A typical procedure for the depolymerization of poly-H in 4 M H>SOq:

The release of phloretic acid 3a from polymer poly-H 5a was evaluated by
molecular recycling in 4 M H2SO4. To measure hydrolytic degradation, poly-H 5a
was finely ground (particles smaller than 180 um) and was distributed over 8 test
tubes with equal amounts of 20 mg poly-H to which 1.0 mL of 4 M H,SO4 had
been added and incubated at 80 °C with agitation at 500 rpm using a controlled
environment incubator shaker. At different time intervals, 2.0 mL of methanol and
0.4% v/v toluene as internal standard was added to the content of a specific test
tube and analyzed by high-performance liquid chromatography (HPLC). So for
every depolymerization experiment, there were 8 samples for conversion
measurement: one test tube gives one conversion. All samples were filtered using
0.45 pm PTFE syringe filters and subsequently injected (20 pL) using an
autosampler. Absorbance was monitored at A = 254 nm, and concentrations were
calculated from a calibration curve of known phloretic acid 3a standard solutions

and 0.4% v/v toluene as an internal standard.
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Abstract

Three different biobased styrene monomer alternatives, i.e., 4-vinylphenol
derivatives, were synthesized starting from lignin building blocks. The synthetic
route encompassed a green Knoevenagel condensation followed by two
decarboxylation steps and acetylation. High isolated yields for the decarboxylation
were obtained in a polar aprotic solvent, which prevented oligomerization. The
polymerization of the three acetylated 4-vinylphenols was performed by free
radical polymerization. The chain transfer constants of styrene and 4-acetoxy
styrene 4c¢ in toluene were evaluated in the Mayo procedure using the number-
average molecular weight (M,). After polymerization, the acetoxy group of the
different polymers was efficiently hydrolyzed. The resulting phenol side groups of
these polystyrene alternatives provide future opportunities to functionalize these
biobased polymers further.
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7.1 Introduction

Styrene was first isolated in 1839 from the American sweetgum tree by the
German pharmacist Eduard Simon.! He noticed that when the tree's gum resin was
exposed to air, light, or heat, it gradually transformed at room temperature into a
hard, and with heating a rubber-like substance now known as polystyrene. Another
component of the tree's resin, namely, cinnamic acid, could be decarboxylated in
a laboratory resulting in styrene. However, after 1839, it took more than three
decades before the Dutch chemist van 't Hoff discovered that these appearances of
styrene were identical.?

Nowadays, styrene is no longer isolated from biomass. The modern method
for styrene production is by dehydrogenation of the petrochemical ethylbenzene.
Although this method is very cost-efficient, the production involves
environmentally harmful procedures 3. Also, styrene itself came with various
health risks, like adverse effects on fertility and suspected carcinogenicity.** The
interest in alternatives for fossil-based styrene is growing. Attention is increasingly
focused on 4-vinylphenols due to the additional synthetic possibilities provided by
the phenolic group. An example of this is the use of poly(4-vinylphenol)-based
polyelectrolytes in CO, separation membrane applications.® Furthermore, the
reduced toxicity of these biobased styrene alternatives only improves their
prospects as alternatives for styrene.”®

A few studies have been conducted towards the polymerization of these 4-
vinylphenols resulting in polymers with suitable processing, as well as physico-
chemical properties.”'* However, the application of the polymers is hampered by
the lack of proper production of the necessary monomers. !>

A possible alternative route to obtain 4-vinylphenols (3) is provided by the
green Knoevenagel reaction followed by two decarboxylations (Scheme 1).20-2?
Several 4-hydroxybenzaldehydes (1) have been shown to react with malonic acid
in a green Knoevenagel reaction with subsequent decarboxylation to give the
corresponding o,B-unsaturated carboxylic acids known as 4-hydroxycinnamic
acids (2). In nature, these 4-hydroxycinnamic acids can be found in the vegetable
kingdom as secondary metabolites. ?* There are three familiar members of these
ligno-phytochemicals (sinapinic acid 2a, ferulic acid 2b, and p-coumaric acid 2¢),
which have been studied extensively, primarily due to their antioxidant
properties.>* A second decarboxylation should provide the corresponding 4-
vinylphenol derivatives (3).%

131



J@” o e e va

2 3

aR; = OCH;, R,= OCH;
bR,=H, R,=0CH,
¢R =1 R,=H

Scheme 7.1: Knoevenagel reaction and subsequent decarboxylation of 4-
hydroxybenzaldehydes towards 4-vinylphenols.

The present study explores a novel, green synthesis of three styrene
alternatives starting from biobased building blocks with a focus on optimizing the
second decarboxylation step. The route is applied for the synthesis of 4-hydroxy-
3,5-dimethoxystyrene (HDMS) 3a, 4-hydroxy-3-methoxystyrene (HMS) 3b, and
4-hydroxystyrene (HS) 3¢ and their acetylated derivatives 4-acetoxy-3,5-
dimethoxystyrene (ADMS) 4a, acetoxy-3-methoxystyrene (AMS) 4b, and 4-
acetoxystyrene (AS) 4c¢. These acetylated biobased monomers will subsequently
undergo a free-radical polymerization in bulk or solution, followed by hydrolysis
of the acetoxy group, finally resulting in polystyrene alternatives with a phenolic
functionality.

7.2 Results and discussion

The synthesis of the biobased styrene alternatives started with the
derivatization of the ligno-phytochemicals 1a—1e¢, using the previously reported
Green Knoevenagel reaction using ammonium bicarbonate as catalyst under
solvent-free conditions as shown in Table 7.1.2' In line with earlier results, the
condensation of benzaldehydes 1a—1c¢ and malonic acid proceeded very efficiently
at 90 °C within 2 hours. The reaction resulted in high isolated yields of the
corresponding o,f-unsaturated carboxylic acids 2a—2c¢. For later comparison,
benzaldehyde was also converted into cinnamic acid using the same protocol, with
the exception that the reaction temperature had to be increased to 140 °C in order

to get a complete conversion.
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Table 7.1: Green Knoevenagel reaction of benzaldehyde and 4-hydroxybenzaldehydes 1
with malonic acid.

(0]
cat. NH4HCO3 R1 N OH
= Hzo HO
- COz R,
1 2
Entry R: R, Conversion % Product Yield % Yield %
1 (HPLC) 2 (HPLC) 2 Isolated
1 OCH; OCH; 100 2a 98 93
2 H OCH;3; 100 2b 100 95
3 H H 100 2¢ 100 94

Reaction conditions: 4-hydroxybenzaldehyde 1, 1.1 eq. malonic acid and 0.1 eq.
NH4HCOs for 2h at 90 °C (benzaldehyde for 2h at 140 °C). Reported conversions and
yields are based on the ratio of peaks of the HPLC chromatogram measured with a UV
detector operating at 300 nm.

The subsequent decarboxylation of the four o,B-unsaturated carboxylic
acids 2a—2c¢ and cinnamic acid towards the styrene alternatives 3a—3c¢ and styrene
were initially performed using various nitrogen-containing catalysts (piperidine,
pyridine, benzylamine, di-ethylamine, tri-ethylamine) under either solvent-free
conditions or with ethylene glycol as solvent at 130 °C. In the case of cinnamic
acid, no styrene formation could be detected. In the case of 2a-2¢, the desired
styrene alternatives were found in the reaction mixture. Depending on the reaction
conditions used, HPLC measurements indicated a yield between 20% and 60%.
Upon further investigation, the yields appeared to be limited by the formation of
dimers and trimers of the biobased styrene-like monomers. Column
chromatography or distillation could be used to purify the styrene alternatives, but
only with low isolated yields. These results correspond to previously reported
observations under microwave conditions and are also in line with our previously
reported investigations.?*26

One possible explanation for the formation of dimers and trimers can be
found in the mechanism suggested by Cohen and Jones,?” who studied the
decarboxylation of 4-hydroxycinnamic acid in aqueous media. These authors
propose that the carboxylate anion, formed after deprotonation of 4-

hydroxycinnamic acid, tautomerizes to a quinomethine structure, which in turn
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undergoes rapid decarboxylation (Scheme 7.2). This mechanism postulates an
essential role for the 4-hydroxy group during the decarboxylation and explains
why cinnamic acid did not react under the conditions mentioned above. It
furthermore suggests the formation of an intermediate anion that can initiate an
anionic oligomerization resulting in the observed oligomers during the

decarboxylation of 2a-2c.

