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A B S T R A C T

Three different bio-based styrene monomer alternatives, i.e., 4-vinylphenol derivatives, were synthesized
starting from lignin building blocks. The synthetic route encompassed a green Knoevenagel condensation fol-
lowed 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-vi-
nylphenols 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 (Mn).
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 bio-based
polymers further.

1. Introduction

Styrene was first isolated in 1839 from the American sweetgum tree
by the German pharmacist Eduard Simon [1]. He noticed that when the
tree's gum resin was exposed to air, light, or heat, it gradually trans-
formed 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 [2].

Nowadays, styrene is no longer isolated from biomass. The modern
method for styrene production is by dehydrogenation of the petro-
chemical ethylbenzene. Although this method is very cost-efficient, the
production involves environmentally harmful procedures [3]. Also,
styrene itself comes with various health risks, like adverse effects on
fertility and suspected carcinogenicity [4,5]. 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 CO2 separation membrane ap-
plications [6]. Furthermore, the reduced toxicity of these bio-based
styrene alternatives only improves their prospects as alternatives for
styrene [7,8].

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 [9–14]. However, the application
of the polymers is hampered by the lack of proper production of the
necessary monomers [15–19].

A possible alternative route to obtain 4-vinylphenols (3) is provided
by the green Knoevenagel reaction followed by two decarboxylations
(Scheme 1) [20–22]. Several 4-hydroxybenzaldehydes (1) have been
shown to react with malonic acid in a green Knoevenagel reaction with
subsequent decarboxylation to give the corresponding α,β-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 [23]. There are three familiar members of
these ligno-phytochemicals (sinapinic acid 2a, ferulic acid 2b, and
coumaric acid 2c), which have been studied extensively, primarily due
to their antioxidant properties [24]. A second decarboxylation should
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provide the corresponding 4-vinylphenol derivatives (3) [25].
The present study explores a novel, green synthesis of three styrene

alternatives starting from bio-based 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) 3c and their
acetylated derivatives 4-acetoxy-3,5-dimethoxystyrene (ADMS) 4a,
acetoxy-3-methoxystyrene (AMS) 4b, and 4-acetoxystyrene (AS) 4c.
These acetylated bio-based 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.

2. Materials and methods

2.1. Materials

Syringaldehyde (1a), vanillin (1b), 4-hydroxybenzaldehyde (1c),
and all other chemicals (99% purity) were purchased from Merck and
were used as received. DMSO‑d6 was purchased from Cambridge
Isotope, with 99 atom% deuterated and used as received.

2.2. Instrumentation and methods

1H NMR measurements were performed on an Agilent 400-MHz
NMR system with DMSO‑d6 as a solvent. Data was acquired using
VnmrJ3 software. Chemical shifts are reported in ppm, relative to tet-
ramethylsilane (TMS).

HPLC analysis was carried out using a reversed-phase liquid chro-
matographic system (Agilent 1100 series) equipped with a diode array
detector operating at 300 nm (Agilent 1100 series) and an autosampler
injector with a 20 µL loop (Agilent 1100 series G1316A). The system
was equipped with a Grace Alltima C18 5 µm column
(250 mm × 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 to 100% A
and 0% B in subsequent 10 min, 100% A and 0% B set for 5 min, fol-
lowed 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 µm C18 column
(200 × 2.0 mm) and an ion trap (Agilent 6300 series).

Size exclusion chromatography (SEC) was performed using a liquid
chromatographic system (Agilent 1200 series G1362A) equipped with a
Varian PLgel column (300 × 7.5 mm) at 70 °C, a refractive index de-
tector (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, Mn = 500 g mol−1 up to Mn = 2 × 106 g mol−1). Before
the SEC analysis, the samples were filtered through a 0.45 μm PTFE
filter. The use of polystyrene standards inevitably leads to an error in
molecular weights, so the Ctr,Sol data reported also contains a compar-
able error.

The glass transition temperature (Tg) 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 Tg 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.

Melting points of the monomers were determined with the Hanon
Automatic Video Melting Point apparatus MP450.

