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p-Pinene-Derived Polyesteramides and Their Blends:
Advances in Their Upscaling, Processing, and

Characterization

Magdalena Maria Kleybolte and Malte Winnacker*

Terpene-based polyesteramides (PEAs) are sustainable and have a variety of
favorable properties, making them suitable for a wide range of applications
and for contribution to a much more sustainable polymer industry. This work
focuses on the synthesis of the lactam from S-pinene and its
copolymerization with e-caprolactone. An important step in synthesizing
B-pinene lactam is the oxidation of S-pinene to nopinone. To make the
established oxidative cleavage more sustainable and efficient, the required
amounts of Al,O; and KMnO, are significantly reduced by using H,SO, as a
catalyst. For the Beckmann rearrangement various catalysts and co-reagents
are screened. Among these, the reaction with tosyl chloride is found the most
favorable. Subsequently, the chain lengths of the S-pinene-based PEAs are
remarkably increased from 6000 g mol~" to more than 25 100 g mol~' by
fine-tuning reaction time, temperature, and decreasing catalyst and initiator
concentrations. Also, different catalysts for polymerization are tested. The
resulting material shows melting temperatures of ~55 °C and decomposition
temperatures of 354 °C or higher. Processing via melt pressing or casting
turned out to be quite difficult due to the polymer’s brittleness. Furthermore,
regarding biomedical applications, blends of PEA with polyethylene glycol
were successfully prepared, yielding a more hydrophilic material.

variety of applications. However, due to
their durability and resistance to physio-
logical influences, conventional polymers
for mass plastics are often not able to de-
grade, resulting in many environmental
challenges. Also, many of these polymers
are processed in a costly, wasteful manner.
The majority of polymers are still based on
fossil resources, but depletion of the oil re-
serves due to the increasing energy demand
is challenging us to find other monomer
feedstocks.[12]

Biopolymers have the high potential of
replacing conventional plastics by more
sustainable materials.>] In addition to
natural functional polymers, [l biopolymers
are defined as such if they are either pro-
duced from biobased raw materials and/or
if they are biodegradable.”-!!l Biobased
materials are produced from renewable
biogenic sources, for example, biomass.
Biodegradability by itself describes the ide-
ally complete degradation of a material

1. Introduction

Due to their diverse properties and cost-efficient mass produc-
tion, plastics are almost irreplaceable in daily life and find a wide
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by natural microorganisms to carbon diox-
ide, water, ammonia, or other metabolic
products.[1213]

The advantage of biobased materials is that—in addition to
their sustainability, where their production etc. also have to be
considered—new or complex molecules can be obtained rela-
tively easily from nature, which cannot be obtained so easily via
fossil-based synthetic pathways. Typically, it is challenging to syn-
thesize molecules with special structural properties such as chi-
rality. By using natural molecules, molecules that are difficult to
synthesize can be sourced even in high quantities and in stere-
ospecific forms. A differentiation can be made between a poly-
mer approach, where natural polymers (e.g., polysaccharides) are
utilized, and a monomer approach, where small molecules (e.g.,
carboxylic acids, terpenes, ...) are used for polymerization, either
directly or upon further modification, is possible.[1*17]

For the synthesis of sustainable polymers, abundant natural
materials, especially from non-edible plant parts, are preferable.
Since terpenes obtained from many plants, like turpentine oil
which is extracted from wood production in large quantity, they
are particularly well suited as starting materials. The family of
terpenes has a diverse range of structural properties with favor-
able, difficult-to-synthesize properties such as chirality or side
groups.l"®2% For this reason, terpene-based polymers are a main

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. A) Overview of different synthesis routes of the lactams 4a, 4b and B) its polymerization.

aim in modern polymer chemistry, since they are not only non-
food-based, sustainable, environmentally friendly but also have a
wide range of structures and property profiles.[21-28]

Polyesteramides (PEAs) are very important polymers which
can also combine the stiffness and excellent thermal and
mechanical properties of polyamides with the biocompatibility
and biodegradability of polyesters.[?*-*1] Moreover, because they
are copolymers, it is possible to tune these properties in a variety
of ways. Thus, terpene-based PEAs are prominent examples for
biobased and biodegradable polymers and have been investigated
in this study.

