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One of the main challenges for dielectric materials for advanced microelectronics is their high dielectric
value and brittleness. In this study, we adopted a hard—soft-hybrid strategy and successfully introduced
a hard, soft segment and covalent crosslinked structural unit into a hybridized skeleton via
copolymerization of polydimethylsiloxane (PDMS), benzocyclobutene (BCB) and double-decker-shaped
polyhedral silsesquioxanes (DDSQ) by a platinum-catalyzed hydrosilylation reaction, thus producing
a random copolymer (PDBD) with a hybridized skeleton in the main chain. PDBD exhibited high
molecular weight and thermal curing action without any catalyst. More importantly, the cured
copolymer displayed high flexibility, high thermal stability and low dielectric constant, evidencing its

rsc.li/rsc-advances

1. Introduction

In recent years, because of the huge public demand, electronic
products, especially portable displays and communications and
medical devices, have aroused great research interest."* Flexible
materials that provide mechanical support and electrical
interconnection for various functional chips play an important
role in the operation of flexible electronic devices. Poly(ethylene
terephthalate), poly(dimethylsiloxane) (PDMS), polycarbonate,
polyimide, and other polymer materials are commonly used in
the electronics industry because of their advantages of ease of
use, lightness, and durability.*” However, the polymers used in
electronics are usually thermoplastic resins, which have low
thermal stability. To realize the continuous advance of device
performance, flexible polymers with low dielectric constant (k)
are required to lower the interconnecting resistance/capacity
delay, cross-talk, and power dissipation.®*'* However, typical
polymers in electronics usually have high k (above 3.0), which
limits their application in future flexible electronics.'>*?
Benzocyclobutene (BCB)-based polymers are new types of
thermosetting resins that display physical and chemical prop-
erties superior to those of traditional phenolic or epoxy resins
because of their unique molecular network formation after
thermal curing. Another attractive feature of BCB structure is
that they can undergo thermal curing without a catalyst and
gaseous by-product formation to yield polybenzocyclobutenes
(PBCBs). PBCBs have many excellent properties, including high
thermal stability, low water uptake, and favorable k value.'*™*®
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potential applications in high-performance dielectric materials.

Because of these excellent properties, PBCBs have been widely
used as materials for electronics packaging and electrical
insulation in the microelectronics industry."”** A type of BCB-
containing resin derived from bis(benzocyclobutenyl) divinyl-
tetramethylsiloxane' (trade-mark of the DOW Chemical
Company) displays a k of 2.65, but it is brittle. Recently,
researchers have attempted to improve the properties of PBCBs
by incorporating reactive functional units (e.g., adamantyl,*
norbornyl,** silacyclobutyl,® triazineyl,” and double-decker
silsesquioxane (DDSQ)*) into BCB monomers. In addition,
blending various inorganic compounds (e.g., diamond,* mul-
tiwalled carbon nanotubes,* or boron nitride nanosheets®)
into the BCB resin matrix to form PBCB nanocomposites has
also been reported. Nevertheless, these types of PBCBs still
display either brittleness or unsatisfactory k after thermal
curing, which makes it difficult to meet the requirements of
next-generation high-performance dielectrics. Therefore,
research on PBCBs with lower k and higher flexibility is of great
significance.

Recently, hard-soft hybrid materials combining two more
structural units with complementary performance have been
reported.?®*° The combination of hard and soft units can result
in attractive properties that are inaccessible to homogenous
materials. Typically, the soft phase offers toughness, whereas
the hard phase provides strength.** Because of their attractive
properties, hard-soft hybrid materials are suitable for a variety
of functions. The best way to combine soft materials with strong
but brittle reinforcement materials to achieve both strength and
toughness remains a fascinating topic. This paper presents the
synthesis of linear PBCBs (denoted as PDBDs) featuring hard-
soft-hybrid strategy. As shown in Fig. 1A, the design strategy of
PDBDs was based on the high thermostability and low & of the
DDSQ backbone (hard segments), the high performance of BCB-

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Synthetic procedure and (B) proposed thermocuring mechan

based cross-linked structures (hard segments), and the flexible
PDMS units (soft segments).

2. Experimental

Detailed experimental information is included in the ESL.}

3. Results and discussion

The PDBDs were efficiently prepared in two steps involving the
synthesis of two functional monomers (DDSQ-2H and DVBCB)
and their subsequent polymerization by Pt-catalyzed hydro-
silylation (see detailed synthesis steps and characterization of
chemical structures in ESIf). The high-yield polymerization
reaction was conducted in a homogeneous system using
toluene as the solvent and Pt(dvs) as the catalyst. Random
copolymers with high molecular weight (M,,) of above 30 kg
mol ' were obtained (Fig. 2A).