2.3. Synthetic procedure

2.3.1. 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 h 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 compo-
nent of interest is in relation to the total area of peaks.

In the work-up 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 6.0 M HCl-
solution. The resulting precipitate was separated by filtration and wa-
shed with (demineralized) water (3 × 5.0 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.

2.3.2. Optimized protocol for the synthesis of hexamethylenetetramine
(HMTA)

A mixture of formaldehyde solution (37 wt% in H2O, 60 mmol,
4.8 g) and an ammonium hydroxide solution (20 wt% in H2O, 40 mmol,
7.0 g) was allowed to stand unstirred for 3 h at room temperature (if
necessary more ammonia can be added to keep the solution slightly
alkaline). The solution was filtered and then concentrated in vacuum to
a thick paste. The crystals which were formed were separated by fil-
tration, washed with 10 mL ethanol, and dried in the air. The crude
product was recrystallized from ethanol to obtain pure, white crystals.

Scheme 1. Knoevenagel reaction and subsequent decarboxylation of 4-hydroxybenzaldehydes towards 4-vinylphenols.
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2.3.3. Optimized protocol for decarboxylation to HDMS (3a)
Sinapinic acid 2a (10 mmol, 2.2 g) and HMTA (1.0 mmol, 0.14 g)

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 subse-
quently kept for 2 h at 105 °C. Pure HDMS 3a was obtained by pre-
cipitation of the reaction mixture in 10 mL toluene and the obtained
solid HDMS 3a was kept herein to prevent oxidation.

2.3.4. Optimized protocol for acetylation to ADMS (4a)
A mixture of HDMS 3a (10 mmol, 1.8 g) and sodium acetate

(0.5 mmol, 41 mg) was dissolved in acetic anhydride (15 mmol, 1.5 g),
and stirred at 90 °C for 30 min. In the workup procedure, 5 mL of ethyl
acetate was added to the reaction mixture and washed with a saturated
brine solution (3 × 5.0 mL). The organic layer was acidified with a
1.0 M HCl solution to a pH of 2, the layers were separated, and the
product was precipitated in 5 mL of brine solution. The precipitate was
dried at 50 °C in a vacuum oven overnight.

2.3.5. Protocol for solution polymerization to PADMS (5a)
A mixture of solid ADMS 4a (5.0 mmol, 1.1 g), toluene (2.0 mL),

and 2,2′-azobisisobutyronitrile (0.050 mmol, 8.2 mg) was deox-
ygenated by a series of three vacuum-nitrogen cycles and stirred at a
temperature of 60 °C for 24 h. The resulting product was precipitated in
5.0 mL cold methanol, and the precipitate was washed with heptane
(3 × 5.0 mL), followed by drying at 50 °C under reduced pressure for
one day.

2.3.6. Protocol for hydrolysis to PHDMS (6a)
PADMS 5a (0.16 g) was dissolved in 1.0 M NaOH solution in

10.0 mL acetone. The mixture was stirred for 24 h 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.

2.3.7. Protocol of determination the chain transfer constants (Mayo
procedure)

Toluene and monomer (styrene and 4-acetoxystyrene (AS) 4c) were
deoxygenated by a series of three vacuum-nitrogen cycles. For the series
of experiments, the monomer was dissolved in toluene with con-
centrations ranging between ×x and y M. The initiator ratio was set at
1.5 × 10−3 mol of AIBN for 1 mol of solvent plus 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.

3. Results and discussion

The synthesis of the bio-based styrene alternatives started with the
derivatization of the ligno-phytochemicals 1a–1c, using the previously
reported green Knoevenagel reaction with ammonium bicarbonate as
catalyst under solvent-free conditions as shown in Table 1 [21]. In line
with earlier results, the condensation of benzaldehydes 1a–1c and
malonic acid proceeded very efficiently at 90 °C within 2 h. The reac-
tion resulted in high isolated yields of the corresponding α ,β -un-
saturated 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.