Pinenes are the main constituents of turpentine oil and have
chiral centers, making them a particularly promising starting ma-
terial. Although p-pinene occurs less frequently than a-pinenes,
their exocyclic double bond is located more favorably for fur-
ther synthesis. This work is therefore focused on f-pinene-based
polyesteramides. To obtain such polyesteramides or polyamides,
cyclic terpenoid ketones are converted to their corresponding lac-
tams, which are then polymerized.!*]

B-Pinene-lactam-based polyesteramides have the potential to
cover many important applications, and they could contribute
to a more sustainable and "greener" polymer economy. Cost-
effective, reliable procedures of their production are essential for
this purpose. This study aims to investigate and significantly im-
prove the synthesis of f-pinene-based polyesteramides and their
terpene monomer. Further optimizing and analyzing the syn-
thesis of p-pinene lactam as well as its copolymerization with
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e-caprolactone represents an important progress toward a bet-
ter understanding of the synthesis methods of these sustainable
polymers.

2. Results and Discussion

2.1. Monomer Synthesis

The first step of synthesizing p-pinene lactam is the oxida-
tion of f-pinene (1) to nopinone (2). For the further reaction
to the lactams (4a, 4b), two reaction routes are possible: the
two-step reaction in which two regioisomeric oximes (3a, 3b)
are formed as intermediate products, and the one-step reac-
tion with trifluoroacetic acid (TFA) or hydroxylamine-O-sulfonic
acid (HOSA).33-%] The corresponding overall reactions are de-
picted in Figure 1A. The lactam is then polymerized with e-
caprolactone by means of Sn-, Zn- or P-catalyst to the pinene-
based polyesteramide (Figure 1B).

2.1.1. Nopinone Synthesis

The oxidation of #-pinene to nopinone (2) is a decisive step for
this procedure that has fundamental significance also for further
upscaling and possible industrial applications. In this study, this
reaction is based on an experimental procedure described by Lee

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 2. Trends and dependencies of the nopinone (oxidized f-pinene) synthesis. A) The higher the amount of KMnO, the higher the yield. B) With
increasing V(H,O) yield decreases. C) With increasing H,SO, amount yield increases, where a limit occurs and D) with higher Al,O; amounts higher

yields were observed.

et al. using KMnO, as oxidant.®!) This initially cumbersome re-
action requires large amounts of solvent, support (Al,O;), oxi-
dant, and purification via column chromatography. Herein, the
oxidation reaction was remarkably optimized with respect to
reaction time, reaction equivalents, and purification method. For
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these further improvements, sulfuric acid was added as a cata-
lyst, with the amount of H,SO, having the greatest influence on
the obtained yield (see Figure 2C). The yield increases with in-
creasing acid amount, although no major improvement is appar-
ent at a volume content higher than 0.27 gtt per 1 g f-pinene.

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Entry Moyime [8] Catalyst Eqcatalyst Solvent Violvent [ML] t [h] T[°C] Yield [%]

1 6 PPA ? - - 6.5 125 55

2 7 PPA ) - - 7 125 63

3 2 TFA 2.6 MeCN 26 5 80 tracesd), oligomers
4 2 Zn(Clo,), 6H,0 0.01 MeCN 26 6 80 traces ¢

5 2 Zn(OTf), 0.01 MeCN 26 6 80 traces”)

6 2 Zn(OT), 001 MeCN 26 4 85 traces

7 2 Fe(OTf), 0.01 MeCN 26 4 85 -

8 2 Fe(ClO,4), H,0O 0.01 MeCN 26 4.5 85 tracesd), oligomers
9 7.8 TsCl 1.05 MeCN/ 2 m NaOH 40/72 25 <20 31

10 5 TsCl 1.05 MeCN/ 2 m NaOH 20/46 24 <20 44

i 5 TsCl 1.05 MeCN/ 2 M NaOH 20/46 26 <20 59

12 1 citric acid 3 hexane 20 7 80 -

13 1 citric acid 03 - - 15 160 -

Temperature, (T); time, (t); volume, (V); acetonitrile, (MeCN); *288 mL; ® 144 mL; Vinert atmosphere; é analyzed with "H-NMR.