The obtained hard-soft-hybrid polymers have good solu-
bility and excellent film-forming ability. As the existence of BCB
group, PDBDs has the property of thermal curing without any
catalyst. The crosslinking process and possible reaction mech-
anism were shown in Fig. 1B and S2 (see in ESI¥). In addition, as
depicted in Fig. 2B, there may be two forms of crosslinking
reaction: (C1) DDSQ-containing fragment and another DDSQ-
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ism of PDBDs.

containing fragment form a large ring through the cross-
linking of BCB-containing fragment. In this process, DDSQ-
containing fragment forms its aggregation area and PDMS
gathers in another area. (C2) DDSQ-containing fragment and
PDMS fragment form a large ring through the cross-linking.
According to the calculation results (See ESIf for detailed
simulation), the energy of C1 after optimization was less than
that of C2. This means that the stability of C1 is higher than that
of C2. However, with the increase of DDSQ content, the aggre-
gation of DDSQ begins to appear, which has found in our
previous work.> In addition, the introduction of PDMS pre-
vented the hard parts from aggregating with each other. The
crosslinking structure and thus the different types of units
displayed good compatibility, even when the content of DDSQ
was very high (PDBD-3). Thermo-curing of DVBCB and PDMS, or
DVBCB and DDSQ-2H generate incompatible and turbid solid,
as shown in Fig. S3 (see in ESIf), mixture of DDSQ-2H and
PDMS form one heterogeneous system. The compatibility of the
materials is further proved by XRD data, SEM and TEM (Fig. S4
and S5 in ESIY).

The crosslinking structure of the PDBDs was determined by
differential scanning calorimetry (DSC) and Fourier transform
infrared (FTIR) spectroscopy. As shown in Fig. 2C, the PDBDs
showed similar curing temperatures with an onset at 180 °C
and a maximum thermal curing exothermic peak at 258 °C

RSC Adv, 2020, 10, 11898-11902 | 11899
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thermocuring at 250 °C for 2 h.

with a reaction heat of 184-197 J g~ '.* Because of its broad
range of curing temperature, the PDBDs exhibited good
thermal processability. No obvious exothermic peak was
observed after the thermocuring reaction of the PDBDs at
250 °C for 2 h (see Fig. S6 in ESI}).

The thermocuring reaction of PDBDs was also evaluated by
FTIR spectroscopy (Fig. 2D). The peaks at 1470 cm™ " assigned to
a characteristic absorption of BCB (the rocking mode of C-H in
the cyclobutene ring of the BCB group) disappeared after ther-
mocuring at 250 °C for 2 h and were replaced by a new peak at
1501 cm™'. The peak at 1501 cm ' is characteristic of the
cyclooctyl structure, which was generated from the coupling
reaction between BCB units. These results are in good accor-
dance with those reported for other BCB-containing poly-
mers.>**>?* Therefore, BCB had a limited effect on the DDSQ
cages during the thermocuring reaction of PDBDs.

The thermocured PDBD films were light yellow, transparent,
flexible, and insoluble in common organic solvents. As shown
in Fig. 3A, photographs of the thermocured resins are shown in
illustration. The cured PDBD films had excellent transparency
of about 90% in the visible region. Their transmittance sharply
decreased at wavelengths shorter than 400 nm because of the
high phenyl group content of the DDSQ cages and BCB bulk
structure. The light transmittance of cured PDBD-1 was slightly
higher than that of cured PDBD-2 and PDBD-3, indicating that
the increase of PDMS content was helpful to improve the
transmittance of the thermocured films.

The combination of the rigid DDSQ cage structure and the
flexible PDMS segments in the BCB matrix of PDBDs, linked
through covalent bonds, ensured high hydrophobicity of the

1900 | RSC Adv, 2020, 10, 11898-11902

films. In addition, the result and discussion for the increased
hydrophobicity of the film is added to the ESI{ (Page 12).

The thermal properties (Fig. 3B) of the cured PDBD resins
were excellent because of the bulky and vacant cage-like struc-
ture of DDSQ in the main chain. The 5 wt% weight loss
temperatures (T4sq,) of the cured PDBD-1, PDBD-2, and PDBD-3
were 457, 455, and 459 °C, respectively with 57.8%, 60.4%, and
62.9% residue at 800 °C in an N, atmosphere, respectively. The
curves reveal that the thermal stability of the cured PDBD resins
decreased slightly as the content of PDMS segments increased.
The degradation process of the cured PDBD resins involved two
steps: the degradation of the active alkyl chain and the subse-
quent degradation of the framework, such as aromatic rings
and DDSQ cages. Because of the formation of silica from DDSQ
moieties and PDMS segments during thermal decomposition,
the cured PDBD resins showed high residue contents after
degradation. The high thermostability of the cured PDBD resins
was attributed to the crosslinked structure of BCB and inor-
ganic DDSQ cages, which enabled it to endure high-
temperature processing conditions.

