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A facile one-pot conversion of a bio-based magnolol gave a functional monomer with curable

benzocyclobutene groups, which was then thermally polymerized to form a cross-linked resin,
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displaying a very low dielectric loss of 1.0 x 1072 at a frequency of 10 GHz and a dielectric constant of

2.78, as well as exhibiting good dimensional stability with a CTE of 46 ppm °C™L. These results indicate

DOI: 10.1039/d4su00002a

rsc.li/rscsus microelectronics industry.

Sustainability spotlight

that the bio-based monomer has potential application as an encapsulation material used in the

In recent years, with the continuous reduction of traditional fossil energy reserves and the intensification of environmental pollution, clean biomass energy has

entered the public's view. Increasing the commodity value added of biomass energy to replace non-renewable petroleum-based feedstocks can reduce green-
house gas emissions and increase the share of renewable energy in the global energy mix. Aromatic biomass compounds always have apparent advantages when

converted to functional materials because they have similar robust and rigid structures to the petrochemical aromatic monomers. Therefore, we use magnolol
extracted from Magnolia officinalis as a raw material and convert it into a post-curable monomer through a one-step reaction, and the cured material has

properties comparable to those of commercial products. Our work follows the principles of the UN sustainable development goals: affordable and clean energy
(SDG 6), industry, innovation, and infrastructure (SDG 9), climate action (SDG 13).

Introduction

Among various natural products, magnolol is a very interesting
compound. It contains two modified active groups including
two allyl groups and two phenol units. Thus, this bio-based
compound is an ideal starting material for the preparation of
polymers, while most of the investigations focus on its phar-
macological effects and its application as a fine chemical.*”
There are a few reports regarding polymers based on
magnolol.*** Therefore, investigation on the synthesis and
properties of polymers based on magnolol is very desirable.

In recent years, much attention has been paid to organic
materials with a low dielectric constant (D) and dielectric loss
(Dy) at high frequencies of more than 5 GHz because of their
broad application as encapsulation resins in the microelec-
tronics industry, especially as basis materials in the new
generation of communication.”*” From the perspective of
application, a satisfactory low dielectric material should
possess not only a low dielectric constant of less than 2.80 and
low dielectric loss of lower than 5.0 x 10~ at a frequency of
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higher than 5 GHz, but also display a low coefficient of thermal
expansion (CTE)*™ and good hydrophobicity.” Thus, much
effort has been made, and a lot of low dielectric materials have
been explored and developed. Some examples include LCP,***?
modified epoxies using active esters as curing agents**~” and
fluoro-containing polymers.”®**" However, there are a few
species suitable for application in communication at high
speed and high frequency. On the other hand, although
commercial PTFE and its derivatives® have been used in the
electronics and microelectronics industries for many years,
their processability and poor thermostability block their use.
Hence, it is still necessary to develop suitable low dielectric
materials.

It is noted that benzocyclobutene (BCB)-based polymers
display good comprehensive properties including high ther-
mostability,*® good dielectric properties,” good film-forming
ability and bonding strength on substrates.'>**** Therefore,
study of organic materials containing BCB groups would be
a convenient way for exploring new low dielectric materials with
good properties.'**** Based on the ease of conversion of mag-
nolol into the functional precursors of polymers, we have
designed and synthesized a magnolol-based monomer with
benzocyclobutene groups. This monomer (M1) is easily
prepared by a one-step reaction in a moderate yield. The cured
resin based on this exhibits a Dy of 2.78 and a very low D¢
of 1.0 x 10 at a frequency of 10 GHz. In particular, the cured
resin also exhibits good dimensional stability with a CTE of
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46 ppm °C™' and low water absorption of 0.5% even when
immersed in boiling water for 96 h. These data imply that
bio-based magnolol is an alternative resource for the prepara-
tion of electronic materials used in high technology fields. Here,
we report the details.

Experimental section
Materials

Magnolol was purchased from Shanghai Defai Chemical Tech-
nology Co. Ltd. 4-Bromobenzocyclobutene was purchased from
Chemtarget Technologies Co. Innocent (Beijing) Technology
Co. Ligand L was purchased from Shanghai Haohong Biomed-
ical Technology Co., Ltd. All solvents were used as received
unless stated elsewhere.