In addition, adsorbent Al,O; could partly be replaced by SiO,
and the initially 30 eq. of Al,O; were reduced to 10 eq. of each
SiO, and Al,O,. Also, 4.9 eq. of KMnO, were reduced to 4 eq. An
acid catalyzed upscale to 15 g was successfully established with
yields of up to 62% and to 20 g with yields up to 30%. Further-
more, the complex purification step by column chromatography
was replaced by convenient vacuum distillation (T, eaq: 52 °C,
T i1 pam: 60 °C, p: 0.02 mbar). Although these oxidation reagents by
themselves are not really green, their strong quantity reduction
compared to previous procedures!?!3¢] make this synthesis much
more easy and environmentally friendly. General trends and de-
pendencies are shown in Figure 2 and resulted by a combination
in the optimized nopinone synthesis. More detailed data can be
found in the Supporting Information in Table S1, Supporting In-
formation.

2.1.2. Lactam Synthesis

Two-Step Approach: The desired oxime (3a, 3b) was first syn-
thesized via the classical approach by converting nopinone (2)
with hydroxylamine hydrochloride and sodium hydrogen carbon-
ate for 6-7 h at 65-70 °C in MeOH/H, 0.7 The yields increased
at longer reaction time and increasing solvent-oxime ratio up to
90%. An upscale was also successful: 25 g could be converted
to 3a and 3b with yields as high as 92%. Alternatively, 2 was
converted overnight at room temperature with NH,OH-HCl and
sodium acetate in MeCN/H, O or MeOH/H, O with yields up to
97% (see Table S2, Supporting Information). Following the paper
by P. Stockmann et al. this mild synthesis route o.n. is more suit-
able for an industrial application.[?*] Both isomers of the oxime
were used in an unpurified state to synthesize the lactams 4a, 4b
by Beckmann rearrangement, although the oxime was obtained
nearly regioselective ('H-NMR and IR-spectra is shown in the
Supporting Information).

For the Beckmann rearrangement several catalysts and
co-reagents were tested. Table 1 shows the different cata-
lysts/chemicals and their corresponding yields.*8] Although
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polyphosphoric acid (PPA) achieves higher yields, the alternative
with tosyl chloride (TsCl) in 2 M NaOH (aq.) is preferable, since
it is not only well suited for upscaling but also for industrial ap-
plicability as demonstrated by Stockmann et al. In addition, PPA
is difficult to handle and due to the additional step of quenching
also not very convenient.[?3]

Generally, the selectivity of lactam as compared to side prod-
ucts was rather low, yields up to 63% were achieved. However, a
selective synthesis between the lactams 4a and 4b was observed
since lactam 4a was obtained >98-100% in all cases. Regarding
entries 5 and 6, not only the selectivity but also the conversion
was low, since more than 50% of the oxime remained unreacted.
In case of entries 3 and 8, not only 4a was detected but also
oligomers, which points to the high potential of these catalysts.
For citric acid (entries 12, 13), surprisingly a complete conversion
back to nopinone (2) was observed. Conventionally, the lactam
is purified by column chromatography. Herein, this procedure
could be replaced by recrystallization in hexane and subsequent
sublimation (T: 70 °C, p: 0.03 mbar), rendering it much more
suitable for industrial applications.

TFA-/HOSA-Route: HOSA and TFAP! were explored as a
potentially more efficient and less cumbersome single-step al-
ternative to the two-step method. However, the HOSA route
was more complicated and had a lower yield than the two-step
method, while the TFA route only yielded traces of lactam 4a and
oxime 3a, 3b (see Table S4, Supporting Information).