We performed tensile testing to study the mechanical
properties of cured PDBD resins. As shown in Fig. 3C, the
tensile strength and breaking elongation of the cured PDBD
resins were approximately 17.8-32.1 MPa and 15.6-31.2%,
respectively. The excellent flexibility of these PBCBs was mainly
caused by the incorporation of PDMS segments. The bulky and
vacant DDSQ cages in the main chains substantially enhanced
the rigidity of the hybrid materials, restricting the motion of
polymer chains. These results illustrate that we can control the
mechanical properties of cured PDBD resins by adjusting the

This journal is © The Royal Society of Chemistry 2020
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Table 1 Important properties of the cured PDBD resins and other resins

Sample Tas0y No CYg00 °c; N Tensile strength Breaking elongation (%) k

Cured PDBD-1 457 °C 57.8% 17.8 MPa 31.2% 2.51@20 MHz
Cured PDBD-2 455 °C 60.4% 22.9 MPa 22.3% 2.38@20 MHz
Cured PDBD-3 459 °C 62.9% 32.1 MPa 15.6% 2.31@20 MHz
PIM-1 (ref. 34) — — 8.1 MPa 9.7% 1.60@10 kHz
SPIM-1/CPTES** — — 29.0 MPa 6.7% 1.67@10 kHz
HMWPSSQ35 436 °C 84.7% 18.1 MPa 2.6% 2.45@10 MHz
SA9000/epoxy® 412 °C 25% 62.1 MPa 6.16% 2.91@1 GHz
Porous PI*’ — — 9-38 MPa — 1.57-2.40@20 GHz
PEN foam*® 510 °C — 5.5-11.9 MPa 21.9-59.0% 1.25-1.81@1 kHz

ratio of DDSQ cages to flexible PDMS segments. Detailed
mechanical properties of the cured PDBD resins are listed in
Table 1.

The k values of the cured PDBD resins were measured by the
standard capacity method, and the results are illustrated in
Fig. 3D. The k value of each cured resin varied very little with
frequency, indicating that they have a stable k in the range of 0-
40 MHz. The cured PDBD resins showed k of 2.31-2.51 at 20
MHz, which can be attributed to their relative increase of free
volume induced by the DDSQ cages. The cured PDBD-3 exhibited
the & of the copolymers of 2.31 at 20 MHz, which was explained by
its high DDSQ content. The bulky and vacant cage-like Si-O-Si
structures of DDSQ macromers increased the free volume of the
copolymer, preventing the polymer chains from packing densely.
However, as the DDSQ content increased to a certain amount, the
k value of the corresponding cured resin decreased slightly. The

This journal is © The Royal Society of Chemistry 2020

favorable dielectric properties of the cured PDBD resins can be
explained by (1) the presence of Si-O-Si and Si-C bonds, which
have low polarity, making it difficult to polarize the polymers; (2)
the introduction of the bulky and vacant cage-like structure of
DDSQ and the BCB cross-linking unit make the related polymer
chains unable to reverse chain entanglements. In addition, the
cured PDBD resins had hydrophobic surface and low water
absorption, as shown in Fig. S7 and S8 in ESI,{ which effectively
prevented moisture adsorption and deterioration of the dielectric
properties, and this performance is important for the application
of dielectric materials in the microelectronic and electrical
industry.

4. Conclusions

We used the hard-soft-hybrid strategy to synthesize random
copolymers with a hybridized main chain. The directly

RSC Adv, 2020, 10, 11898-11902 | 11901
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thermocrosslinkable PDBDs were synthesized via copolymeri-
zation of PDMS, BCB, and DDSQ by Pt-catalyzed hydrosilylation.
The resulting random copolymers were converted into cross-
linked polymers by the ring-opening reaction of the four-
membered ring structure of BCB above 200 °C. The resulting
cured resins possessed easy processability, high thermal
stability, excellent electrical properties and flexibility, compared
with the performance of other BCB-containing resins. As
a result, these random copolymers overcame two of the major
drawbacks of other PBCBs: brittleness and poor dielectric
properties.
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