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ABSTRACT: Asa component of printed circuit substrate, copper clad éw
laminate (CCL) needs to meet the performance requirements of heat P~
resistance, flame retardancy, and low coefficient of thermal expansion o, o, o0 S0, memiwim 0, © <’>’\d”
(CTE), which, respectively, affects the stability, safety, and «5 O ..; .: 0\\ g
processability of terminal electronic products. In this paper, vo, e M\prqw s
benzocyclobutylene (BCB)-functionalized phosphorus—oxygen flame g3 oC

retardant composites were prepared through introducing the BCB THR: 23.1 kg

CTE: 16.71 ppm/°C

groups, and the performance was researched by thermogravimetric .
analysis, microcombustion calorimetry, and thermomechanical analysis. -
The research results show that these phosphorus oxide compounds }
containing BCB groups show good thermal stability and low total heat
release (THR) after thermal curing, and the more BCB groups on the
phosphorus oxide monomers, the better the thermal stability and flame
retardancy of cured resins. The T4 and THR of the composite (M3) are as high as 443 °C and 23.1 kJ/g, respectively. In addition,
the CTE of M3 is as low as 16.71 ppm/°C. Introduction of BCB groups which can be crosslinked through heat to improve the
thermal stability, flame retardancy, and reduced CTE of traditional organophosphorus flame retardant materials. These materials are
expected to be good candidates for CCL substrates for electronic circuits.

EEEERERE]

1. INTRODUCTION retardants have the characteristics of low smoke and low
toxicity. Bruchajzer et al® reported that OPFRs are not stable
compounds. They are metabolized and rapidly excreted from
the body, proving their low toxicity. Wendels et al” reviewed
the development of OPFRs in recent years. They believed that
some common synthesis methods, such as the Michael
addition, Friedel—Crafts reaction, and Michaelis—Arbuzov
reaction, can be industrially exploited in industry, considering
that their advantages, like higher vyields, selectivity, and
simplicity of reaction could be used to synthesize new P—C
structures, which will have a lot of potential applications as
flame retardants and various polymers in the future. At the
same time, Du et al'’ reported the impact of OPFRs in
environmental risk assessment. They believed that it is very
important to systematically understand the toxicity of OPFRs
to prevent its use. Meanwhile, it is necessary to solve the
current knowledge gap about OPFRs to determine human
health hazards and assess environmental risks. The develop-

CCL is a product made by dipping paper, glass cloth, and other
reinforcing materials in resin (such as epoxy resin, polyester
resin, and cyanate resin), coating the copper foil on one or
both sides, and hot pressing. As a substrate material in the
manufacturing of printed circuit boards, CCL plays an
important role in interconnecting, conducting, insulating, and
supporting the printed circuit boards.”” In recent years,
modern communication equipment has developed toward the
direction of high integration density and high-frequency SG. It
requires not only CCL with low dielectric constant (D;) and
low dielectric loss (Dy) but also certain thermal stability, flame
retardancy, and low CTE to meet the requirements of
preparation and use. However, the traditional CCL based on
epoxy resin can no longer meet these requirements.‘g_5
Initially, CCL achieved the goal of flame retardancy by adding
halogen-containing ingredients (mainly bromine and chlorine)
to the system. But such materials will cause pollution and post-
treatment difficulties, so they are not environmentally friendly
materials and are being phased out gradually.6 It is the reason Received: December 23, 2022 L,
that researchers turn their attention to the field of phosphorus- Accepted:  February 17, 2023
containing flame retardant materials. Among them, the specific Published: March 1, 2023
chemical structure of organophosphorus flame retardants

(OPFRs) determines their advantages. For example, Ai et al’

reported that layered phosphorus-bridged amide-additive flame
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ment and application of new OPFR structures should conform
to the environmental development direction of low pollution
from flame-retardant materials. Therefore, OPFRs have great
development potential and space. In order to meet the needs
of certain specific applications,"'~'> they have received
continuous attention from flame retardant researchers at
home and abroad. For example, the representative of OPFRs
are 9,10-dihydro-9-oxa-10-phosphazephenanthrene-10-oxide
and its derivatives, which are characterized by the rigid
structure of the benzene ring, high rigidity, high heat
resistance, good flame retardancy, and low toxicity, which are
widely used in the CCL field to improve their flame
retardance.*

