the polyesters proceeded in
toluene at 80°C with Pd (10%) on charcoal under hydrogen

pressure (50bar). Fully saturated polyesters were obtained as

evidenced by the disappearance of olefins protons peaks in 'H-
o NMR spectra (Figure 2 and Figure S5). Only HBO did not

show quantitative conversion. It can be attributed to the lower

solubility of the polyester. Nevertheless, a conversion of 88%

was measured by 'H-NMR analysis for HBO what should

provide sufficient improvement of the thermo-mechanical
65 properties.
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Figure 2- '"H-NMR stacked spectra of the branched o,0-diene
(up), B100 (middle) and HB100 (bottom) in CDCl;.

The thermal stability of the saturated polyesters was
investigated by TGA experiments under
atmosphere (Figure S6). High thermal stability for all
polyesters was illustrated by the large difference (>200°C)
between their decomposition temperatures and their melting
points, thus allowing easy compression or injection molding
and therefore possible use for a wide range of applications.

In order to evaluate the influence of the degree of branching on
the polyester crystallinity, DSC analyses were performed. The
unsaturated polyesters were first analyzed. As show in Table 1
and Figure S7, hexyl branches significantly reduce the
crystalline ability of the polyesters. Indeed both crystallization
and melting temperatures (and their corresponding enthalpies)
highly decrease with an increase in hexyl branches density. The
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unsaturated polyesters thus cover a large range of thermo-
mechanical properties depending on the branching density with
Tm in the range 13-69°C. Melting enthalpy was also highly
affected by the presence of hexyl branches with values equal to
34 Jg' and 101 J.g"' for B100 and BO respectively. The
relatively low value of melting point and corresponding
enthalpy measured for BO in comparison to other “PE-like”
polyesters given in the literature is ascribed to the remaining
olefins which disrupt efficient crystallites formation due to cis-
and trans- configurations and imped sufficient mobility of the
chains.'

Hydrogenation of the unsaturated polyesters resulted in
improved thermo-mechanical properties (Figure S8 and Figure
3). Indeed, the fully saturated structure of the resulting
polyesters was responsible for improved chain packing and
thus enhancement of the crystallization and melting
temperatures (and their respective enthalpies). An enhancement
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of around 20-30°C was observed for the melting temperature of
all the polyesters.

Table 1- Thermo-mechanical properties of the unsaturated
(B0-B100) and hydrogenated (HB0-HB100) polyesters.

mol% Mn [D] Tso, AHm

Entry (B)[d]* (kg.mol")’ (C)* TmEC)* @J.g)!
0 0 62[1.5] - 68.9 101.2
HB0 394 87.4 135.5
B25 - 55.9 89.4
up2s 2211361 200L7] 357 592-77.0 98.1
B50 - 46.3 62.9
mpso V71681 22[16] 344 44.8-649  66.5
B75 - 263-36.6  38.1
upys 141 14116 331 51.3-56.6  65.1
B100 - 13.2 32.4
upoo 0134 22161 312 51.6 63.0

s (a)' H-NMR- [d] is the branching density (number of atoms of
the main chain between two branching points) (b) SEC in THF,
PS calibration (c) TGA- 10°C.min"" (d) DSC- 10°C.min"!

Despite the close average number of atoms between two
branches in comparison to LLDPE (25-100 carbon atoms), the
melting points of the branched polyesters (HB25, HB50, HB75
and HB100) in the range 51-77°C, were much lower than for
LLDPE (Tm ~ 100-125°C)"*" and were closer to those
generally measured for VLDPE (Tm ~ 60-100°C). This
deviation to the LLDPE thermo-mechanical properties was
logically attributed to the presence of inherent ester functions,
in accordance to the previous studies realized on “polyethylene
like” polyesters.”® '® Indeed, Penelle and coll. demonstrated
that ester group can be incorporated in the crystallites thus
lowering the overall attractive interactions between the

S

@

20 polymer chains in comparison to polyethylene.'”