The subsequent decarboxylation of the four α, β -unsaturated car-
boxylic acids 2a–2c and cinnamic acid towards the styrene alternatives
3a–3c and styrene was 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-2c, the desired styrene
alternatives were found in the reaction mixture. Depending on the

reaction conditions used, HPLC measurements indicated a yield be-
tween 20% and 60%. Upon further investigation, the yields appeared to
be limited by the formation of dimers and trimers of the bio-based
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 [20,26].

One possible explanation for the formation of dimers and trimers
can be found in the mechanism suggested by Cohen and Jones [27],
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 quino-
methine structure, which in turn undergoes rapid decarboxylation
(Scheme 2). This mechanism postulates a crucial role for the 4-hydroxy
group during the decarboxylation and explains why cinnamic acid did
not react under the conditions mentioned above. It furthermore sug-
gests the formation of an intermediate anion that can initiate an anionic
oligomerization resulting in the observed oligomers during the dec-
arboxylation of 2a-2c.

Alternative decarboxylation procedures of cinnamic acid derivatives
have been reported using an in-situ complex of aromatic heterocyclic
amines and Cu(I) in polyethylene glycol (PEG) [28,29]. It has further-
more been reported that the toxic aromatic heterocyclic amines can be
replaced with more benign ligands such as hexamethylenetetramine
(HMTA) [30]. Taking these procedures as a starting point for our
synthesis, it turned out that Cu(I) was not a prerequisite for the dec-
arboxylation 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 pro-
duced a viscous yellow oil. This oil was purified using a silica column,
resulting in highly pure HDMS 3a as a white solid. Although the iso-
lated 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 dec-
arboxylation reaction with a suitable solvent. PEG-400 (ε = 12.4) can
be considered an aprotic semi-polar solvent, so we decided to in-
vestigate other aprotic polar solvents as a solvent for the decarbox-
ylation of sinapinic acid 2a with the catalyst HMTA. A list of solvents
used is shown in Table 2.

The results collected in Table 2 demonstrate that a minimum re-
action temperature between 90 and 130 °C is a prerequisite for the
decarboxylation of sinapinic acid 2a with HMTA as the catalyst. Fur-
thermore, the dielectric constant seems to play a role in shielding the
negatively charged phenol group, thereby preventing anionic oligo-
merization. The four aprotic polar solvents DMF, DMSO, EC, and PC all
seem suitable. However, propylene carbonate is the only one that ad-
heres to all the principles of Green Chemistry and was therefore se-
lected for further optimization. For sinapinic acid 2a, the temperature
optimum was found to be 115 °C. At this temperature and with pre-
cipitation in toluene, 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 3c,
however, could only be produced from coumaric acid 2c at a tem-
perature of 115 °C in DMF as the solvent instead of PC. Subsequently,
precipitation in ethyl acetate produced the desired product HS 3c with
an HPLC yield above 99% and with an isolated yield above 95%. It
should furthermore be noted that it was difficult to prevent oligomer-
ization of pure HS 3c in the subsequent isolation procedures. All three
styrene alternatives, 3a- 3c, proved unstable for extended periods of
time. As shown in Scheme 3, the phenolic group needs to be acetylated
in order to obtain suitable monomers for radical polymerization any-
ways. For these reasons, 4-vinyl phenols 3a-c were directly acetylated
with acetic anhydride without intermediated purification, providing
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the stable acetylated bio-based styrene-like monomers 4a–4c.
Important to emphasize, is that despite the three 4-vinyl phenols 3a-

c are often described in the literature as a liquid or an oil [24,26–28],
we have established that these three bio-based 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-hydroxystyrene 3c yielded at room temperature the liquid 4-
acetoxystyrene 4c. Table 3 provides an overview of the total yields of

the acetylated bio-based styrene-like monomers 4a–4c. In the applied
conditions, the reactions are now almost quantitative.

Reaction conditions I: 2a and 2b with 0.1 eq. HMTA in PC, for 2 h at
115 °C; 2c with 0.1 eq. HMTA in DMSO, for 2 h at 115 °C; II: crude 4-
vinylphenol 3, 1.5 eq. acetic anhydride and 0.05 eq. sodium acetate for
1 h 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

Table 1
Green Knoevenagel reaction of benzaldehyde and 4-hydroxybenzaldehydes 1 with malonic acid1.

