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Anethole, a naturally occurring aromatic compound which can be extracted abundantly from plants
like star anise, fennel and basil, has been conveniently transformed to a functional monomer in an overall
yield of 81% via a two-step procedure. The obtained monomer combines reactive benzocyclobutene and
propylene groups, thus it can undergo thermo-polymerization to form a crosslinking network, showing a
low dielectric constant (<2.64 in a range of frequencies varying from 0.1 to 30 MHz) and low water uptake
(<0.20% in boiling water for 144 h). TGA and DSC data exhibit that the cross-linked network has a 5 wt%
loss temperature of 455 °C in N, and a T4 of 160 °C, respectively. These results indicate that the new
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polymer based on biorenewable anethole is comparable to the materials derived from petroleum. On the
basis of the wide application of low dielectric constant materials in the microelectronic industry, this work
would offer a new sustainable feedstock to organic low k materials. Moreover, this contribution also pro-

rsc.li/polymers vides a new route to convert other aromatic natural products.

It is to be noted that anethole, a naturally existing aromatic
compound, has a very simple and interesting chemical structure

Introduction

Recently, approaches to make the best use of renewable
biomass resources rather than traditional petrochemical
raw materials have attracted much attention,'™ as a result of
the rapidly decreasing store of fossil oil. Among those
approaches, many efforts have been made in the investigations
of polymeric materials derived from biomass. It is expected
that the polymers from bio-resources could possess the same
or even better performance than the traditional petroleum-
based materials.®® Of various biomasses, those having aro-
matic skeletons®® are particularly gathering interest from
industry because they can be converted to materials with excel-
lent thermo-mechanical properties. A typical example is the
conversion of lignin, a kind of branched macromolecule with a
polyphenolic network structure.”'® Until now, it has been
well researched and transformed to many useful polymeric
materials.’®2° Nevertheless, most natural biomasses with aro-
matic units are still difficult to convert to polymerizable mono-
mers. Hence, investigation on the handy conversion of bio-
masses with aryl units is desirable.
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(see Scheme 1), which is extracted abundantly from star anise,
tarragon, fennel and basil.** Because of its fragrance and high
volatility, anethole has been widely used as a perfume in
cosmetics, and a flavoring agent in foods and non-alcoholic
beverages.>> Moreover, this plant oil has been also used as a
feedstock for the synthesis of many fine chemicals such as
p-methoxybenzaldehyde® and p-anisic acid.** In recent years,
the investigation on the application of anethole in polymeric
materials has received much attention.?”>” However, most of
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Scheme 1 The procedure for the conversion of anethole.
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the investigations employ complicated procedures for the syn-
thesis of suitable monomers based on anethole. Thus, devel-
oping a simple and convenient route for the conversion of
anethole to valuable polymers is very necessary.

It is well known that polymers based on benzocyclobutene
possess good thermo-stability and good mechanical
properties,”®**° and they have been recognized as one of the
best candidates for high performance materials in microelec-
tronic applications. Considering that benzocyclobutene has a
tendency to form a highly reactive o-quinodimethane at high
temperature which can react with vinyl groups, we thus
designed a new monomer having both an anethole moiety and
a benzocyclobutene unit (see Scheme 1). For the synthesis of
the monomer, a two-step procedure was employed. Firstly, the
methoxy group in anethole was transformed to hydroxyl in the
presence of sodium dodecyl mercaptan,® and secondly the
produced propylene phenol was then reacted with bromo-
benzocyclobutene to give a functional monomer.*> Upon
heating, the monomer was easily converted to an infusible and
insoluble resin through a ring-opening reaction of the benzo-
cyclobutene unit. The obtained resin showed a low dielectric
constant (Dy) and high thermostability. These results indicate
that the resin is comparable to petroleum-based materials and
has potential application in the microelectronic industry.
Here, we report the details.

Experimental
Materials

All solvents and reagents were commercially available and
used as received. Anethole was purchased from Nanjing
Chemlin Chemical Industry Co., China. 4-Bromo-benzocyclo-
butene was purchased from Chemtarget Technologies Co.,
China. Other reagents were purchased either from Sigma
Aldrich or TCL

Measurements

'"H NMR and C NMR spectra were recorded on a JEOL
ECZ400 NMR spectrometer. High resolution mass spectra
(HRMS) were recorded on a DARTSVP mass spectrometer.
Fourier transform infrared spectra (FT-IR) were obtained on a
Nicolet spectrometer with KBr pellets. Differential scanning
calorimetry (DSC) curves were collected with a TA Instrument
of DSC Q200 at a heating rate of 10 °C min™" under a nitrogen
flow. Dynamic mechanical analysis (DMA) was performed with
a heating rate of 3 °C min™" in air on the Mettler Toledo DMA/
SDTA861e instruments. Thermo-gravimetric analysis (TGA)
was performed under a nitrogen atmosphere on a NETZSCH
TG 209 apparatus at a heating rate of 10 °C min~" from room
temperature to 1000 °C. Dielectric properties of cured samples
with an average diameter of 10.0 mm and an average thickness
of 4.2 mm were characterized by using a 4294A Precision
Impedance Analyzer (Agilent) at room temperature.
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Synthesis of (E)-4-propenyl phenol (B)