()
HNR;,
H o H >° Houf o~
Ry X Ry O oe Ry Z O 0@
OHr\.. — .NRB o H e H
HO H + NR; (_«HO (o}
Ra R> HNR, R2
2
H H H
Ry QH R H R H
-Co; - \,H,- 1 X HgRs 1 N
~ | o %5 H HO H
Rz R2

&)
z
R2
o o 3
anionic oligomerisation

Scheme 7.2: Proposed mechanism from the base-catalyzed decarboxylation and
subsequent anionic oligomerization.?’

Alternative decarboxylation procedures of cinnamic acid derivatives have
been reported using an in-situ complex of aromatic heterocyclic amines and Cu(l)
in polyethylene glycol (PEG).?*? It has furthermore been reported that the toxic
aromatic heterocyclic amines can be replaced with more benign ligands such as
hexamethylenetetramine (HMTA).>* Taking these procedures as a starting point
for our synthesis, it turned out that Cu(l) was not a prerequisite for the
decarboxylation of 4-hydroxycinnamic acids. In our case, HMTA was shown to
catalyze the reaction single-handedly in PEG-400 at 130 °C. Under these
conditions, the decarboxylation of sinapinic acid 2a produced a viscous yellow oil.
This oil was purified using a silica column, resulting in highly pure HDMS 3a as
a white solid. Although the isolated yield was still below 20%, it was notable that
in this case, no dimers or trimers were present in the reaction mixture.

The above results gave us insight to further optimize the decarboxylation
reaction with a suitable solvent. PEG-400 (¢ = 12.4) can be considered an aprotic
semi-polar solvent, so we decided to investigate other aprotic polar solvents as a
solvent for the decarboxylation of sinapinic acid 2a with the catalyst HMTA. A
list of solvents used is shown in Table 7.2.
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Table 7.2: Various polar aprotic solvents to investigate the decarboxylation of sinapinic
acid 2a

dielectic ~ HPLCyield Isolated yield

Entry  Solvent bp constant (%) of3a  (%)of3a
1 acetone, CH;COCH; 57 21 0 0
2 acetonitrile, CH;CN 82 375 3 0
3 dimethylformamide (DMF), HCON(CH3), 153 38 96 82
4 dimethyl sulfoxide (DMSO), CH;SOCH; 189 47 98 83
5 propylene carbonate (PC), CH;C,H;0,CO 242 64 80 75
6 ethylene carbonate (EC), (CH,0),CO 243 90 93 90

Reaction conditions: sinapinic acid 2a and 0.1 eq. HMTA in the selected solvent, for 2h
at reflux or 130 °C; Reported HPLC yields are based on the ratio of peaks of the HPLC
chromatogram measured with a UV detector operating at 300 nm.

The results collected in Table 7.2 demonstrate that a minimum reaction
temperature between 90 and 130 °C is a prerequisite for the decarboxylation of
sinapinic acid 2a with HMTA as the catalyst. Furthermore, the dielectric constant
seems to play a role in shielding the negatively charged phenol group, thereby
preventing anionic oligomerization. The four aprotic polar solvents DMF, DMSO,
EC, and PC all seem suitable. However, propylene carbonate is the only one that
adheres to all the principles of Green Chemistry and was therefore selected for
further optimization. For sinapinic acid 2a, the temperature optimum was found to
be 115 °C. At this temperature and with precipitation in toluene, the HDMS 3a
monomer is produced quantitively with an HPLC yield above 99% and with an
isolated yield above 95%.

The styrene alternative HMS 3b could be produced from ferulic acid 2b
with a similar procedure at a temperature of 120 °C and also with an HPLC yield
above 99% with an isolated yield above 95%. HS 3¢, however, could only be
produced from p-coumaric acid 2¢ at a temperature of 115 °C in DMF as the
solvent instead of PC. Subsequently, precipitation in ethyl acetate produced the
desired product HS 3¢ with an HPLC yield above 99% and with an isolated yield
above 95%. It should furthermore be noted that it was difficult to prevent
oligomerization of pure HS 3¢ in the subsequent isolation procedures. All three
styrene alternatives, 3a- 3¢, proved unstable for extended periods. As shown in
Scheme 7.3, the phenolic group needs to be acetylated in order to obtain suitable
monomers for radical polymerization anyhow. For these reasons, 4-vinyl phenols
3a-c were directly acetylated with acetic anhydride without intermediated
purification, providing the stable acetylated biobased styrene-like monomers 4a—
4c.
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Scheme 7.3: Pathway from o—f3 unsaturated carboxylic acids 2 towards biobased styrene
derivatives 3 and 4 and subsequent polymerizations towards 5 and hydrolysis to
functional polystyrene 6.

Important to emphasize is that despite the three 4-vinyl phenols 3a-c are
often described in the literature as a liquid or 0il**?*2?% we have established that
these three biobased styrene-like monomers are solids with melting points above
60 °C. This also applies to the acetylated versions of HDMS 3a and HMS 3b. Only
the acetylation of solid 4-hydroxy styrene 3¢ yielded at room temperature the
liquid 4-acetoxy styrene 4¢. Table 7.3 provides an overview of the total yields of
the acetylated biobased styrene-like monomers 4a—4¢. In the applied conditions,
the reactions are now almost quantitative.
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Table 7.3: Decarboxylation reaction of cinnamic acids 2.

o) o (o)
Ry x AN o Ry X
NN on T, -
7% Ho )ko
HO | R> Il R,
R2
2 3 4
Entry R, R,  Product My’ Yield %  Product My Yield %
3 Isolated 4 Isolated
1 OCH; OCH; 3a 180 98 4a 222 98
2 H OCH3; 3b 150 97 4b 192 99
3 H H 3c 120 96 4c 162 99

# My is the molecular weight of the monomer

Reaction conditions I: 2a and 2b with 0.1 eq. HMTA in PC, for 2h at 115 °C; 2¢ with 0.1
eq. HMTA in DMSO, for 2h at 115 °C; II: crude 4-vinylphenol 3, 1.5 eq. acetic anhydride
and 0.05 eq. sodium acetate for 1h at 90 °C. Reported HPLC yields are based on the ratio
of peaks of the HPLC chromatogram measured with a DAD operating at 300 nm.

Most commercial polystyrene (PS) is produced by free-radical bulk
polymerization. Study of the bulk polymerization of the acetylated biobased
styrene-like monomers 4a—4¢ was, however, limited due to the high melting point
of monomers ADMS 4a and AMS 4b and the high viscosity of the reaction mixture
of AS 4c¢ above conversion of 30%. Therefore solution polymerization has opted
for these exploratory studies. Styrene and the acetylated biobased analogs 4a—4c
were dissolved in toluene, which makes temperature control more straightforward
but generally reduces the molecular weight. Using 2,2’-azobis(isobutyronitrile)
(AIBN) as initiator at 60 °C for 24 hours, all these polymerizations produced off-
white polymers in moderate isolated yields (>50% for ADMS 4a and AMS 4b) to
high isolated yields (>80% for AS 4c¢ and styrene).

After purification by solvent/non-solvent precipitation from cold methanol,
the molecular weights were measured using gel permeation chromatography
(GPC). The molecular weights obtained for the biobased polystyrene alternatives
5a-Sc appear significantly higher than those for polystyrene with relatively low
polydispersity indexes (PDI) as listed in Figure 7.2, together with the measured
glass transition temperatures T of the polymers. Yet, the GPC data was recorded
with polystyrene standards (to calculate M;), which is possibly not an optimal
standard for the biobased polystyrene alternatives Sa-5¢ as it presumably gives an
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overestimation of the molecular weights. As noticed by Hatakeyama!? before, the
influence of the methoxy substituent groups on the Ty is not easily recognized. If
one methoxy-group is present at the position on the aromatic ring adjacent to the
acetoxy-group at the para-position, the T, decreases.’!