Entry R1 R2 Conversion % Product Yield % Yield %
1  (HPLC) 2  (HPLC) 2  Isolated

1 OCH3 OCH3 100 2a 98 93
2 H OCH3 100 2b 100 95
3 H H 100 2c 100 94

*Reaction conditions: 4-hydroxybenzaldehyde 1, 1.1 eq. malonic acid and 0.1 eq. NH4HCO3 for 2 h at 90 °C (benzaldehyde for 2 h 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.

Scheme 2. Proposed mechanism from the base-catalyzed decarboxylation and subsequent anionic oligomerization [27].

Table 2
Various polar aprotic solvents to investigate the decarboxylation of sinapinic acid 2a.

Entry Solvent bp dielectic 
constant

HPLC yield 
(%) of 3a

Isolated yield (%) 
of 3a

1 acetone, CH3COCH3 57 21 0 0
2 acetonitrile, CH3CN 82 37.5 3 2
3 dimethylformamide (DMF), HCON(CH3)2 153 38 96 82
4 dimethyl sulfoxide (DMSO), CH3SOCH3 189 47 98 83
5 propylene carbonate (PC) CH3C2H3O2CO 242 64 80 75
6 ethylene carbonate (EC) (CH2O)2CO 243 90 93 90

Reaction conditions: sinapinic acid 2a and 0.1 eq. HMTA in a solvent, for 2 h 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.
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polymerization. Study of the bulk polymerization of the acetylated bio-
based styrene-like monomers 4a–4c 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 stu-
dies. Styrene and the acetylated bio-based analogs 4a–4c were dis-
solved in toluene, which makes temperature control more straightfor-
ward but generally reduces the molecular weight. Using 2,2′-azobis
(isobutyronitrile) (AIBN) as initiator at 60 °C for 24 h, all these poly-
merizations produced off-white polymers in moderate isolated yields
(> 40% 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 bio-
based polystyrene alternatives 5a-5c appear significantly higher than
those for polystyrene with relatively low polydispersity indexes (PDI) as
listed in Fig. 2, together with the measured glass transition tempera-
tures Tg of the polymers. Yet, the GPC data was recorded with poly-
styrene standards (to calculate Mn), which is possibly not an optimal

standard for the bio-based polystyrene alternatives 5a-5c as it pre-
sumably gives an overestimation of the molecular weights. As noticed
by Hatakeyama [12] before, the influence of the methoxy substituent
groups on the Tg 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 Tg decreases [31].

The thermal stability of the samples was determined by thermo-
gravimetry. Samples were stable up to 300–350 °C and the tempera-
tures where degradation starts are similar to polystyrene (which has a
T50% of approximately 410 °C).

In order to get the extra phenol-functionality of the bio-based
polystyrene-likes available for further functionalization, hydrolysis of
the acetylated polystyrene-likes 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 1H NMR spectra of PAS 5c and
PHS 6c in Fig. 1. After hydrolysis, the characteristic signal of the acetyl
CH3 group at approximately 2.3 ppm in PAS 5c disappeared entirely in
the hydrolysis product PHS 6c. 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

Scheme 3. Pathway from α- β unsaturated carboxylic acids 2 towards bio-based styrene derivatives 3 and 4 and subsequent polymerizations towards 5 and
hydrolysis to functional polystyrene 6.

Table 3
Decarboxylation reaction of cinnamic acids 2.

Entry R1 R2 Product M0
a Yield % Product M0

a Yield %
3  Isolated 4  Isolated

1 OCH3 OCH3 3a 180 98 4a 222 98
2 H OCH3 3b 150 97 4b 192 99
3 H H 3c 120 96 4c 162 99

a M0 is the molecular weight of the monomer
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deuterium and declines.
The results collected in Fig. 2 show that the Tg values for PHDMS

6a, PHMS 6b, and PHS 6c are higher than those of (commercially
available) polystyrene. Moreover, the Tg values are also 30–50 °C
higher than the corresponding acetylated bio-based styrene-like poly-
mers 5. This can be understood by the added intermolecular interac-
tions between phenol groups by hydrogen bonds, which restrict the
molecular motion of the polymeric chain [32–34].