To a mixture of C;,H,5SNa (113.50 g, 506 mmol) and NMP
(300 mL), anethole (50.00 g, 337 mmol) was added dropwise
with vigorous stirring at room temperature. Then the
mixture was allowed to heat to 130 °C and kept at that temp-
erature for 18 h. The solvent was removed in a vacuum.
The residue was neutralized to pH < 7 by using a diluted
hydrochloric acid solution and extracted with ethyl acetate
(3 x 100 mL). The combined organic layer was washed with
brine, dried over anhydrous Na,SO, and filtered. The filtrate
was concentrated, and the obtained residue was purified by
column chromatography using a mixture of ethyl acetate and
petroleum ether (1:20, v/v) as the eluent. (E)-4-Propenyl
phenol was obtained as a white solid in a yield of 96%.
'H NMR (400 MHz, CDCl,): § = 7.20 (d, J = 7.7 Hz, 2H), 6.75 (d,
J = 7.4 Hz, 2H), 6.32 (d, J = 15.7 Hz, 1H), 6.15-6.01 (m, 1H),
4.97 (s, 1H), 1.85 (d, J = 6.6 Hz, 3H). >C NMR (101 MHz,
CDCL,): 6 = 154.5, 131.1, 130.3, 127.2 (2C), 123.7, 115.5 (2C),
18.5. HRMS-EI (m/z): Caled CoH;,0 [M]" 134.0732; Found
134.0730. Anal. Caled CoH,;,0: C, 80.56; H, 7.51; Found: C,
80.28; H, 7.52.

Synthesis of monomer M-BCB

A mixture of (E)-4-propenyl phenol (5.00 g, 37 mmol), KOH
(3.14 g, 56 mmol), DMF (80 mL) and toluene (20 mL) was
heated to reflux and maintained at that temperature for 5 h. In
that case, the water generated during the reaction was removed
using Dean-Stark apparatus via an azeotropic toluene-water
mixture. After being cooled to room temperature, Cul
(0.71 mg, 3.7 mmol), 1-butyl imidazole (0.49 mL, 3.7 mmol)
and 4-bromobenzocyclobutene (8.87 g, 48 mmol) were added
to the flask under an argon atmosphere. The mixture was
heated to 140 °C and kept at that temperature for 24 h in
argon. After cooling to room temperature, the mixture was
poured into 100 mL of water and extracted with ethyl acetate
(3 x 100 mL). The organic layer was combined, washed with
saturated aq. NaCl solution, dried over anhydrous Na,SO,, and
filtered. The crude product was concentrated and purified by
column chromatography using petroleum ether as the eluent.
The target product was obtained as a colorless liquid with a
yield of 84%. "H NMR (400 MHz, CDCl,): 6 = 7.27 (dd, J = 11.6,
9.0 Hz, 2H), 6.99 (d, J = 7.9 Hz, 1H), 6.93-6.87 (m, 2H), 6.85
(dd, J = 8.0, 2.1 Hz, 1H), 6.74 (d, J = 1.7 Hz, 1H), 6.35 (dd, J =
15.7, 1.3 Hz, 1H), 6.21-6.05 (m, 1H), 3.13 (s, 4H), 1.86 (dd, J =
6.6, 1.5 Hz, 3H). ">C NMR (101 MHz, CDCl,): § = 157.1, 156.5,
146.8, 140.5, 132.8, 130.3, 127.1 (2C), 124.6, 123.9, 118.6, 118.4
(2C), 114.5, 29.2, 29.0, 18.6. HRMS-EI (m/z): Caled C;,H;60
[M]" 236.1201; Found 236.1205. Anal. Caled C;,H;40: C, 86.40;
H, 6.82; Found: C, 86.27; H, 6.70.

Preparation of cured sample

Approximately one gram of monomer was placed in a flat-
bottom glass tube, which was kept at 70 °C in a vacuum for
0.5 h to remove residual solvent. Then the tube was filled with
argon and slowly heated to 200 °C and kept at that tempera-
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ture for 6 h. After cooling to room temperature, the tube was
moved to a quartz tube furnace. The furnace was then main-
tained at 200 °C for 1 h, 220 °C for 2 h, and 250 °C for 4 h,
respectively. A fully cured cylinder sample thus was prepared,
which was then used for the measurements of dielectric pro-
perties and water uptake.