Measurements

'H NMR, "*C NMR, and "°F NMR spectra were collected on an
AVANCE 500 spectrometer with CDCI; as the solvent. Elemental
analysis (EA) was carried out using an Elementar VARIO ELIII
apparatus. High-resolution mass spectrometry (HRMS) was
performed using a Waters Premier GC-TOF MS instrument.
Fourier transform-infrared (FT-IR) spectra were measured via
a Thermo Scientific Nicolet spectrometer with KBr pellets in air.
Differential scanning calorimetry (DSC) traces were obtained
with a TA instrument (DSC Q200) at a heating rate of 10 ©
C min~" under a nitrogen flow. Thermogravimetric analysis
(TGA) curves were recorded on a TG 209F1 apparatus in
nitrogen with a heating rate of 10 °C min~'. Dynamic
mechanical analysis (DMA) was carried out on a DMA Q800
instrument in nitrogen with a heating rate of 5 °C min™".
Thermal mechanical analysis (TMA) was performed on a TA
Q400 instrument in nitrogen with a heating rate of 5 °C min™".
The dielectric constant (Dy) and dielectric loss (Dg) were deter-
mined on a Keysight n5227A vector network analyzer with a split
post-dielectric resonator at a frequency of 10 GHz.

Synthesis of 1

A mixture of magnolol (5.33 g, 20 mmol), 4-bromobenzocyclo-
butene (10 mL, 60 mmol), cuprous iodide (400 mg, 2 mmol),
ligand L (672 mg, 2.4 mmol), cesium carbonate (13.04 g, 40
mmol), sodium r-ascorbate (1.58 g, 8.0 mmol), and dioxane
(20.0 mL) was stirred at a refluxing temperature under an
atmosphere of N, for 48 h, then cooled to room temperature
and filtered. The filtrate was concentrated under reduced
pressure. The obtained crude product was purified by column
chromatography using n-hexane as the eluent. Pure M1 was
obtained as a white solid in a yield of 65%. '"H NMR (500 MHz,
CDCl;) 6 7.21 (s, 1H), 7.03 (d,J = 6.8 Hz, 1H), 6.87 (d, ] = 7.9 Hz,
1H), 6.79 (d,J = 8.3 Hz, 1H), 6.70 (d,J = 7.6 Hz, 1H), 6.57 (s, 1H),
6.07 ~ 5.82 (m, 1H), 5.16 ~ 4.93 (m, 2H), 3.36 (d, ] = 6.4 Hz, 2H),
3.14-2.94 (m, 4H). **C NMR (126 MHz, CDCI;) § 159.30, 156.92,
153.48, 146.04, 139.30, 137.36, 133.98, 131.84, 129.41, 128.52,
123.21, 118.24, 117.96, 115.59, 113.82, 77.16, 76.91, 76.65,
39.34, 28.81, 28.68. HRMS-EI (m/z): caled for Cjz;H300,,
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470.2240, found, 470.2237. Anal. calcd for C;,H3,0,: C, 86.78;
H, 6.43. Found: C, 86.75; H, 6.47.

Preparation of the cured resin sheets for the measurement

A flat-bottomed glass tube with M1 (1.20 g) was put into a quartz
tube furnace under an atmosphere of argon, and the furnace
was allowed to heat to 80 °C and maintained at the temperature
for about 1 h. The furnace was then heated to 180 °C, and
maintained at 180 °C, 200 °C, 220 °C and 240 °C for 2 h,
respectively. A fully cured M1 sheet was hence obtained.

Preparation of the cured polymer films

The solution of M1 (0.30 g) in mesitylene (3 mL) was heated
under an atmosphere of N, at 200 °C for 1 h to obtain a pre-
polymer. After cooling to room temperature, the pre-polymer
solution was spin-coated onto the surface of a silicon wafer.
The wafer was then put into a quartz tube furnace, and treated
at 220 °C and 240 °C for 2 h, respectively. Thus, a cured M1 film
was obtained.

Results and discussion
Synthesis and characterization

Starting from magnolol, bio-based monomer M1 was success-
fully synthesized in a moderated yield of 65% through a facile

X
Cul, llgandL Sodium ascorbate O 0‘©>

/@j Cs,COy, dioxane, refluxing, 48h @’ o O
65% o

M1
Scheme 1 Procedure for the synthesis of M1.
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Fig. 1 'H NMR spectrum of M1 in CDCls at 400 MHz.
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Fig. 2 DSC traces of M1 at a heating rate of 10 °C min~tin Nj.
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Scheme 2 Schematic curing mechanism of monomer M1.
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Fig. 3 FT-IR spectra of M1 before and after curing.

one-step procedure, as shown in Scheme 1. Such a functional-
ized monomer with thermal cross-linkable BCB groups is easily
soluble in common organic solvents such as toluene, chloro-
form, THF and acetone, implying its good processability.