As one of the most common traditional CCLs, the epoxy
resin glass laminate has attracted extensive attention due to its
relatively acceptable dielectric properties, good stability, and
processability."® In recent years, with the rapid development of
miniaturization and wearability of modern communication
equipment, new requirements have been put forward for the
machinability of CCL, which requires not only certain
mechanical properties as support but also low CTE to ensure
that CCL will not deform or break during processing, resulting
in performance damage.'® At the same time, the CTE between
materials and copper foils in CCL is also worth paying
attention to. Excessive differences in CTE between the two will
lead to interlayer delamination of copper foils during operation
at high frequency or power and high temperature, which will
deform from the CCL substrate during application.'”™"” This
will reduce the reliability and service life of CCL and in some
cases lead to catastrophic equipment failure. The high CTE of
the substrate usually weakens the stability of the CCL through-
hole. Severe shrinkage or expansion usually causes the through-
hole to break, thus damaging the circuit during heat treatment.
This requires the materials in CCL to be close to the CTE of
copper foil, so as to have good dimensional stability. The CTE
to reduce CCL can be added with low-CTE organic monomers
(such as alkoxysilyl-functionalized resin) or negative-CTE
organic monomers (such as dibenzocyclooctane) or use low-
CTE resin materials (such as cyanate ester resin).m_23

The introduction of highly crosslinked polymers in CCL can
not only improve its thermal stability and dimensional stability
but also effectively reduce its dielectric constant. For example,
1,2-polybutadiene (1,2 PB),** styrene butadiene styrene
triblock copolymer (SBS),”* and ethylene propylene dicyclo-
pentadiene™® are ideal polymer matrices for CCL because they
have good thermal stability through the formation of cross-
linked structures. Benzocyclobutylene (BCB) is an all-hydro-
carbon low-dielectric material with a simple and symmetrical
structure, low polarity, and a low possibility of polarization to
form a dipole, which makes the cured BCB resin have good
thermal stability and a low dielectric constant so it can be used
in microelectronics, large-scale integrated circuits, and other
fields.”” Without any catalyst or additive, BCB’s unique four-
membered ring structure undergoes a ring-opening isomer-
ization reaction after being heated. The highly active
intermediate orthoquinone can immediately self-cross-connect
with itself to form a benzo eight-membered ring structure.”® It
can also react with materials containing unsaturated bonds to
form a benzo six-membered ring structure. Small molecules
will not be produced during the curing process, which will not
affect the process and the internal structure of the resin. At the
same time, due to the highly cross-linked structure after
curing,”” ™" the cured resin usually has good thermal stability*”
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and good dimensional stability.”> Meanwhile, the benzene ring
contained in the BCB monomer is a rigid structure, which can
provide certain mechanical properties to the resin and has a
certain elastic modulus and hardness. It has been widely
studied and applied as an electronic packaging material and a
high-density CCL substrate.

In this paper, our aim is to prepare a kind of thermosetting
resin with its own flame retardancy to solve the problem that
traditional epoxy resins need to add additional flame retardants
to achieve flame retardancy. Therefore, we combine the
advantages of OPFR materials and BCB to synthesize
phosphorus oxide monomers with different amounts of BCB
groups in order to research the effects of the introduction of
BCB groups on the thermal stability, flame retardancy, CTE,
and mechanical properties of organophosphorus materials by
controlling the crosslinking density of the resin. In addition,
three monomers were doped with BCB-functionalized
spherical silicon nanoparticles (BCBNPs) of the same
proportion to prepare corresponding composites. After thermal
curing, BCB-functionalized phosphorus—oxygen flame-retard-
ant resins are obtained. The results show that these
thermosetting resins of POB; and M3 all showed good
thermal stability, low total heat release (THR), and low CTE.
Besides, they have a high elastic modulus and hardness and are
expected to be used in the field of CCL substrates for
electronic circuits.