The thermal stability of the samples was determined by thermogravimetry.
Samples were stable up to 300-350 °C and the temperatures where degradation
starts are similar to polystyrene (which has a Tsoe of approximately 410 °C).

In order to get the extra phenol-functionality of the biobased polystyrenes
available for further functionalization, hydrolysis of the acetylated polystyrenes
was carried out in a hydroxide solution in acetone. This reaction is efficient and
proceeds to conversion above 95% in all cases, as demonstrated by the 'H NMR
spectra of PAS 5¢ and PHS 6c¢ in Figure 7.1. After hydrolysis, the characteristic
signal of the acetyl CHs group at approximately 2.3 ppm in PAS Sc disappeared
entirely in the hydrolysis product PHS 6¢. Additionally, a new peak appeared at
approximately 9.0 ppm, which can be assigned to the phenolic proton in PHS 6c.
After a while, the phenolic proton is exchanged by deuterium and declines.

OH 2

. A
%n

(¢}

(o}

\r | 1

105 100 95 9.0 85 80 75 7.0 65 60 55 50 45 4.0 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

Figure 7.1: '"H NMR-spectra (DMF-d7) of PAS 5¢ and PHS 6c¢ after hydrolysis.
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The results collected in Figure 7.2 show that the T, values for PHDMS 6a,
PHMS 6b, and PHS 6c¢ are higher than those of (commercially available)
polystyrene. Moreover, the Ty values are also 30-50 °C higher than the
corresponding acetylated biobased polystyrene-like polymers 5. This can be
understood by the added intermolecular interactions between phenol groups by

hydrogen bonds, which restrict the molecular motion of the polymeric chain 32-34,

n
g X AIBN
)ko Ry R2
R» 0._0
\f M M, DP, PDI' T, Ts,*
4 5 (kDa) (kDa) (°C)  (°C)
5a PADMS Poly(4-acetoxy-3,5-dimethoxystyrene) 22.1 30.1 100 1.4 121 353
5b PAMS Poly(4-acetoxy-3-methoxystyrene) 283 45.1 147 1.6 104 370
S5¢ PAS Poly(4-acetoxystyrene) 470 669 290 1.4 130 385
PS Polystyrene 142 234 137 1.6 107 406
@" hydrolysis mn
x | - !
R1/\K\ R> RI)\l/\ R
0.0 OH
Y M, M, DP, PDI' T Ty
> © (kDa) (kDa) CC)  (°O)
6a PHDMS Poly(4-hydroxy-3,5-dimethoxystyrene) 182 255 101 14 146 365
6b PHMS Poly(4-hydroxy-3-methoxystyrene) 21.8 342 145 1.6 130 380
6¢c PHS Poly(4-hydroxystyrene) 343 480 286 1.4 188 390

Figure 7.2: Polymerization of acetylated biobased styrene-like monomers 4a—4¢ and
styrene towards biobased polystyrene alternatives 5 using free-radical solution
polymerization and subsequent hydrolysis towards hydrolyzed biobased polystyrene 6.

#Obtained by GPC in DMF at 70 °C versus polystyrene (PS) standards.
b Determined by DSC.
¢ Determined by TGA.

Limiting the molecular weight of polymers is essential for materials
properties of, e.g., detergents, dispersants, and paints. A reduction in molecular
weight can be realized by various approaches. Increasing the initiator amount is
one way to promote a decrease in the molecular weight of the polymer. However,
this procedure has its limits, is uneconomical, and is hardly applied in commercial

polymerizations.
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Another possibility is to carry out the polymerization in solution, especially with
solid monomers like ADMS 4a and AMS 4b. The reduction of the molecular
weight of the polymer formed in solution polymerization is caused by chain
transfer to the solvent.

The influence of chain transfer to the solvent on the number-average degree

of polymerization can be described by the classical Mayo equation:*>37

1 1 [Sol]
DR, DPyg + Cers01 ™
where DP, and DPy are the number-average degree of polymerization in the
presence or absence of solvent, respectively, and Cy 301 (= Ki,s0/kp) is the chain
transfer constant of the solvent (Sol).

Free-radical solution polymerization of either styrene or the acetylated
biobased styrene-like monomers 4a-4¢ were carried out in several binary mixtures
of the monomer and toluene® at 60 °C using 2,2’-azobis(isobutyronitrile) (AIBN)
as initiator. The chain transfer constants Cy.so and DPy o were determined with the
Mayo procedure using the number-average molecular weight (My). The value of
chain transfer constant in toluene is obtained as the slope of the line resulting from
plotting 1/DP, against the solvent concentration, as shown in Figure 7.3. In case
of styrene Cy,1o1 = 0.17 x 10 and in case of AS 4¢ Cu1ol = 0.81 x 1073 which is
about 5 times higher. The number-average degree of polymerization in the absence
of solvent, i.e., DPno was 652 for styrene, and 2172 for AS 4¢ under the conditions
are shown in Figure 7.3. Note that GPC data was recorded with polystyrene
standards (to calculate M;), which is possibly not an optimal standard for PAS 5¢
as it presumably gives an overestimation of the molecular weights. Chain transfer
to the solvent toluene is shown to influence the maximum obtainable molecular
weight in the conventional free radical polymerization of styrene with AIBN and
likewise of the acetylated biobased styrene-like monomer AS 4c.

When performing the Mayo procedure on the acetylated biobased styrene-
like monomers, ADMS 4a and AMS 4b, almost constant DP,’s were obtained, as

* Solution polymerization of AS 4c¢ in ethyl acetate and DMF often produced a non-
polymeric product. A possible explanation can be found in the formation of HS 3¢ by hydrolysis
of AS 4c. Because the solubility of HS 3¢ in toluene is minimal, a Mayo plot could be made with
the solvent toluene.
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shown in Figure 7.3. Probably, the molecular weight of these two biobased
polystyrene-like polymers is defined predominantly by chain transfer to the
monomer, resulting in a very low chain transfer constants Ci.rol to the solvent
toluene. The number-average degree of polymerization in the absence of solvent,
1.e., DPno was 205 for ADMS 4a and 215 for AMS 4b under the conditions shown
in Figure 7.3. In conclusion, the presence of methoxy groups on the aromatic ring
appears to influence the chain transfer to the monomer and thereby substantially
change the polymerization kinetics.

10

1/DP, [107]

0 2 4 6 8 10 12 14 16
[Toluene]/[M]

Figure 7.3: Mayo plots for conventional radical polymerizations of ADMS 4a (A, dash-
dotted line), AMS 4b (0O, broken line), AS 4c¢ (m, dashed line), and styrene (X, solid line)
initiated by AIBN (0.15 mol%) at 60 °C in toluene.

This study proves that various biobased functional styrene-like monomers
can be obtained in an efficient and environmentally friendly way. There are
essential differences between styrene and the biobased styrene alternatives relative
to the different chain transfer pathways that take place. However, free-radical bulk
polymerization with AIBN as an initiator is possible with all biobased styrene
alternatives. Also, it demonstrates that it is possible to produce various biobased
polystyrene-like polymers with a predefined M, by carrying out the polymerization
in solution. Because the role of the methoxy groups in the free radical
polymerizations of the biobased styrene-like monomers has remained
underexposed, further investigation is recommendable to investigate the role of
these methoxy groups.
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7.3 Conclusions

In this chapter, we have provided an easy procedure for producing biobased
functional styrene-like monomers. A Green Knoevenagel reaction gives high
isolated yields of a,B-unsaturated carboxylic acids from 4-hydroxybenzaldehydes.
During the subsequent decarboxylation, aprotic polar solvents appear to stabilize
the negatively charged 4-vinylphenols formed and therefore prevent unwanted
anionic oligomerization. The free radical polymerization protocol developed is
suitable for producing diverse and various acetylated biobased polystyrene on
various scales. The polymeric materials are isolated in high yields with T values,
as reported before. Thermogravimetry was used to check thermal stability, and this
also corresponded with previously reported values. Finally, the value of the chain
transfer constant of 4-acetoxy styrene 4c¢ in toluene was determined to be about 5
times as high as that of styrene.