In the case of the HOSA route, 2 is completely converted, in-
dicating that the poor yield is due to the multiple favored side
reactions. The already low selectivity, which was observed for
the previous route, is therefore aggravated by condensing its two
steps into one. In addition, if product was present (confirmed
by 'H-NMR) it could not be properly isolated even though the
purification method was adjusted several times. This calls to
question simple reaction screenings by NMR or GC-MS, which
do not subsequently attempt to isolate the product. All in all, the
two-step lactam synthesis via oxime and subsequent Beckmann
rearrangement with TsCl has worked best here and has the high-
est potential for industrial applications.

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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2.2. Polymerization of the Monomers to f3-Pinene-Based
Polyesteramides

p-pinene-based polyesteramides were synthesized using cat-
alytic ring-opening copolymerization (ROCOP) in bulk. Differ-
ent tin, zinc, and phosphorus catalysts were used for the copoly-
merization: tin(II)-2-ethylhexanoate (Sn(Oct),), dibutyltin(II)
dilaurate (Sn(Lau),), -which are known from neat lactone
polymerizations-diethylzinc (ZnEt,) and diphenyl phosphate
(DPP). In addition to different reaction times and temperatures,
different concentrations and catalyst-initiator ratios were tested.
In order to obtain the PEAs, the two monomers f-pinene lactam
and e-caprolactone were copolymerized by adding the catalyst
and initiator under inert conditions at given temperatures and
times. The polymerizations with both ZnEt, and DPP resulted in
polyesters with less than 1% polyamide content. They therefore
indicate that they are well suited for ring-opening polymerization
(ROP) for lactones, but not suitable for lactams.

The ROCOPs with Sn(Oct), and Sn(Lau), were initially car-
ried out under certain conditions which were previously used in
a study about PEAs that can form bioactive surfaces.l*"] In the
course of further improvements, reducing the catalyst concen-
tration from 0.25 mol% to 0.05 mmol% and increasing the con-
centration ratio of monomer Jeffamine-M600 from 20 to 700, led
to substantially higher molar masses (entries 6-9 and 2-5) and
higher yields (entry b0-2). Further increase in the concentration
ratio of Jeffamine did not achieve additional improvements and
the yield decreased again for ratios higher than 700 (entries 2-5,
20-26).

In general, it is important to mention that chain length and
polymer yield was significantly increased with respect to the pre-
viously described procedure.l*! It should be noted that the stan-
dard crimp vial caps were replaced with temperature-stable ones
with a PFTE/silicon insert. The best temperatures for the poly-
merization were determined to be between 200-205 °C. Tem-
peratures of 105 °C and below failed to yield a polymer and
temperatures of 250 °C led to short polymer chains and low
yields.

After the polymerization parameters were optimized, an up-
scaling from 0.05 to 1.5 g was performed (entry 20-30). As
expected, chain length and yields decreased with increasing
monomer concentration, leading to increase polydispersity in-
dices (PDI). This is probably due to the differences in mix-
ing and heat transfer. Selected polymerizations and their pa-
rameters are shown in Table 2. A more extensive table can
be found in the Supporting Information (Table S5, Supporting
Information).

Generally, the interpretations and assignments as previously
reported were primarily used as a guide.*®! It is known that it
is often challenging to characterize polymers by NMR, since dy-
namic processes coexist on very different time scales and both
structural disorder and dynamic heterogeneity are present.[*!]
This challenge can also be observed regarding our polymers.
In some cases, the assignments of the peaks to the polymers
turned out to be quite difficult—due to the increased chain
lengths compared to the previous study.*®! As a result, not all
polyamide groups are clearly visible, since peaks have merged
or are overlapping with the prominent polycaprolactone peaks,
since they lie in the similar ppm ranges. Nevertheless, the char-
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acteristic polyamide and polyester peaks could be detected in all
tested polymers with "H-NMR and/or IR spectroscopy (see Fig-
ure 3). In IR, the characteristic amide adsorption bands at wave-
lengths of 3280 and 1635 cm™! and in 'H-NMR the characteris-
tic methyl groups at 0.88 and 1.14 ppm confirm the presence of
polyamide. All detectable integrals of the polyamide were used
for comparison with those of the polyester to calculate the incor-
porated monomer ratios. The highest amide—ester-ratio detected
was 29:71.