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 un-
economical and is hardly applied in commercial polymerizations.
Another possibility is to carry out the polymerization in solution,
especially with solid monomers like ADMS 4a and AMS 4b. The re-
duction 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: [35–37]

Fig. 1. 1H NMR-spectra (DMF-d7) of PAS 5c and PHS 6c after hydrolysis.

Fig. 2. Polymerization of acetylated bio-based styrene-like monomers 4a–4c and styrene towards bio-based polystyrene alternatives 5 using free-radical solution
polymerization and subsequent hydrolysis towards hydrolyzed bio-based polystyrene alternatives 6. a Obtained by GPC in DMF at 70 °C versus polystyrene (PS)
standards. b Determined by DSC. c Determined by TGA.
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where DPn and DPn,0 are the number-average degree of polymerization
in the presence or absence of solvent, respectively, and Ctr,Sol (=ktr,Sol/
kp) is the chain transfer constant of the solvent (Sol).

Free-radical solution polymerization of either styrene or the acety-
lated bio-based styrene-like monomers 4a-4c were carried out in sev-
eral binary mixtures of the monomer and toluene1 at 60 °C using 2,2′-
azobis(isobutyronitrile) (AIBN) as initiator. The chain transfer con-
stants Ctr,Sol and DPn,0 were determined with the Mayo procedure using
the number-average molecular weight (Mn). The value of the chain
transfer constant in toluene is obtained as the slope of the line resulting
from plotting 1/DPn against the solvent concentration as shown in
Fig. 3. In case of styrene Ctr,Tol = 0.17 × 10−3 and in case of AS 4c
Ctr,Tol = 0.81 × 10−3 which is about five times higher. The number-
average degree of polymerization in the absence of solvent, i.e., DPn,0
was 652 for styrene, and 2172 for AS 4c under the conditions are shown
in Fig. 3 and Supporting Information S27. 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 bio-based styrene-like monomer AS
4c.

When performing the Mayo procedure on the acetylated bio-based
styrene-like monomers, ADMS 4a and AMS 4b, almost constant DPn’s
were obtained, as shown in Fig. 3. Probably, the molecular weight of
these two bio-based styrene-like polymers is defined predominantly by
chain transfer to the monomer, resulting in a very low chain transfer
constants Ctr,Tol to the solvent toluene. The number-average degree of
polymerization in the absence of solvent, i.e., DPn,0 was 205 for ADMS
4a and 215 for AMS 4b under the conditions shown in Fig. 3. In con-
clusion, 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.

This study proves that various bio-based functional styrene mono-
mers can be obtained in an efficient and environmentally friendly way.
There are essential differences between styrene and the bio-based
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 bio-based styrene alternatives. Also, it

demonstrates that it is possible to produce various bio-based poly-
styrene-like polymers with a predefined Mn by carrying out the poly-
merization in solution. Because the role of the methoxy groups in the
free radical polymerizations of the bio-based styrene-like monomers has
remained underexposed, further investigation is recommendable to
investigate the role of these methoxy groups.

4. Conclusion

In this work, we have provided an easy procedure for producing bio-
based functional styrene monomers. A Knoevenagel reaction gives high
isolated yields of α, β -unsaturated carboxylic acids from 4-hydro-
xybenzaldehydes. 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 bio-based polystyrene alternatives on
various scales. The polymeric materials are isolated in high yields with
Tg 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-acetox-
ystyrene 4c in toluene was determined to be about five times as high as
that of styrene.
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Fig. 3. Mayo plots for conventional radical
polymerizations of ADMS 4a (▲, dash-dotted
line), AMS 4b(○, broken line), AS 4c (■, dashed
line), and styrene (×, solid line) initiated by
AIBN (0.15 mol%) at 60 °C in toluene.

1 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 3c by hydrolysis of AS 4c. Because the solubility of HS 3c in toluene is
minimal, a Mayo plot could be made with the solvent toluene.
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