7.4 Experimental section

7.4.1 General remarks

Reagents: Syringaldehyde (1a), vanillin (1b), 4-hydroxybenzaldehyde (1¢), and
all other chemicals (99% purity) were purchased from Merck and were used as
received. DMSO-ds was purchased from Cambridge Isotope, with 99 atom%
deuterated and used as received.

Instrumentation: '"H NMR measurements were performed on an Agilent 400-MHz
NMR system with DMSO-ds as a solvent. Chemical shifts are reported in ppm,
relative to tetramethylsilane (TMS).

HPLC analysis was carried out using a reversed-phase liquid chromatographic
system (Agilent 1100 series) equipped with a diode array detector operating at 300
nm (Agilent 1100 series) and an autosampler injector with a 20 pL loop (Agilent
1100 series G1316A). The system was equipped with a Grace Alltima C18 5 um
column (250 mm x 4.6 mm). The determination of the concentration of the
components in the reaction mixtures was carried out by the external standard
method and was based on peak areas. HPLC measurements were made with the
following settings: Flow rate 1.0 mL/min at a temperature of 25 °C, eluent A =
methanol, eluent B = acetic acid buffer (99% milliQ, 1% acetic acid). The samples
were eluted using the following gradient: 40% A and 60% B set for 6 min, gradient
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to 100% A and 0% B in subsequent 10 min, 100% A and 0% B set for 5 min,
followed by 40% A and 60% B set for 8 min.

LC-MS analysis was performed using a liquid chromatographic system (Agilent
1200 series) equipped with a Luna 3 pm C18 column (200 x 2.0 mm) and an ion
trap (Agilent 6300 series).

Size exclusion chromatography (SEC) was performed using a liquid
chromatographic system (Agilent 1100 series G1362A) equipped with a Varian
PLgel column (300 x 7.5 mm) at 70 °C, a refractive index detector (70 °C) and an
UV-vis absorbance detector. Dimethylformamide (DMF) was used as eluent at a
flow rate of 1.0 mL/min. The molecular weights were calculated with respect to
polystyrene standards (Polymer Laboratories, My = 500 g mol™! up to M, = 2 x 10°
g mol™). Before the GPC analysis, the samples were filtered through a 0.45 um
PTFE filter. The use of polystyrene standards inevitably leads to an error in
molecular weights, so the Cyso1 data reported also contains a comparable error.
The glass transition temperature (T) of the polymeric samples was measured using
a TA Q200 differential scanning calorimeter from TA Instruments. The DSC runs
were conducted over a temperature range between -30 °C and 230 °C, with a three-
part sequence that included heating, cooling, and reheating. The heating rate and
cooling rate were set at 20 °C/min. The T was determined using the second heating
curve by measuring the peak in the first derivative graph of the enthalpy vs.
temperature curve.

Thermogravimetric analyses (TGA) were performed in a nitrogen atmosphere with
a TGA Q50 from TA Instruments. About 5—10 mg of each sample was heated at
20 °C/min from 25 °C to 600 °C.

The melting points of the low molecular materials were determined with the Hanon
Automatic Video Melting Point apparatus MP450.
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7.4.2 Experimental procedures

Protocol for the Green Knoevenagel condensation towards sinapinic acid 2a with
10 mol% ammonium bicarbonate:

Malonic acid (10 mmol, 1.0 g) was dissolved in a minimum amount (e.g., 2.5 mL)
of ethyl acetate. Syringaldehyde (1a, 10 mmol, 1.8 g) and ammonium bicarbonate
(1.0 mmol, 79 mg) were subsequently added. The solvent (ethyl acetate) was
removed by distillation under reduced pressure at 40 °C. The reaction mixture was
kept for 2 hours at 90 °C for complete conversion of syringaldehyde according to
HPLC analysis. Samples were taken for reversed-phase HPLC analysis and diluted
in 7.5 mL methanol, filtered, and analyzed using the method described in section
2.2. The calculated percentage of the peak area of the component of interest is in
relation to the total area of peaks.

In the workup procedure of sinapinic acid 2a, the residue was dissolved in 10 mL
of a saturated aqueous sodium bicarbonate solution and subsequently acidified to
a pH of 2 by using an aqueous 6 M HCl-solution. The resulting precipitate was
separated by filtration and washed with (demineralized) water (3 x 5 mL). After
recrystallization in a mixture of water-ethanol (4:1, v/v), the crystals were

separated by filtration and dried at 50 °C in a vacuum oven overnight.

Optimized protocol for the synthesis of hexamethylenetetramine (HMTA):

A mixture of formaldehyde solution (37 wt. % in H,O, 60 mmol, 4.8 g) and an
ammonium hydroxide solution (20 wt. % in H>0O, 40 mmol, 7.0 g) was allowed to
stand unstirred for 3 hours at room temperature (if necessary more ammonia can
be added to keep the solution slightly alkaline). The solution was filtered and then
concentrated in a vacuum to a thick paste. The crystals which were formed were
separated by filtration, washed with 10 mL ethanol, and dried in the air. The crude
product was recrystallized from ethanol to obtain pure, white crystals.

Optimized protocol for decarboxylation to HDMS (3a):

Sinapinic acid 2a (10 mmol, 2.24 g) and HMTA (1.0 mmol, 140 mg) were
dissolved in propylene carbonate (30 mmol, 3.1 g) and transferred into a two-
necked flask. The reaction mixture was deoxygenated by a series of three vacuum-
nitrogen cycles while stirring and was subsequently kept for 2 hours at 105 °C.
Pure HDMS 3a was obtained by precipitation the reaction mixture in 10 mL
toluene and the solid HDMS 3a was kept herein to prevent oxidation.
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Optimized protocol for acetylation to ADMS (4a):

A mixture of HDMS 3a (10 mmol, 1.80 g) and sodium acetate (0.5 mmol, 41 mg)
was dissolved in acetic anhydride (15 mmol, 1.53 g), and stirred at 90 °C for 30
minutes. In the workup procedure, 5 mL of ethyl acetate was added to the reaction
mixture and washed with a saturated brine solution (3 X 5 mL). The organic layer
was acidified with a 1.0 M HCI solution to a pH of 2, the layers were separated,
and pure ADSM 4a was obtained by precipitation in 5 mL of saturated brine

solution. The precipitate was dried at 50 °C in a vacuum oven overnight.

Protocol for solution polymerization to PADMS (5a):

A mixture of solid ADMS 4a (5 mmol, 1.11 g), toluene (2 mL), and 2,2’-
azobisisobutyronitrile (0.05 mmol, 8.2 mg) was deoxygenated by a series of three
vacuum-nitrogen cycles and stirred at a temperature of 60 °C for 24 hours. The
resulting product was precipitated in 5 mL cold methanol, and the precipitate was
washed with heptane (3 x 5 mL), followed by drying at 50 °C under reduced
pressure for one day.

Protocol for hydrolysis to PHDMS (6a):

PADMS 5a (0.155 g) was dissolved in 1.0 M NaOH solution in 10.0 mL acetone.
The mixture was stirred for 24 hours at 60 °C and acidified with a 1.0 M HCl
solution to a pH of 2. The precipitate was filtered, followed by drying at 40 °C

under reduced pressure for one week.