2. EXPERIMENTAL SECTION

2.1. Materials. Diphenylphosphinic chloride (Ph,POC],
95%) was purchased from Shanghai Titan Technology Co.,
Ltd. (Shanghai, China). Phenylphosphonyl dichloride
(PhPOCI,, 98%) and phosphorus oxychloride (POCIl;, 98%)
were both supplied by Infinity Scientific Co., Ltd. (Beijing,
China). n-Butyl lithium (2.5 M) reagent was purchased from
Shanghai Titan Technology Co., Ltd. (Shanghai, China). 4Br-
BCB (95%) was supplied by Beichuan Ruihui Science and
Technology Co., Ltd. (Mianyang, China). Tetraethoxysilane
(97%) and tetramethoxysilane (TMOS, 97%) were purchased
from J&K Scientific (China). BCBNPs were self-made in the
laboratory.” Tetrahydrofuran (THF) was purchased from
Beijing Bellwether Technology Co., Ltd. (Beijing, China) and
was dried and freshly distilled under a nitrogen (N,)
atmosphere prior to use.

2.2. Measurements. 'H NMR spectra were obtained using
a Bruker AVANCE-400 instrument using deuterated chloro-
form as the solvent. Fourier transform infrared (FTIR)
measurements at 400—4000 cm™' were conducted on a
Nicolet FTIR 5700 spectrophotometer at room temperature.
High-resolution mass spectrum were obtained using a Thermo
Scientific Q Exactive instrument. The ion source used is
electrospray ionization, and the solvent is dichloromethane.
On the SDT Q 600 synchronous thermogravimetric analyzer,
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed at the rate of 10 °C/min in
a N, atmosphere. Scanning electron microscopy (SEM) images
were obtained using a ZEISS EVO 18 instrument. Microscale
combustion calorimetry (MCC) analysis was performed using
a FAA-PCFC instrument (Fire Testing Technology., Inc),
using a high-precision MFC, with response time less than 0.1 s,
+ 1% FS accuracy, and ASTM D7309-2007a as the test
standard. These samples after vacuum drying were tested
under a mixed flow atmosphere (80% N, and 20% O,), with a
heating rate of 1 °C/s, and from room temperature to 800 °C

https://doi.org/10.1021/acsomega.2c08159
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Scheme 1. Synthesis Route of Monomers and Cured Resins
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conditions. Raman spectra were obtained using a Renishaw
inVia instrument to analyze the graphitization degree of
residual carbon. Thermomechanical analysis (TMA) was
performed using a USA-TA-Q400 instrument. These samples
after vacuum drying were tested under a N, atmosphere, with
the temperature rise rate of 5 °C/min, from room temperature
to 300 °C (the temperature range of Ph,POB and M1 is from
room temperature to 200 °C). Nanoindentation was
performed using an Agilent Nano Indenter G200 (U9820A,
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Agilent Technologies., Inc.) at room temperature. A strain rate
of 0.2 s7! was constantly maintained during the addition of the
load until the indenter reached a depth of 2000 nm on the
surface of the scaffold. The load was maintained at the
maximum value for 10 s. To ensure the reliability of these
nanoscale deformation measurements, at least five indents
were performed on each sample to obtain effective data. The
dielectric constant of the resins was measured on an Agilent
4294A impedance analyzer with varying frequencies at ambient

https://doi.org/10.1021/acsomega.2c08159
ACS Omega 2023, 8, 9464—9474
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Figure 1. (a) 'H NMR spectra of multi-BCB phosphine oxide monomers;

(b) FTIR spectra of multi-BCB phosphorus oxide monomers.

temperatures (the 6.5 + 0.05 mm diameter cylindrical samples
were polished to a thickness of 3.0 + 0.1 mm. After the
samples were thoroughly dried under vacuum, gold was
deposited via vacuum evaporation on both sides of the samples
as electrodes). The dielectric constant was calculated using the
following equation

e, =(Cxd)/(gxS)

where C, d, and S denote the capacitance, thickness, and
electrode area of the materials, respectively. ¢, denotes the
permittivity of free space and equals 8.854 X 10™'* F/m.