The chemical structure of M1 was characterized by 'H NMR,
C NMR, HRMS-EI and elemental analysis. The 'H NMR
spectrum of M1 is shown in Fig. 1. As seen in Fig. 1, the peaks
in the range of 6.57 ~ 7.25 belong to the protons on the
aromatic rings in the molecule. The characteristic peaks at
5.95, 5.06, and 3.36 ppm are assigned to the protons on the
double-bond of propenyl groups. The peaks at 3.06 ppm are
ascribed to the protons of the methylene group of BCB. The **C
NMR spectrum (see Fig. S1 in ESIT) further provides informa-
tion to confirm the structure of M1. Moreover, the FT-IR
spectrum, HRMS-EI and elemental analysis data of the
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Fig. 4 TGA curve of cured M1 at a heating rate of 10 °C min™* in N».
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Fig. 6 CTE curve of cured M1 at a heating rate of 5 °C min~tin Na.

T

Fig. 7 A photo image of the static contact angle of water on the
surface of the cured M1 film.

Table 1 Properties of cured M1

Dy Dy T5a/°C To/°C CTE/ppm °C™' Water uptake”

2.78 1.0 x 10°° 448 381 46 0.50%

“ Measured after immersing the samples in boiling water for 96 h.

monomer (see Experimental section) are also consistent with
the proposed structure.

Curing behavior of the monomer

After heating at high temperatures, monomer M1 can be con-
verted into a cross-linked polymer (cured M1). The thermal
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Table 2 Comparison of the properties of cured M1

Ty Tsq Dy D¢ Frequency References

279 402 — — — 9

— 337 — — — 8
Magnolol-based polymers

151 329 — — — 6

>500 527.6 — — — 10

— 431 2.68 8.4 x10° 5GHz 39

334 483 2.60 1.4 x10° 10 GHz 33

384 474 259 5.4 x10° 5GHz 19
Bio-based BCB-containing resins

CF3 —3
132 473 2.56 1.2 x 10 5 GHz 19
0O O
CF3;
R OF
) b (1) 254 405 244 23 %10 15 MHz 37
0 ¢
.O O“ CO0~\_ 261 406 251 50x10° 01~18MHz 38
A product from DOW chemicals  Cyclotene™ 293 446 2.70 8.0 x10° 1MHz 46
This work 381 448 2.78 1.0 x 1073 10 GHz
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crosslinking reaction of monomer M1 was monitored by DSC,
and the results are exhibited in Fig. 2. As shown in Fig. 2, M1
displays a melting point of 78 °C and an onset curing temper-
ature of 199 °C. The maximum exothermic peak temperature is
observed at about 260 °C. At the second scan, no exothermic
peak is observed, illustrating that monomer M1 has cured
completely. The curing of M1 is related to the ring-open reac-
tion of the BCB four-membered ring of the molecule. At high
temperature, BCB groups have a tendency to form diradical or o-
quinodimethane intermediates,*® which further convert to the
homopolymer through a self-polymerization reaction or change
to the copolymers by the Diels-Alder reaction with the double
bond-containing molecules or groups. To well understand the
curing process of M1, a schematic curing mechanism is depic-
ted in Scheme 2.

The curing reaction degree of M1 was studied by FT-IR
spectroscopy, and the results are shown in Fig. 3. As can be
seen from Fig. 3, the characteristic peaks of BCB at 1463 cm ™"
and 989 cm™"' disappear after curing, and the characteristic
peaks of allyl groups at 1639 cm™ ' and 3078 cm ™" also disap-
pear, suggesting that the curing reaction has completed and the
allyl groups have participated in the curing reaction.

Thermostability of cured M1

The thermostability of cured M1 was explored by TGA, and the
results are shown in Fig. 4. Under a N, atmosphere, cured M1
exhibited a 5% weight loss temperature (Tsq) of 448 °C, such
a Tsq is superior to that of magnolol-based epoxy,*® as well as
better than those of most of the bio-based polymers.*”** The
high thermostability may be ascribed to the rigid aromatic
structure of the monomer.