It is noteworthy that only HBO showed a narrow endothermic
melting peak, while the other saturated polyesters showed
complex melting patterns. This was attributed to the highly
regular microstructure of HBO in comparison to the other
saturated polyesters for which hexyl branches are distributed
randomly along the backbone, giving rise to a broader
crystallite size distribution which impacts the melting
temperature of the copolyesters. In the case of HB25 where the

2:

G

alkyl dangling chain density remains low, two narrow

30 endothermic peaks were observed. To investigate this melting
behavior, DSC analysis was performed on a HB25 sample
annealed for 15 minutes at 65°C (temperature between the two
endothermic peaks). The obtained DSC heating trace (Figure
S9) showed evidence of two distinct melting peaks at similar

35 temperatures than without annealing. This information let us
consider polymorphism (different crystalline phases or
crystallites differing in size) rather than melting of a meta-
stable crystalline phase with subsequent crystallization into a
more stable phase.

0 Modulated DSC analysis at a heating rate of 3°C.min"" was
then performed on the same sample (HB25). Indeed, the DSC
traces, displayed in Figure S10 gives evidence of
polymorphism. Indeed, the reversible heat flow signal shows

two endothermic peaks with maxima at 59°C and 78°C related
45 to two melting transitions. On the contrary, the non-reversible
heat flow shows no significant variations (crystallization) in the
temperature window concerned. Thus, the complex melting
pattern is not ascribed to a melting-recrystallization process but

to polymorphism.
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Figure 3- DSC heating curves of the saturated polyesters.
10°C.min"",
It is known that, contrary to ethylene/propylene copolymers,
ethylene/octene copolymers display the exclusion of large
ss hexyl branches from the crystal unit cell.'> '® In the case of
HB25 and HBS50, due to the low branching density and the
randomness of the branching point positions along the
polyester backbone, it is thought that the melting peak at lower
temperature is assigned to crystallites corresponding to
o segments with high branching content (smaller crystallites).
The melting transition at higher temperature corresponds to the
nearly linear segments. This hypothesis was confirmed by
wide-angle X-ray diffraction (WAXD) performed on HBO and
HB25. From the WAXD patterns (Figure S11) obtained at
6s 25°C, HBO displays the same typical orthorhombic crystal
structure than HDPE (lattice parameters a=7.40 A, b= 4.93 A
and c= 2.54 A) with two characteristic crystalline peaks at
scattering angles of 21.6° and 24.0° corresponding to reflection
planes (110) and (200) respectively.'” * Regarding HB25, the
70 insignificant change in the scattering angle values (21.5° and
23.8°) in comparison to HBO provides evidence of the
orthorhombic crystal structure too. Moreover, no other peaks
were observed for HB25, which suggests the existence of only
one crystal structure despite the presence of the hexyl branches.
75 This feature clearly shows that the melting transition occurring
at lower temperature is ascribed to the melting of crystallites of
smaller sizes. It was fully confirmed by the apparent crystallite
sizes calculated using Scherrer equation both at 25°C or 60°C
(Table S2 and Figure $12).'

so Conclusion

Castor oil platform was efficiently used to develop a series of
“LLDPE-like” polyesters by ADMET polymerization. Two
biobased a,w-diene monomers, one linear and one bearing an
hexyl dangling chain, were first synthesized. The a,®-dienes
ss were then copolymerized in different amounts resulting in

This journal is © The Royal Society of Chemistry [year]
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unsaturated polyesters covering a wide range of thermo-
mechanical properties. Their hydrogenation yielded the
saturated polyesters that showed close structural similarities
with LLDPE regarding their polyethylene backbone with
incorporated ester functions and hexyl dangling chains. These
copolyesters showed good thermal stability as seen from the
degradation temperatures above 300°C. Thermo-
mechanical properties were closer to VLDPE than LLDPE
regarding the melting points in the range 51-77°C. For most of
the copolyesters, a broad melting peak with complex pattern
was observed which provide evidence of small crystallites
formation with a high heterogeneity in size. These novel bio-

initial

based materials, constitute good sustainable alternatives to
petroleum-based LLDPE and VLDPE. Indeed, these
copolyesters were synthesized by ADMET approach under
mild conditions (bulk process and moderate temperatures)
using bio-based monomers obtained from non-edible and
annually plant oils derivatives. Moreover, the incorporation of
hydrolysable ester functions along the polyethylene backbone
let us consider biomedical and environmental applications for
these new materials thanks to their potential biodegradability.
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