2.3.1. Synthesis of Ph,POB, PhPOB, and POB;. Three
phosphorus oxide monomers with different amounts of BCB
were synthesized (the synthetic route is shown in Scheme 1.)
Take the synthesis of Ph,POB as an example: in the early stage,
the reaction devices were subjected to anhydrous and oxygen
free treatment. 2.64 g (15 mmol) of 4Br-BCB and 40 mL of
solvent dry THF were added to a 100 mL double-ended
round-bottom flask equipped with magnetic stirring and a
constant pressure dropping funnel, and then 1.0 g (15 mmol)
of n-butyl lithium was slowly dripped through the constant
pressure dropping funnel. After dropping, it was allowed to
react at a low temperature of —80 °C for 2 h, and 3.8 g (16
mmol) of Ph,POCI was slowly dropped through a constant
pressure dropping funnel. After dropping, it was allowed to
react at a low temperature of —80 °C for 30 min, and then it
slowly rose to room temperature for another 48 h. After the
reaction, anhydrous methanol was dropped to quench the
unreacted n-butyl lithium, washed with UP water three times
to remove impurities, and purified (volume ratio of ethyl
acetate and petroleum ether is 1:4) through a chromatographic
column (ethyl acetate recrystallized) to obtain white powders.
The synthesis methods of Ph,POB, PhPOB,, and POB; are
similar to that mentioned above, and the yields are 70, 64, and
61%, respectively.

The "H NMR spectra of the monomers are shown in Figure
la.

'H NMR of Ph,POB (400 MHz, CDCL,, 5, ppm): 7.85—
7.83 (d, 2H), 7.82—7.80 (d, 2H), 7.80—7.76 (d, 1H), 7.71—
7.64 (q, 2H), 7.55—7.51 (t, 2H), 7.50—7.45 (t, 2H), 7.16—7.14
(d, 2H), 3.19 (s, 4H). HRMS (ESI) m/z calcd for C,oH,;;OP*
(M + H)*, 305.10898; found, 305.10904.
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'H NMR of PhPOB, (400 MHz, CDCl,, &, ppm): 7.72—
7.67 (d, 2H), 7.66—7.64 (s, 1H), 7.58—7.50 (q, 2H), 7.49—
7.44 (q, 2H), 7.30-7.36 (d, 2H), 7.17—7.10 (d, 2H), 3.30—
3.10 (d, 8H). HRMS (ESI) m/z caled for C,,H,,OP" (M +
H)*, 331.12463; found, 331.12515.

'H NMR of POB, (400 MHz, CDCL,, §, ppm): 7.56—7.52
(d, 2H), 7.51-7.47 (d, 2H), 7.46 (s, 1H), 7.36—7.30 (d, 2H),
7.16=7.10 (d, 2H), 3.30—3.10 (d, 12H). HRMS (ESI) m/z
caled for C,H,;OPNa* (M + Na)*, 379.12222; found,
379.12228.

2.3.2. Preparation of Cured Resins. The thermal curing
resins of the monomers is obtained by heating the white
powder monomer in the curing mold to the molten state (100
°C) and holding it for 1 h before starting the curing process.