Protocol for determination the chain transfer constants:

Toluene and monomer (styrene and 4-acetoxystyrene (AS) 4¢) were deoxygenated
by a series of three vacuum-nitrogen cycles. For the series of experiments, the
monomer was dissolved in toluene with concentrations ranging between x and y
M. The initiator ratio was set at 1.5 x 10> mol of AIBN for 1 mol monomer in all
experiments. Samples were prepared in small vials (1 mL) and placed at 60 °C for
a pre-determined time. Conversions were kept below 8% in all cases.
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7.4.3 Characterization

Sinapinic acid (2a)

0]
HO
OCHg3
Ferulic acid (2b)

0
H3CO]©MOH
HO

p-Coumaric acid (2¢)

WOH
HO

Light yellow solid, m.p. =198 - 199 °C.

"H NMR (400 MHz, DMSO) & (ppm) = 12.11 (s, 1H),
8.90 (s, 1H), 7.49 (d, J = 15.9 Hz, 1H), 6.99 (s, 2H),
6.42 (d, J = 15.9 Hz, 1H), 3.80 (s, 6H).

13C NMR (101 MHz, DMSO)

& (ppm) = 168.50, 148.50, 145.32, 138.52, 125.11,
116.53, 106.48, 56.49. M calculated: 224.21 g/mol;
MS (ESI) m/z observed [M+H]*: 225 [M-H]: 223

Light yellow solid, m.p. =171 - 173 °C.

TH NMR (400 MHz, DMSO) & (ppm) = 12.12 (s, 1H),
9.54 (s, 1H), 7.49 (d, J =159 Hz, 1H), 7.28 (d,J=1.9
Hz, 1H), 7.08 (dd, J = 8.2, 1.9 Hz, 1H), 6.84 — 6.76 (m,
1H), 6.36 (d, J=15.9 Hz, 1H), 3.82 (s, 3H).

13C NMR (101 MHz, DMSO) & (ppm) = 168.49,
149.54, 148.37, 144.99, 126.25, 123.28, 116.10,
116.00, 111.59, 56.12. M calculated: 194.18 g/mol;
MS (ESI) m/z observed [M+H]™: 195 [M-H]: 193

White solid, m.p. =212 - 214 °C.

"H NMR (400 MHz, DMSO) & (ppm) = 12.11 (s, 1H),
9.91 (d, J=84.3 Hz, 1H), 7.58 — 7.48 (m, 3H), 6.82 (d,
J=8.5Hz, 2H), 6.32 (d, J=16.0 Hz, 1H).

3C NMR (101 MHz, DMSO) & (ppm) = 168.47,
160.06, 144.66, 130.53, 125.75, 116.23, 115.80. M
calculated: 164.16 g/mol,;

MS (ESI) m/z observed [M+H]": 165 [M-H]: 163
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cinnamic acid (2d)
White solid, m.p. = 133 - 134 °C.
« 'H NMR (400 MHz, DMSO) & (ppm) = 12.41 (s, 1H),
W OH 7.73 - 7.65 (m, 2H), 7.60 (d, J = 16.0 Hz, 1H), 7.46 —
7.38 (m, 3H), 6.54 (d, J = 16.0 Hz, 1H).
13C NMR (101 MHz, DMSO) & (ppm) = 168.07,
14438, 134.71, 130.63, 129.33, 128.62, 119.70. M

calculated: 148.16 g/mol,;
MS (ESI) m/z observed [M+H]": 149 [M-H]: 147

4-hydroxy-3,5-dimethoxystyrene = HDMS (3a)

Off-white solid, m.p. = 53.1 — 54.0 °C.
AN '"H NMR (400 MHz, DMSO) § (ppm) = 8.44 (s, 1H),
6.73 (s, 2H), 6.66 — 6.53 (m, 1H), 5.67 (dd, J = 17.6,
0.8 Hz, 1H), 5.09 (dd, J = 10.9, 0.7 Hz, 1H), 3.77 (s,
6H).
3C NMR (101 MHz, DMSO) & (ppm) = 148.51,
137.45, 136.29, 128.21, 111.78, 104.24, 56.40. M
calculated: 180.20 g/mol,;
MS (ESI) m/z observed [M+H]*: 181 [M-H]: 179

H,CO

HO
OCHs

4-hydroxy-3-methoxystyrene = HMS (3b)
Off-white solid, m.p. =45.1 —46.2 °C.
H;CO N '"H NMR (400 MHz, DMSO) § (ppm) = 9.10 (s, 1H),
D/\ 7.06 (d,J=1.9 Hz, 1H), 6.87 (dd, J = 8.1, 1.9 Hz, 1H),
HO 6.80 — 6.75 (m, 1H), 6.62 (dd, J = 17.6, 10.9 Hz, 1H),
5.64 (dd, J = 17.6, 0.9 Hz, 1H), 5.13 — 5.00 (m, 1H),
3.80 (s, 3H).
3C NMR (101 MHz, DMSO) & (ppm) = 148.19,
147.24, 137.17, 129.31, 119.99, 11588, 111.33,

110.07, 56.00. M calculated: 150.16 g/mol,;
MS (ESI) m/z observed [M+H]*: 151 [M-H]: 149
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4-hydroxystyrene = HS (3¢)

o
HO

White solid, m.p. = 69.1 — 70.4 °C.

"TH NMR (400 MHz, MeOD) & (ppm) = 7.94 (s, 1H),
7.28 —7.22 (m, 2H), 6.78 — 6.71 (m, 2H), 6.61 (dd, J =
17.6, 10.9 Hz, 1H), 5.59 — 5.51 (d, J = 17.6 Hz, 1H),
5.02 (d,J=10.9, 1H). M calculated: 120.12 g/mol;
MS (ESI) m/z observed [M+H]*: 121 [M-H]: 119

4-acetoxy-3,5-dimethoxystyrene = ADMS (4a)

H5CO

o)
0 OCH,
HsC

Yellow-white solid m.p. = 64.1 — 65.2 °C.

'"H NMR (400 MHz, DMSO) § (ppm) = 6.85 (s, 2H),
6.76 — 6.63 (m, 1H), 5.89 (dd, J = 17.6, 0.5 Hz, 1H),
5.28 (d, J = 11.4 Hz, 1H), 3.78 (s, 6H), 2.24 (s, 3H).
3C NMR (101 MHz, DMSO) § (ppm) = 168.57,
152.31, 136.95, 136.04, 128.25, 115.19, 103.39, 56.39,
20.58. M calculated: 222.26 g/mol;

MS (ESI) m/z observed [M+H]*: 223 [M-H]: 221

4-acetoxy-3-methoxystyrene = AMS (4b)

Yellow-white solid m.p. = 68.4 — 70.5 °C.

'"H NMR (400 MHz, DMSO) § (ppm) = 7.23 (s, 1H),
7.04 (s, 2H), 6.72 (dd, J = 17.6, 11.0 Hz, 1H), 5.86 (d,
] =17.6 Hz, 1H), 5.27 (d, J = 11.0 Hz, 1H), 3.80 (s,
3H), 2.25 (s, 3H).

3C NMR (100 MHz, DMSO) & (ppm) = 169.00,
151.42, 139.49, 136.61, 136.55, 123.32, 119.08,
115.08 110.60, 56.22, 20.86. M calculated: 192.23
g/mol;

MS (ESI) m/z observed [M+H]*: 193 [M-H]: 191
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4-acetoxystyrene = AS (4¢)

Liquid, m.p.=7 - 8 °C.

'TH NMR (400 MHz, DMSO) § (ppm) = 7.52 — 7.47
(m, 2H), 7.16 — 7.08 (m, 2H), 6.73 (dd, J=17.7, 10.9
Hz, 1H), 5.79 (d, J = 17.7 Hz, 1H), 5.25 (d, J = 10.9
Hz, 1H), 2.25 (s, 3H).