In addition to chain lengths and monomer incorporations, the
thermal and mechanical properties of the polymers were further
investigated. First, the thermal properties were measured using
TGA and DSC. The decomposition temperature of the measured
polymers ranged from 275-557 °C. On average, the materials had
decomposition temperatures above 354 °C, which shows their
high stability. Melting temperatures were with up to 54 °C close
to those of conventional polycaprolactones, and recrystallization
temperatures were between 25-37 °C. However, these measure-
ments do additionally show the presence of polyamide, due to
wide melting temperature ranges or two different melting tem-
peratures. The melting point tends to increase with increasing
molecular weights as expected (Table 3 and Table S5, Supporting
Information).

To assess the material’s mechanical properties, the PEAs were
processed via melt pressing and casting. Due to the low propor-
tion of polyamides, the material was expected to be elastic and
easy to process. However, as soon as the material cooled down
and hardened, spherulite structures appeared, demonstrating the
PEAS’ brittle character (Figure S12, Supporting Information).

2.3. Polyesteramides-Polyethylene Glycol Blends

PEA polymers have the potential to cover many important ap-
plications like bioactive materials in regenerative biomedicine.
Since the polymers alone can be too hydrophobic for many
biomedical purposes, that is, cell adhesion and cell growth,*!]
blends with the hydrophilic biocompatible polyethylene glycol
(PEG) M6000 were prepared with equal mass fractions.

Contact angle measurements (CAM) were performed for fur-
ther surface analysis. CAM is an analytical method for deter-
mining the hydrophilicity within polymers. With increasing hy-
drophilicity, the contact angle (®,,) decreases. Therefore, the
water droplet on the polymer surface becomes flatter. Accord-
ing to this analysis, the PEG blends have—as expected—a sig-
nificantly lower contact angle and thus a higher hydrophilic-
ity than the pure polyester amides (see Table 4 and Figure
S11, Supporting Information). It was also not possible to mea-
sure the Young’s modulus since the blends were still too brit-
tle despite their high PEG content. It was expected that the
PEG content would result in an improvement of the mechanical
properties.

2.4. Additional Analysis

Additional analyses such as scanning electron microscope (SEM)
and biodegradability studies were performed. Both the fracture
sites and the polymer surface of PEA-21 display a lamellar struc-
ture, making it a characteristic feature. A layered, flaky structure

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Table 2. Reaction conditions and results of selected polymerizations and the resulting polymers. The molar ratio of lactam and lactone in feed was 1:1,

except a) with 2:1 and b) 4:1.

Mypla Catalyst [M]/[)eff] T Mwa) M”a) Yield .
Entry [g] catalyst [mol%)] ratio t [h] [°q [g mol~1] [g mol™] PDI [%] pA:PE”
b0 0.05 - - 50 7 205 5300 2300 23 2 2:98
1 0.05 Sn(Oct), 0.2 50 7 205 1500 900 17 8 -
2 0.05 Sn(Oct), 0.02 50 7 205 7700 4700 1.6 13 13:87
3 0.05 Sn(Oct), 0.02 500 7 205 7200 4400 1.7 21 7:93
4 0.05 Sn(Oct), 0.02 600 7 205 8700 5100 1.7 25 6:94
5 0.05 Sn(Oct), 0.02 700 7 205 9000 5500 1.6 21 3:97
6 0.05 Sn(Oct), 0.2 900 7 205 1900 1200 17 20 -
7 0.05 Sn(Oct), 0.02 700 7 205 6100 3800 1.6 24 3:97
8 0.05 Sn(Oct), 0.02 700 7 205 8100 4800 1.7 28 -
9 0.05 Sn(Oct), 0.002 700 7 205 12100 6100 2 31 2:98
10 0.05 Sn(Oct), 0.002 700 7 205 15700 7100 2.2 23 2:98
n 0.05 Sn(Lau), 0.2 700 7 205 6400 3600 18 22 -
12 0.05 Sn(Lau), 0.02 700 7 205 16900 7300 2.3 30 6:94
13 0.05 Sn(Lau), 0.02 900 7 205 14100 6800 2.1 21 4:96
159 0.05 Sn(Oct), 0.2 700 7 205 700 500 16 8 K
16 0.05 Sn(Oct), 0.2 700 7 205 1400 600 2.2 3 9