Some research works have shown that BCBNPs™ (the
synthetic method and route of BCBNPs, as shown in
Supporting Information Scheme S1) can be added to BCB
resins as fillers, which can improve the thermal stability of the
resin and reduce the CTE of the resins by increasing the
crosslinking point. Therefore, in this paper, we doped BCBNPs
into the uncured monomers to prepare the corresponding
composites M1, M2, and M3. BCBNPs were doped into each
monomer at a mass ratio of 20%, heated to the molten state
(100 °C), stirred vigorously for 1 h, then transferred to the
curing mold, and cured to obtain the cured composites.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of Monomers. The
FTIR of monomers is shown in Figure 1b, where 3059 cm™ is
the C—H stretching vibration absorption peak of the benzene
ring, 1588 cm™! is the vibration peak of the benzene ring
skeleton absorption, and 1460 cm™ is the bending vibration
absorption peak of C—H of the BCB quaternion ring. At 1190
cm™' is the strong stretching vibration absorption peak with
P=O0. At the same time, the three monomers were tested by
HRMS (as shown in Supporting Information Figure S1). From
the results, the molecular weights of the three monomers are
consistent with the corresponding theoretical values.

The abovementioned monomers were characterized by 'H
NMR, FTIR, and HRMS. These results show that the synthesis
of all monomers has been successful.

3.2. Thermal Curing Behavior Research. The cross-
linking and curing behaviors of three monomers were studied

https://doi.org/10.1021/acsomega.2c08159
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Figure 2. (a) DSC curves of multi-BCB phosphorus oxide monomers, (b) DSC curves of cured multi-BCB phosphorus oxide monomers and their
composites, and (c) TGA curves of cured multi-BCB oxyphosphorous monomers and their composites.

by DSC, as shown in Figure 2a. As shown in the figure, all
monomers show the exothermic peak of curing, and the initial
temperature is 200 °C. For Ph,POB, the maximum exothermic
peak is 260 °C, which can be attributed to the reaction peak
after the ring opening of BCB by heating. The end temperature
is 290 °C, indicating that the ring opening reaction is basically
over. PhPOB, and POB; show the maximum exothermic peak
at 253 °C, and each shows a shoulder peak at about 280 °C.
The shoulder peak of the monomer containing multiple BCB
groups can be attributed to the further curing reaction of the
cross-linked network structure formed by the initial partial
polymerization.”* At the same time, the end temperature of the
ring opening reaction is delayed compared with that of
Ph,POB. This may be because the highly cross-linked network
structure formed by the monomers containing multiple BCB
groups requires a higher temperature to fully cure.

3.3. Thermal Stability Research. According to TGA,
PhPOB,, and POB; thermosetting resins show good thermal
stability (as shown in Figure 2c). From the curve in the figure,
we can see that Ph,POB decomposes first with the increase of
temperature (Tys = 267 °C), which can be attributed to the
limited cross-linking behavior of a single BCB group, which
improves the thermal stability of OPFRs. However, with the
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increase of BCB groups in PhPOB, and POB; thermosetting
resins, the crosslinking density increases, and the thermal
stability has been significantly improved. The T45 of PhPOB, is
372 °C and the Ty5 of POB; is 431 °C are much higher than
the Tys of Ph,POB, which greatly improves the thermal
stability of traditional OPFRs materials.

Compared with the cured resins of monomers, the T45 of
their composite material is improved to a certain extent, but its
carbon residue rate has been significantly increased to 23.6,
29.7, and 32.3% respectively. Figure 2b shows that there is no
exothermic peak in the cured resin DSC curve, indicating that
these BCB groups containing monomers and their composites
have been completely cured under the set conditions, which
confirms the thermal curing behavior of the monomers in
Figure 2a. It shows high thermal stability, which can be
attributed to the doping of BCBNPs, which not only improve
the crosslinking density by cross-linking with monomers
during the thermal curing process but also introduce the Si—
O structure. The Si—O bond energy is relatively high, which
makes it relatively stable and not easy to break. With BCBNPs
are doped, it shows the synergistic thermal stability of P and
Si,** which improve the both of thermal stability and carbon
residue rate.

https://doi.org/10.1021/acsomega.2c08159
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Figure 3. (a) SEM image of cured Ph,POB Carbonization at 500 °C, (b) SEM image of cured PhPOB, carbonization at 500 °C, (c) SEM image of
cured POB, carbonization at 500 °C, (d) SEM image of cured M1 carbonization at 800 °C, (e) SEM image of cured M2 carbonization at 800 °C,

and (f) SEM image of cured M3 carbonization at 800 °C.
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Figure 4. (a) MCC curves of cured multi-BCB oxyphosphorous monomers and their composites, (b) Raman spectra of cured multi-BCB
phosphorus oxide monomers after carbonization at S00 °C, and (c) Raman spectra of cured composites after carbonization at 800 °C.