Measurement of water uptake

A cured sample (PM-BCB) with an average diameter of
10.0 mm and an average thickness of about 1.0 mm was dried
in vacuo until a constant weight (0.0001 g) was achieved. The
sample was then immersed in boiling water and kept at the
boiling temperature for an appropriate time. After being taken
out of the water, the water residue on the surface of the
sample was removed with filter paper. The sample was
weighed, and its water uptake was calculated based on the
increase of its weight after immersion in the boiling water.
The final data were obtained from the average results of
measurements of 5 samples.

Results and discussion

Synthesis and characterization of the new monomer based on
anethole

The procedure for the synthesis of the new monomer M-BCB is
shown in Scheme 1. As can be seen in Scheme 1, M-BCB is pre-
pared by a two-step route. Firstly, anethole is converted to the
intermediate (E)-4-propylenephenol (B) by removing the
methyl group, and then the intermediate B is treated with
bromobenzo-cyclobutene to yield the target monomer. For the
conversion of anethole into the intermediate, most of the
Lewis or Brgnsted acids can be used to remove the methyl
group.”” However, in our case, both CF;SO;H and a solution of
BF; in ether gave a polymer accompanying the removal of the
methyl group. Even the use of a solution of HBr in acetic acid
also made anethole form a polymer. Such results indicate that
the propylene group in anethole is sensitive to both Lewis and
Bronsted acids. Fortunately, when sodium dodecyl mercaptan
was used, anethole was transformed to 4-propylenephenol in
an almost quantitative yield. The obtained phenol was further
incorporated into 4-bromocyclobutene by means of the
Ullmann coupling reaction (see Scheme 1). In the presence of
a ligand (1-butyl imidazole), M-BCB was obtained in a yield of
84%. Interestingly, in the absence of the ligand, M-BCB was
prepared with a low yield (about 60%), suggesting that the
ligand was necessary for the etherification reaction between
phenols and halogenated aromatic compounds.

The obtained M-BCB is a colorless liquid with low viscosity
and soluble in most of the common organic solvents, implying
its good processability. The chemical structure of M-BCB was
confirmed by its "H NMR, *C NMR spectra, HR-MS and
elemental analysis. The detailed data are depicted in the
Experimental section, and shown in the ESL.{ As an example,
Fig. 1 shows the "H NMR spectrum of M-BCB. Typically, the
peak at 3.1 ppm is attributed to the H at the cyclobutene
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Fig. 1 H NMR spectrum of M-BCB (400 MHz, CDCly).

group of benzocyclobutene,® and the peaks in a range of
chemical shifts from 6.1 to 6.4 ppm are derived from the H at
the vinyl group in M-BCB.*" Hence, all data are in accordance
with the proposed structure of M-BCB.

Thermo-crosslinking reaction of M-BCB

At high temperature, the four-membered-ring on benzocyclo-
butene has a tendency to produce a highly reactive o-quinodi-
methane intermediate. This intermediate then reacts with the
vinyl groups or itself to form copolymers.** In our case, such a
thermo-crosslinking reaction of M-BCB was monitored by DSC,
and the results are shown in Fig. 2. As depicted in Fig. 2,
M-BCB shows an onset temperature of 193 °C and gives a
maximum exothermic peak temperature at 257 °C. Such a
curing behavior of M-BCB is similar to that of the benzocyclo-
butene-based polymers or monomers, suggesting that the
thermo-crosslinking of M-BCB is caused by the ring-opening
reaction of benzocyclobutene. In the second scan, no obvious
exothermic peak can be observed, indicating that the thermo-
crosslinking reaction of M-BCB has completed. The cross-
linked M-BCB (PM-BCB) is pale yellow and transparent (see
Fig. 3), as well as hard but not brittle. It is also observed from
Fig. 2 that the PM-BCB exhibits a glass transition temperature
(Ty) at near 160 °C. Dynamic mechanical analysis (DMA)

8
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Fig. 2 DSC traces of M-BCB in N, with a heating rate of 10 °C min™™.
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Fig. 3 Animage of the PM-BCB sample.

shows that PM-BCB has a T, of about 189 °C (see Fig. S8 in the
ESIt). Such a T, of PM-BCB is higher than that of PMMA
(105 °C),** and poly-carbonates (150 °C),*® implying good heat
resistance of the polymer obtained.

It was found in our previous work that the propylene group
in anethole was much more inert,”” which made anethole
unable to be thermally polymerized. It inspires us to investi-
gate whether the propylene group in M-BCB reacts with the
o-quinodimethane intermediate or not. For this purpose, a
comparable 4-propyl substituted substance M1 was syn-
thesized (Scheme 2, the synthesis is described in the ESIT).