3C NMR (101 MHz, DMSO) § (ppm) = 169.49,
150.68, 136.22, 135.29, 127.55, 122.39, 114.59, 21.14.
M calculated: 162.19 g/mol;

MS (ESI) m/z observed [M+H]": 163 [M-H]: 161

Poly(4-acetoxy-3,5-dimethoxystyrene) = PADMS (5a)

H3CO
o)

OCHs3

o

T

'H NMR (400 MHz, DMF)  (ppm) = 6.45 — 5.67 (m,
2H), 3.72 — 3.41 (m, 6H), 2.26 (s, 3H), 1.52 (m, 3H).
13C NMR (101 MHz, DMF) § (ppm) = 168.43, 151.94,
136.64, 135.94, 126.42, 113.96, 102.93, 56.03, 20.42.
Te=121°C

Tso = 353 °C

Poly(4-acetoxy-3-methoxystyrene) = PAMS (5b)

H3CO

O\fO

'H NMR (400 MHz, DMF) § (ppm) = 7.30 — 5.43 (m,
3H), 3.39 (s, 3H), 2.09 (s, 3H), 1.27 (m, 3H).

13C NMR (101 MHz, DMF) & (ppm) = 168.78, 150.82,
137.70, 122.34, 119.58, 55.73, 20.68.

T, =104 °C

Ts0% = 370 °C

149



Poly(4-acetoxystyrene) = PAS (5¢)

'"H NMR (400 MHz, DMF) § (ppm) = 7.28 — 6.20 (m,
N 4H), 2.30 (s, 3H), 2.06 — 1.05 (m, 3H).
13C NMR (100 MHz, CDCl3) & (ppm) = 169.24,
148.67, 135.89, 127.19, 121.36, 114.06, 21.20.
0. _0 Te=130°C
\f Ts0% =385 °C

Poly(4-hydroxy-3,5-dimethoxystyrene) = PHDMS (6a)
'"H NMR (400 MHz, DMF) & (ppm) = 8.04 (s, 1H),

6.52 (m, 2H), 3.73 (s, 6H), 2.53 — 0.97 (m, 3H).
n Ty =146 °C
TSO% = 365 OC
H5;CO OCHs3
OH

Poly(4-hydroxy-3-methoxystyrene) = PHMS (6b)
'"H NMR (400 MHz, DMF) § (ppm) = 9.23 (s, 1H),

7.22 (m, 3H), 4.07 (s, 3H), 2.51 — 0.97 (m, 3H).
n T, =130 °C
Tso% = 380 °C
H3CO
OH

Poly(4-hydroxystyrene) = PHS (6¢)
'"H NMR (400 MHz, DMF) & (ppm) = 9.01 (s, 1H),

6.54 (m, 4H), 2.28 — 0.76 (m, 3H).
n T, =188 °C
TS()% = 390 OC
OH
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Epilogue

8.1 Highlights

The design, as well as the sustainable production of monomers, are crucial
steps to realize molecularly recyclable polymers with high depolymerization
selectivity and proper materials properties. The main objective of the work
described in this thesis was to demonstrate the applicability of a set of renewable
monomers in molecularly recyclable semi-aromatic polyesters. Moreover, an
extensive effort was dedicated to synthesizing the selected monomers taking the
principles of Green Chemistry into account. There are two main issues described
in this thesis. The first one focuses on the synthesis of the three monomers phloretic
acid, dihydroferulic acid, and dihydrosinapinic acid from benzaldehydes
conceivably derived from lignin. The second one describes the polymerization,
properties, and depolymerization of the intended polymers poly(phloretic acid)
(poly-H), poly(dihydroferulic acid) (poly-G), and poly(dihydrosinapinic acid)
(poly-S), see Scheme 8.1.

With the 12 principles of Green Chemistry! in mind, we are becoming
increasingly aware that each step in the design of the monomer and polymer needs
to be considered or reassessed with sustainability in mind. The envisioned
monomers for the molecularly recyclable polyesters are already in small amounts
present in plants and trees and occasionally also prevalent in significant quantities.
Furthermore, the results of this study clearly demonstrate that it is also possible to
produce the envisioned monomers sustainably from benzaldehyde-like
compounds. Experts predict that soon, it will be possible to extract these
benzaldehydes on a more substantial scale from lignin.>* These benzaldehydes
mainly involve molecules such as vanillin, syringaldehyde, and 4-
hydroxybenzaldehyde. In the work described in this thesis, a scalable, sustainable
route has been developed to produce the intended monomers from these
benzaldehyde-like compounds.
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Scheme 8.1: Synthetic route towards the three monomers, followed by polymerization
towards semi-aromatic polyesters. The benzaldehyde-analog undergoes a Green
Knoevenagel reaction resulting in an o,B-unsaturated acid, which is subsequently
hydrogenated to the intended monomer. Acetylation of the phenol-group is the first step
towards polycondensation.

Ensuring that the core structure of these monomers is suitable to be
molecularly recycled is the first step. This study provided valuable insights into
the design and the application of renewable monomers in molecularly recyclable
semi-aromatic polyesters. The most important outcome is that molecularly
recyclable polyesters characteristically contain a high fraction of aliphatic ester
groups. Note that derivatives of aliphatic carboxylic acids are several orders of
magnitude more electrophilic than derivatives of aromatic carboxylic acids.
Therefore, polyesters derived from aromatic carboxylic acids are far less sensitive
to hydrolysis than aliphatic polyesters. However, complete aromatic polyesters
have a higher melting temperature (Tm) and better mechanical properties as
compared to aliphatic polyesters.*

Polyethylene terephthalate (PET), even though produced from two different
monomers (ethylene glycol and terephthalic acid), is usually regarded as an
AABB-type homopolymer because only one type of repeat unit is formed. Yet
sometimes, it is suggested that the term monomers must be restricted to AB-type
molecules, whereas AA- and BB-type ones should preferably be called reactants,
the right monomer being the product of their first reaction. For molecular
recycling, preference is given to AB-type monomers bearing two different
functional groups (AB-type) that can react with each other. The envisioned
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redesigned monomers phloretic acid, dihydroferulic acid, and dihydrosinapinic
acid meet this requirement.

The redesigned and renewable monomers have been shown to polymerize
to highly crystalline polyesters whose materials properties, e.g., degree of
crystallinity, crystallization temperature, mode of extension, the Young modulus,
still need to be investigated and optimized. The redesigned and renewable
polymers can be returned to their building blocks under relatively favorable
conditions. These building blocks can be repolymerized with limited material loss.
Before-mentioned polymers avoid issues of quality loss, as observed with
mechanical recycling™®, and show to possess the capacity to recover valuable
products from these polymers. For the development of polyethylene terephthalate
(PET), it took about four decades to turn PET from a highly crystalline polyester
into the commodity polymeric material with which we are familiar today. PET
crystallinity and, consequently, its physical and mechanical properties are highly
dependent on processing conditions such as the temperature, the cooling rate, and
the stretching process.’

The research work was conducted in small subprojects that were often
embedded in the curriculum of Avans University of Applied Sciences. A
significant advantage of working in such a manner with students is that many
different ideas and principles can be investigated. The results of parallel research
make specific paths visible, and certain general patterns become recognizable.
Creating an applied research environment to stimulate the students' learning
process can, therefore, be named as a highlight. Some examples of the above
mentioned are given in the next paragraph.

Our students were one of the first who established that the studied styrene
alternatives are in a solid-state. This observation has many advantages for
polymerizations because it makes it easier to get the monomer more
uncontaminated. Similarly, the observation that the catalyst of the second
decarboxylation towards the styrene alternatives, hexamethylenetetramine
(HMTA), is likewise a (catalytic) intermediate of (aliphatic) formaldehyde and
ammonia (in the same ratio of 3:2!). Also, the idea that hydrobenzamide, as
presented in Scheme 8.2, is an alternative for HMTA as the catalyst of the second
decarboxylation turned out to be valuable (and is already applied). In this way, the
entire conversion of, for example, vanillin to the styrene analog can be carried out
using only ammonium bicarbonate as the catalyst. The desired production is
optimized by just setting the temperature accurately.
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Scheme 8.2: The formation of the catalytic intermediate hydrobenzamide from
benzaldehyde and ammonia in a ratio of 3:2 and the formation of hexamethylenetetramine
(HMTA) from formaldehyde and ammonia in the same ratio.