Dynamic mechanical properties of cured M1 were studied by
DMA, and the results are depicted in Fig. 5. Estimating the peak
of tan ¢ gives a glass transition temperature (T,) of 381 °C for
cured M1. Such a high T, implies the existence of a highly cross-
linked network in cured M1. It can also be seen from Fig. 5 that
cured M1 has a high E’ of 2.98 GPa at room temperature and a E’
of over 1.4 GPa even at a temperature of 300 °C. These data also
suggest there is a highly cross-linked network in cured M1.

Thermal dimensional stability is an important parameter for
materials used in the microelectronics industry. In our case, the
thermal dimensional stability of cured M1 was evaluated by the
coefficient of thermal expansion (CTE), which was measured by
TMA. Fig. 6 depicts the CTE test results. As can be seen from
Fig. 6, cured M1 exhibits a CTE of 46 ppm °C™" in the temper-
ature range of 50 to 250 °C. This CTE of cured M1 is lower than
those of most of the low dielectric polymers, such as epoxy
resins (72 ppm °C')* and PPOs (56 ppm °C ).*

Hydrophobicity

High hydrophobicity is very important for polymers applied in
the microelectronics field because it protects the devices from
deterioration by moisture.*” In this contribution, the hydro-
phobicity of cured M1 was characterized by measuring the static
water contact angle of water on the surface of the cured M1 film
coated on a silicon wafer. As shown in Fig. 7, the contact angle

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of water on the surface of the cured M1 film is 95°. Further,
water uptake of cured M1 was determined by immersing a cured
resin sheet in boiling water for 96 h. The results indicate that
cured M1 displays a water uptake of 0.5%. These results suggest
that cured M1 possesses good hydrophobicity.

Dielectric properties

One of the most important usages for low dielectric materials is
as encapsulation resins used in the electronics and microelec-
tronics industries.*® Thus, satisfactory low dielectric materials
should possess a low dielectric constant (D) and low dielectric
loss (Dy). In particular, low Dy and Dy are favorable for modern
communication technology because they can solve the prob-
lems of signal delay and loss.**** Dy and D¢ of cured M1 were
measured using a split post dielectric resonator method at
a frequency of 10 GHz, and the results are listed in Table 1. As
summarized in Table 1, cured M1 displays a Dy of 2.78 with a D
of 1.0 x 102 at a frequency of 10 GHz. The Dy is lower than
those of many commonly used dielectric materials,**** espe-
cially, the Dy is lower than those of most commercial dielectric
materials, such as polyimides (1.0 x 10™2),*® epoxy resins (2.0 x
107%),% and PPO (4.7 x 107°).*! Dielectric materials with ultra
low D¢ are necessary for the improvement of the signal trans-
mission quality of high-frequency communication.*” The low Dy
and Dy can be attributed to the unique structure of M1. The
rigidity and high torsional structure of M1 can enhance the free
volume of the polymer and reduce the packing degree of the
molecular chains, which are helpful to achieve low Dy of the
cured resins. The multiple thermo-cross-linkable groups endow
the cured polymer with high crosslinking density, which is
beneficial to limit the movement of the dipoles in the polymers.
As a result, cured M1 exhibits a low Dy.

Comprehensive properties of cured M1

A comparison of comprehensive properties of cured M1 with
magnolol-based polymers and some reported bio-based BCB-
containing resins is summarized in Table 2. As can be seen
from Table 2, cured M1 exhibits good comprehensive proper-
ties, and it is also comparable to commercial products.*®

Conclusion

In summary, we have successfully synthesized a functional
monomer with thermally cross-linkable benzocyclobutene
groups from bio-based magnolol through a one-step Ullman-Ma
reaction. The thermally cross-linked product of the monomer
displays good comprehensive properties including a low Dy of
2.78 and low D; of 1.0 x 10~ at a frequency of 10 GHz, high Tsq
of 448 °C, high Ty, of 381 °C and low CTE of 46 ppm °C™ " in the
temperature range of 50 to 250 °C. Such properties are
comparable to those of magnolol-based polymers and the re-
ported benzocyclobutene-containing polymers, suggesting the
bio-based monomer reported in this contribution is a suitable
precursor for encapsulation resins for application in the
microelectronics industry.
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