By using the same procedure as that of treating M-BCB, M1
was heated to 250 °C and kept at that temperature for 4 h to
give a sticky yellow liquid PM1, which was easily dissoluble in
common organic solvents such as toluene, hexane and ethyl
acetate. In contrast, thermally treated M-BCB turned out to be
a pale yellow solid (Fig. 3), which was insoluble and infusible.
In fact, there is only one functional group of benzocyclobutene
in M1, thus heating it only gives the products that are derived
from the reaction of the o-quinodimethane intermediate with
itself. DSC analysis of M1 shows that the exothermic enthalpy
is 106.2 kJ mol™" (Fig. $97), which is much lower than that of
M-BCB (169.5 k] mol™", see Fig. 2). Consequently, the propy-
lene group in M-BCB does participate in the thermo-cross-
linking reaction.

The thermo-crosslinking reaction of M-BCB was monitored
by FT-IR spectroscopy. Fig. 4 shows the difference in FT-IR
spectra between M-BCB and thermo-crosslinked M-BCB
(PM-BCB). As seen from Fig. 4, the characteristic peaks at
965 cm™ ! and 1657 cm™?, attributed to the trans di-substituted
alkene,”” disappeared after thermo-crosslinking. Moreover, the
peaks at 924 and 1467 cm™", ascribed to the four-member ring
of the benzocyclobutene group,*® vanished in PM-BCB,
suggesting the complete cross-linking of the monomer.

Thermostability of PM-BCB

The thermostability of PM-BCB was evaluated by thermo-
gravimetric analysis, and the results are depicted in Fig. 5.

A

Scheme 2 Chemical structure of the comparable compound.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TGA curves of PM-BCB in N, with a heating rate of 10 °C min~™.

PM-BCB has a 5 wt% loss temperature of about 455 °C, and
exhibits a maximum weight loss temperature at 503 °C. These
data are comparable to commonly used high-performance
materials, such as epoxy and Novolac resins.***°

Dielectric properties and water uptake of the thermo-
crosslinked M-BCB

Benzocyclobutene-based polymers have been widely used as
low Dy materials in the microelectronic industry. In our case,
D, of PM-BCB, which contains a biomass content of 56%, was
measured via the standard capacitance method.”® As illus-
trated in Fig. 6, an average Dy of PM-BCB remains below 2.64
with an average dissipation factor (D;) of less than 2 x 107 in
a range of frequencies from 0.1 to 30 MHz. These data are
comparable to that of mostly used low-k materials, such as
SiLK resins (k = 2.65),"" and polybenzoxazoles (k = 2.81).*?

The water uptake of PM-BCB was carried out by immersing
it into boiling water and keeping it at the boiling temperature
for an appropriate time. The results of the water uptake of
PM-BCB samples at a certain period time are summarized in
Table 1. As can be seen from Table 1, PM-BCB has a water
uptake of below 0.20 wt% (kept in boiling water for 144 h),
which is better than that of Kapton, a famous commercial
polyimide used as the insulating coating in industry, which
shows water absorption of 0.74%."* The contact angle of water

Polym. Chem., 2017, 8, 2010-2015 | 2013
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Fig. 6 Dielectric properties of PM-BCB.
Table 1 Water uptake of P1 measured in boiling water
Time (h) 6 12 24 48 120 144
Water uptake (%) 0.19 0.19 0.19 0.19 0.19 0.19

on PM-BCB sample was measured. The average contact angle
of water is 94° (Fig. S117), suggesting the good hydrophobic
properties of PM-BCB. Such good hydrophobicity leads to a
low water uptake of PM-BCB, which can enhance the endur-
ance of the material for utilization under moist conditions.

The above-mentioned results demonstrate that PM-BCB
mainly derived from biomass has a similar performance to the
full petroleum-based materials in the terms of high thermo-
stability, good dielectric properties and low water uptake,
implying that the polymer has potential application in the
microelectronic industry.

Conclusions

In summary, we have successfully transformed anethole to a
functional monomer in high yield through a two-step pro-
cedure. The obtained monomer contains active benzocyclo-
butene and propylene groups, thus it can thermally polymerize
to form a crosslinking network, showing low Dy, high thermo-
stability and low water uptake. These data exhibit that the new
polymer based on biorenewable anethole is comparable to the
petroleum-based materials. Thanks to the wide application of
low k materials in the microelectronic industry, this work may
provide a new sustainable feedstock supply of organic low k
materials. Furthermore, our facile method is also suitable for
the conversion of other naturally occurring p-methylstyrenes
such as isosafrole, methyl isoeugenol, and acetyl isoeugenol.
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