[mmol%]

17 0.075 Sn(Oct), 0.2 500 8 205 28300 14300 2 88 -
18 0.075 Sn(Lau), 0.6 500 8 205 25500 12500 1.8 86 -
19 0.08 Sn(Lau), 0.03 600 7.5 205 13000 7100 1.8 79 -
20 0.08 Sn(Oct), 0.06 600 7.5 205 38800 18400 2.1 80 -
21 0.5 Sn(Oct), 0.1 700 8 205 25100 13600 1.9 13 20:80
2 0.5 Sn(Lau), 0.05 700 8 205 20300 11100 18 25 2377
23 0.5 Sn(Oct), 0.1 700 7.5 205 6600 4500 1.5 14 17:83
24 0.5 Sn(Lau), 0.05 700 7.5 205 7300 4700 1.6 30 20:80
25 1 Sn(Oct), 0.1 900 7.5 205 10300 6100 1.7 48 29:71
26 1 Sn(Lau), 0.05 900 7.5 205 20400 9500 22 31 4:96
27 1 Sn(Oct), 0.1 900 75 205 10300 8300 2 13 -
28 1 Sn(Lau), 0.05 900 7.5 205 17800 10200 1.8 16 18:82
29 1.5 Sn(Oct), 0.2 700 7.5 205 7200 4700 1.5 9 6:94
30 1.5 Sn(Oct), 0.2 700 7.5 205 34600 11700 2.9 32 4:96

Temperature, (T); time, (t); molecular weight, (M); polydispersity index, (PDI?; monomer concentration, [M]; (b0 = blind experiment; ? Determined by Gel permeation

chromatography/ Size exclusion chromatography (GPC/SEC) and rounded up; b

Calculation as accurate as possible. Difficulties due to peak overlap and it has to be considered

that there can be different homogeneities in the sample; 9 ot measurable due to high PA content thus solubility difficulties.

can be observed for the PEA-PEG-blend. As expected, its sur-
face is similar to PEA-21, but it seems to be more structured
(Figure 4 and Figure S9, Supporting Information). This indi-
cates a successfully prepared, relatively homogenous blend. Gen-
erally, structured surfaces can be observed in both cases. Espe-
cially regarding the PEA-PEG blend, these surfaces could be well
suited for cell adhesion or similar bio-applications. In terms of
biodegradability, the polymers show resistance and a high sta-
bility in soil over several weeks/month (Figure S10, Supporting
Information); therefore, also experiments for longer times and
within other environments are ongoing. In addition, exemplary
images of the contact angle measurements (Figure S11, Support-
ing Information) and images of the test specimen (Figure S12,
Supporting Information) are available in the Supporting Infor-
mation.

Macromol. Rapid Commun. 2021, 42, 2100065 2100065 (6 of 9)

3. Conclusion

p-Pinene-based polymers show great potential for different appli-
cations, and as a bio-based replacement for conventional plastics,
or as HPPs. This work has focused on polyesteramides (PEAs)
and their preparation using Sn-, Zn-, and P-based catalyst sys-
tems.

The synthesis route starts with the oxidation of f-pinene
and proceeds with the formation of its lactam. f-pinene lactam
is then copolymerized with e-caprolactone forming PEAs. By
searching over possible educt quantities and concentration as
well as alternative down-streaming processes, the monomer
synthesis reaction was significantly optimized. Compared to the
current state of the art, this optimized reaction is much more
efficient while requiring a much smaller amount of educts,

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. "H-NMR and IR-spectroscopy measurements (determined PA:PE ratios, left:18:82, right: 4:96) of exemplaric f-PLa-co-CLo copolymers.