8.2 Technology assessment

One of the problems of everyday polymeric materials is that they are blends
of several polymer types. This is where molecular recycling could play a role in
closing the loop back to the chemical feedstock again, enabling ‘infinite’ loops.
Because the monomers developed in this study, can be recovered relatively
efficient with molecular recycling, this quality can be used to transform the
remaining part of the polymeric material to allow the additional recycling.

There is always a loss in every recycling procedure that ensures the release
of the polymeric material in nature. In this situation, it is essential that the
properties of the polymeric material are such that it composts adequately, including
biodegrading at a rate comparable to known compostable materials. Further, the
degradation of these materials must ensure that it will not diminish the value or
utility of the compost resulting from the composting process. Because our designed
polymers are often considered as "lignin"-like in all kinds of studies, we expect
that these polymers will be broken down correspondingly as lignin by white-rot
fungi.® These degradation mechanisms should be subject intended for further
research.
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This study has demonstrated that the rate coefficients of the
depolymerization of the polyesters poly-H, poly-G, and poly-S in aqueous sodium
hydroxide are between 2 and 3 orders of magnitude larger as compared to those
for the depolymerization PET. A disadvantage of the current base-catalyzed
depolymerization is the salt formation when the monomer is recovered. The semi-
aromatic polyesters poly-H, poly-G, and poly-S also have been hydrolyzed in an
aqueous 4 M sulfuric acid solution. These polyesters were completely
depolymerized after 8 hours at 80 °C. The advantage of acid-catalyzed
depolymerization over depolymerization in an alkaline medium is the absence of
salt formation. The monomers could easily be re-acetylated after the removal of
ethyl acetate and so re-introduced into the polymerization process. The molecular
weight distribution (DP, and PDI), as well as thermal properties (Tg and Tmer) of
the 10" generation polymeric material, are identical to those of previous
generations.

A possible molecular recycling process of acid-catalyzed hydrolysis for
the recovery of the monomers is shown in Scheme 8.3. In such a process, the
reaction mixture consists of the polymeric material poly-H, poly-G, or poly-S,
water, and a catalyst, e.g., linear polystyrene sulfonic acid, which is water-
soluble. After the hydrolysis, the solids (unreacted polymeric material, as well as
in the water precipitated monomer) need to be separated from the aqueous phase
by filtration. The aqueous phase contains the catalyst, which is recycled to the
depolymerization reactor.

water

water

polymeric material |fresh catalyst ~
=
depolvmerization water dissulving thin-film solvent
catalyst |~ |monomer evaporation
solvent|
solvent
A X monomer ) .
water monomer monomer
— | to acetylation
catalyst (aq) solvent drver 0 ..
. IVer  qnd polymerization
monomer (s) monomer (dissolved)
olymeric material (s olymeric material (s
POY ’ ©) filtration ol ©) filtration
monomer
polymeric material

polymeric material

Scheme 8.3: Global representation of a possible process set-up of acid-catalyzed
hydrolysis of the corresponding polyesters poly-H, poly-G, and poly-S.
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Subsequently, the monomer needs to be separated from the polymeric
material on the filter, and the smallest possible amount of solvent (e.g., ethyl
acetate or methanol) is added as a solvent for the monomers. After this step, the
solvent needs to be evaporated and is qualified for being reused subsequently. It is
possible to choose for further purification of the monomer by recrystallization.
However, the recovered monomers can as well be directly transferred to the
acetylation reactor. The acetylated monomer is then transferred to the
polymerization reactor. Even though this is a very global representation of the
monomer recovery process, it is rather likely that the majority of the operational
process costs will be governed by the heat consumption of the evaporation of the
solvent. So it is of utmost importance to minimize the amount of solvent used to
separate the monomer from the other (polymer-based) solids.

Emil Knoevenagel has already indicated that it can only be denoted as a
Knoevenagel reaction if catalytic intermediates are demonstrated to be present.'°
Later, Knoevenagel remarks felt into oblivion and reverted in the nineties with the
development of organocatalysis.'' In this work, it has been demonstrated that with
ammonia as a precursor, double-Schiff bases are formed as catalytic intermediates.
The results of additional research have demonstrated that with primary amines,
Schiff bases are formed as Knoevenagel catalytic intermediates, and with (as
preferred by Knoevenagel) secondary amines, so-called “aminals” are formed as
catalytic intermediates. Based on the principles of Emil Knoevenagel and the
results of our research, one can conclude that there are three fundamental types of
Knoevenagel reactions, i.e., with secondary amines, with primary amines, or with
ammonia as a precursor. The Green Knoevenagel reaction with ammonia as a
precursor meets the principles of Green Chemistry best.

158



8.3 Outlook

Molecularly recyclable polymers contribute significantly to a solution for
the reduction of polymeric waste. Materials based on molecularly recyclable
polymers may avoid topics of quality loss, as observed with mechanical recycling,
and the inability to recover valuable products. Still, molecularly recyclable
polymeric materials are still far away from commercial application. In addition to
technological challenges, there are also economic issues. For manufacturers, it is
usually more comfortable to use well known and trusted technology and materials
than a novel technology and materials. Although the threshold for the introduction
of novel technology and materials is high, it is not impossible.

The polymers synthesized, as part of the work summarized in this thesis,
are still very crystalline, and, as a consequence, the processing of the polymeric
material is complicated. The degree of polymer crystallinity depends on intrinsic
as well as extrinsic factors. A narrow molecular weight distribution, a linear
polymer chain structure, and a high molecular weight are essential pre-conditions
to obtain materials with high crystallinity.” Crystallinity is also affected by
extrinsic factors, like stretch ratio, mode of extension, and crystallization
temperature in the preparation of polymer films.'3 By incorporating lactide and
so introducing a flexible chain, one can influence the crystallinity. Experiments
have already been carried out with this on a small scale, and it has undeniably
been shown that crystallinity is decreasing.
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Dankwoord

Op 1 april lijkt er serieus een einde te komen aan mijn promoticonderzoek,
dat officieel de periode beslaat van 1 mei 2016 tot 1 april 2020. Het toekennen van
het promotieonderzoek voelde in 2016 voor mij als een cadeau voor mijn 25-jarig
dienstverband, maar bovenal als een prettige reis waarbij van alles op mijn pad
kwam. Zo zijn er in dit onderzoek veel nieuwe, niet eerder gepubliceerde,
moleculen gesynthetiseerd, katalytische mechanismen deels ontrafeld, eerder
“vergeten” chemisch onderzoek weer in de schijnwerpers gezet en polymeren met
bijzondere eigenschappen gemaakt. Als chemicus word ik van deze onderwerpen
al blijj en dat wordt nog vele malen versterkt doordat deze reis gemaakt kon worden
samen met collega’s en vooral met een groot aantal hbo-studenten.

Voorafgaand aan deze reis heb ik als docent-onderzoeker vanuit Avans het
SIA RAAK-PRO project “Regie op Biopolymeren” richting mogen geven vanuit
het lectoraat Biobased Products van lector Dorien Derksen. De prettige
samenwerking met Guido Smets van Fontys Hogeschool, Gerald Schennink van
Universiteit Wageningen en vooral met meerdere MKB-bedrijven (o0.a. Alpha
Enzymes, Appkuns, Bato, Colorex Master Batch, FabLab Breda, Modified
Materials, Oerlemans Plastics, Onora, Rodenburg Biopolymers, Synbra, Top Tree
Products, Tymag, Waterschap Brabantse Delta) bleek een springplank te zijn naar
dit promotieonderzoek. De bijzondere samenwerking met Robert Lazeroms van
Cosun leverde in de vele gefinancierde stage- en afstudeerprojecten steeds nieuwe
puzzelstukjes in de furaanchemie op en over deze furaan-puzzel zou nog apart een
proefschrift geschreven kunnen worden. In de aangename samenwerking met Nico
Osse van HemCell werd duidelijk dat de ontwikkelde polyesters gekarakteriseerd
kunnen worden als “polymelkzuur met een aromaatring in de keten” en verder
onderzocht kunnen worden betreffende producteigenschappen, moleculaire
recycling en microbiologische afbraak.