compared to previous procedures. These findings render this
production both less costly and much more sustainable. Other,
more “green” oxidation procedures are currently under investiga-
tion. Also, different reaction pathways for the lactam formation
were investigated. The oxime reaction could be optimized in
terms of milder reaction conditions. Regarding the Beckmann
rearrangement the normally used strong acids like polyphos-
phoric acid or sulfuric acid could be replaced with tosyl chloride

Macromol. Rapid Commun. 2021, 42,2100065 2100065 (7 of 9)

in aq. NaOH. This not only enables an easier purification, but
also renders upscaling more feasible, thus moving the reaction
one step closer to a potential industrial application. Sn(Oct), and
Sn(Lau), turned out to be the most promising ROCOP catalysts,
since the other catalysts favored the ROP of e-caprolactone.
Therefore the polymerization of monomers to PEAs using tin
catalyst systems was further improved. Besides optimizing tem-
perature as well as catalyst and initiator concentration, replacing

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. SEM imaging of PEA-21 PEA-PEG-blend.

Table 3. Thermal analytics of selected examples.

Entry PE:PA 7. [ T.[q T, 1C
2 13:87 4597 243 -

3 7:93 47 23.6 -

4 6:94 49.6 28.8 -

5 397 49.9 29.5 -

n - 49.77 30.2 -

12 6:94 53.97 36.6 -

13 4:96 53.67 34.8 -

21 20:80 51.57 343 -

22 23:77 - - 368.1

23 17:83 426 29.1 353.7
24 20:30 432 29.5 351.8;557.2
25 29:71 45,97 31.1 334;525.9
26 4:96 4537 33.8 4182
27 n.p. 44.47 27.2 177.7,404.6
28 18:82 38.87 25.3 167.7;362.7

? broad peak, indicating PA content; Y two peaks indicating a high PA content.

Table 4. Contact angle (®) measurements of two selected PEA-PEG blends
and their PEA.

Polymer 0, 0, 0, O,verage
PEA-21 91.5 86.5 95 91
PEA-21-PEG 79 72.5 78 76.5
PEA-c21 99.5 91 92 94.2
PEA-c21-PEG 62 62 63 62.3

the standard crimp vial caps with ones with a PTFE/silicone
seal led to polymer chain lengths with more than M: 25 000 g
mol~!. This work shows that the investigated tin catalyst systems
are very promising candidates for producing polyesteramides
with high molar masses. However, to make the reaction more
sustainable, “greener” catalyst systems than tin-based ones will
be investigated in the future. High decomposition tempera-
tures demonstrate the stability of these polymers, and melting
points close to that of polycaprolactone confirm a relatively high
proportion of polyester within these PEA copolymers.
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Both thermal and mechanical properties can be further im-
proved with increased chain lengths. They will also further
be optimized by changing the ratio between polyamides and
polyesters. The materials may be interesting for the biomedical
field, and—depending on its properties—they could also find use
as a replacement for conventional plastics or an HPP. As the
polymer alone is too hydrophobic for most biomedical purposes,
for example, cell adhesion and cell growth, blends with PEG
were produced, which have an increased hydrophilicity. As a first
step in this direction, the mechanical properties of the blends—
as compared to the polymer alone—are presumingly improved,
since the processing of the polymer-blends to test specimen were
possible (Figure S11, Supporting Information). Additional cata-
lysts as well as the synthesis of block copolymers are now under
further investigation. Additionally, improving not only the PEA
alone, but also PEA blends would likely improve these properties
and should therefore a focus of future research. Also, other bio-
based polymers for blend production, such as polysaccharides,
other terpene-based PEA, polyesters, and polyamides, as well as
polyhydroxyalkanoates are possible candidates for further opti-
mizations. In the future, the reactions should further be opti-
mized in order to render the polymers suitable for large-scale
applications. The family of f-pinene-based polymers should be
further explored, with regards to polyesteramides, polyamides,
or polymer blends.

This work has thus made further steps in this direction by
making the production of f-pinene lactam, a structurally signif-
icant terpene resource, much more efficient and by improving
the subsequent copolymerizations with a lactone, and it has thus
further illustrated the great potential of these resulting materials.

4. Experimental Section

All experimental details are explained in the Supporting Information.
Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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