Paul van Hal, voormalig directeur van de Academie van de Technologie
van Gezondheid en Milieu (ATGM) van Avans Hogeschool, bleef benadrukken
hoe mooi het combineren van onderzoek en onderwijs zou kunnen zijn en bleef
roepen hoe mijn invulling daarvan een voorbeeld is voor anderen. Paul, jij bent de
drijvende kracht geweest achter de aanvraag van mijn promotiebeurs bij de
Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO). Bedankt
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voor je aanhoudende steun en voor de mogelijkheid om dit promotieonderzoek
onder de vlag van ATGM en in het bijzonder de opleiding Chemie uit te voeren.
Zo werd deze reis meer een dienstreis en kon ik het promotietraject als onderdeel
van mijn werk blijven zien. Natuurlijk gaat ook mijn dank uit naar de huidige
directie die gezorgd heeft dat dit promotieonderzoek ook daadwerkelijk afgerond
kon worden en mijn dienstreis tot het einde toe bleef supporteren.

Mijn promotor prof. dr. Jan Meuldijk wil ik bedanken voor het mogelijk
maken van dit promotieonderzoek en de nodige sturing en adviezen op het juiste
moment. Vanaf het begin voelde ik de betrokkenheid en onze gezamenlijke
besprekingen heb ik altijd zeer gewaardeerd. De meest wilde ideeén werden subtiel
teruggebracht naar werkbare, zinvolle onderzoeken. Tijdens onze gesprekken,
waarvan ook een aantal samen met afstudeerder Sanne de Krom, kwamen veel
onderwerpen aan de orde en was er altijd aandacht voor de menselijke maat. In het
begin van het promotietraject was dr. ir. Bart Noordover bij de besprekingen
betrokken en kwam duidelijk naar voren dat Bart anderen steeds het beste gunt.
Aan het einde van het promotietraject nam dr. Timothy Noél de rol van 2° promotor
op zich en werden de nodige aanwijzingen gegeven. Ik wens jullie nog een hele
mooie en succesvolle carriére toe.

Graag dank ik de overige leden van de promotiecommissie, prof. dr. C. E.
Koning, prof. dr. J. H. Bitter, prof. dr. ir. A. R. A. Palmans en prof. dr. ir. M. van
Sint Annaland, voor de tijd en moeite voor zowel het lezen en beoordelen van het
proefschrift als voor hun rol in de oppositie tijdens de promotieplechtigheid. In een
inspirerende omgeving van de Technische Universiteit Eindhoven krijg je alle
mogelijkheden om goed onderzoek te doen. ledereen die op enigerlei wijze
betrokken is geweest vanuit TU Eindhoven wil ik bedanken voor de ondersteuning.

Het management en de lectoren komen en gaan maar collega’s blijven vaak
langer betrokken bij je (loop)baan. Luiz Canalle en Arnold Nijhuis zijn betrokken
collega’s, die eveneens de overgang naar het lectoraat Biobased Building Blocks
& Products van lector Han van Kasteren meemaakten en zeker ook de
expertisegroep “Green Chemistry” mede vormgaven. Vanaf nu kan ook het
antwoord gegeven worden aan de andere betrokken collega’s (van A. D. tot Q. Z.),
die regelmatig vroegen wanneer deze dienstreis beéindigd zou worden: 1 april.

Binnen Avans had ik verder het geluk om aan een intervisiegroep van
buiten-promovendi te mogen deelnemen. Eefje Hendrikx, Ella Braat en Marieke
Versteijlen, ik hoop dat ik binnenkort ook bij jullie verdediging aanwezig kan zijn.
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Onderzoek kan niet plaatsvinden zonder de benodigde financiéle en andere
vormen van ondersteuning. Tijdens het promotietraject zijn deze middelen
geleverd door Avans en NWO, onder andere in de vorm van Promotiebeurs voor
Leraren. Ik ben natuurlijk iedereen erkentelijk en dankbaar voor deze steun.

Veel, heel erg veel studenten zijn direct of indirect betrokken geweest bij
dit promotieproject. Via het watervalprincipe geven vierdejaars afstudeerders en
stagiaires inhoud aan de minorprojecten van de derdejaars studenten en onderdelen
hiervan zijn weer door tweedejaars en eerstejaars hbo-studenten onderzocht. Zelfs
middelbare scholieren hebben voor hun profielwerkstuk onderzoek gedaan naar
het maken van kleurstoffen op basis van curcumine-analogen uit de drie door ons
geselecteerde bouwstenen van lignine.

De hbo-studenten die als afstudeerder of stagiaire minimaal een half jaar
betrokken zijn geweest, hebben een plaats verdiend in mijn “periodiek systeem der
studenten” en wil ik hierbij bedanken: Koen van Beurden, Silvia Kockx, Thijs de
Hoon, Erwin Korsten, Tim de Visser, Guy Erkelens, Stefan Jansen, Maxim
Kooijman, Abdurrahman Citak, Rick Hagenaars, Jochum Smid, Lars Keijzer,
Chris Barends, Arjan van Tiggelen, Wilco van den Oetelaar, Stef Bremen, Dennis
Molendijk, Aukje Laurijssen, Miranda Schepers, Richard van Schie, Ruderik van
Hierden, Liza Wilders, lan Jansen, Omaid Shokouri, Kevin Evers, Rik Hellemons,
William Janssen, Teis van Beurden, Jill Jansen, Steffijn de Koning, Nick Paassens,
Thijs van Ostaden, Alex Huizinga, Dennis van der Leest, Sanne de Krom, Lydia ‘t
Hardt, Lisette Konings, Rosemarie de Ruiter, Martijn Sterenborg, Juanita van
Dongen, Linda Nijssen, Robbert Swinkels, Maarten Harijgens, Femke Kuijpers,
lan Jansen, Luc van der Elzen, Rik Mermans, Thijs Timmers, Nick van den
Boomen, Mee Loke Lim, Frederik Kort, Harmen Spakman, Natasja Bos, Sanne
Mol, Stefan Schapendonk, Marijn Kisters, Romy Vermeulen, Roland van Sprundel
en Jasper van Vliet.

Volgens typisch Nederlandse traditie wordt een promovendus begeleid
door twee paranimfen tijdens de openbare verdediging. Koen van Beurden en
Dennis Molendijk zijn de paranimfen, omdat ze belangrijk zijn in het onderzoek.
Koen was de eerste hbo-student die succesvol afstudeerde bij de “Biopolymeren-
club”. Koen, ik ben je veel dank verschuldigd en ik wens je veel succes met het
afronden van jouw studie aan de TU Eindhoven en met de onderzoeksplannen
daarna. Dennis, ook jij bedankt. Het is uniek dat jij vaak aan een half woord genoeg
hebt om te weten wat ik bedoel. In die zin is het overbodig om te benoemen
waarvoor ik jou wil bedanken. Wat betreft het onderzoek geef ik graag aan beiden

het stokje door.
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Naast collega’s en studenten is ook mijn familie belangrijk geweest om dit
proefschrift af te ronden en met name mijn broer Ben en zussen Henny, Ria en
Anita. Vrienden kun je kiezen, familie niet! Dat we elkaar tot steun kunnen zijn is
al verschillende keren gebleken, zo ook bij het overlijden van onze moeder op 16
maart 2016. Een van haar zegswijzen was: je moet proberen af te maken waar je
aan begonnen bent. Dat ik, vier jaar nadat ik de NWO-promotiebeurs heb
gekregen, dit ook daadwerkelijk heb gedaan, zou haar trots hebben gemaakt en
jullie hopelijk ook.

Lieve Enny, de laatste woorden zijn voor jou. Onze vier kinderen,
Sebastian, Enja, Romee en Tessy, toonden op gezette tijden veel interesse, maar
jij bent toch degene die dit promotieonderzoek mogelijk maakte door altijd een
thuis te creéren. Je hebt zelf vaak niet in de gaten hoe belangrijk je voor me was,
bent en zal blijven.

Jack van Schijndel, 2020
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