3.4. Morphology after Carbonization Research. The carbonization at 500 °C, which can be attributed to the fact

morphology of the cured monomers after carbonization at 500 that P=O0 in the structure can promote carbon formation

°C is shown in Figure 3a—c. These cured monomers, Ph,POB, when decomposing at high temperature, and the cross-linking

PhPOB,, and POB;, show scaly residual carbon after structure formed by the opening of the BCB group ring of the
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monomer itself is also conducive to promoting carbon
formation.

After carbonization at 800 °C (air atmosphere, hold for 1 h),
the three cured monomers were basically decomposed, and
there was basically no residue in the crucible. The morphology
of the composites after carbonization at 800 °C is shown in
Figure 3d—f. Due to being doped with BCBNPs, more
complete spherical silicon nanoparticles were preserved after
carbonization at 800 °C, which had a higher carbon residue
rate and showed good flame retardancy.

3.5. Flame Retardancy Research. In order to test the
combustion performance and heat release capacity of cured
monomers and their composites, micro combustion calorim-
etry (MCC) was conducted. The test curve is shown in Figure
4a, and the relevant data are recorded in Table 1.

Table 1. MCC Data of Cured Multi-BCB Phosphorous
Oxide Monomers and Their Composites

d

HRC® PHRR” THR® Tomre”  Topure’
sample (/g X) (W/g) (J/g) (°C) (s)
Ph,POB 772.00 1091.00 29.60 43090  282.00
PhPOB,  1109.00 1521.00 29.80 439.80  309.50
POB, 860.00 1166.00 30.50 45690  319.50
Mi 465.00 631.60 25.50 45040  303.50
M2 607.00 859.60 23.40 45530 321.00
M3 738.00 1043.60 23.10 489.70 34150

“HRC represents the heat release capacity. "PHRR represents the
peak HRR of the material. “THR represents the THR of the material.
@ T prre Tepresents the temperature at which the material reaches the
peak HRR. “Trppypy represents the time when the measured material
reaches the peak HRR.

It is shown from the figure and the table that the sharp peak
of the heat release rate (HRR) curve of monomers Ph,POB,
PhPOB,, and POB; gradually delayed, which indicates that
PhPOB, and POB; have a higher heat release temperature.
Meanwhile, the Tpyrg for Ph,POB, PhPOB,, and POB; were
gradually increased, and the Tppypr was increased as well.
Besides, the THR of these cured monomers does not show
much difference. The Tpypg of these thermosetting resins
gradually increased means that they need higher temperatures
to reach the maximum HRR. In addition, the Trpypg gradually
increased, which also confirms that these thermosetting resins
need more time to be decomposed, which showed good flame
retardancy. It is can be attributed to the fact that P=0 in the
cured monomers make the molecular structure more stable
and are not easy to be damaged at higher temperatures.
Moreover, the high-density network structure formed after
BCB groups crosslinking also ensures the thermal stability of
these thermosetting resins and their good flame retardancy.

Compared with the cured monomers, the THR of these
composites M1, M2, and M3 showed a significant decrease,
indicating a lower THR. At the same time, Tpygg and T'rpppg
of M1, M2, and M3 also showed a certain increase compared
with cured monomers. It can be attributed to the fact that
doped with BCBNPs not only introduce more BCB groups,
which further improves the crosslinking density, but also
introduce Si—O bonds with higher bond energies, which are
relatively stable at high temperatures and are not easy to be
destroyed. Furthermore, these composites form a good
protective carbon layer in the process of ignition and initial
combustion, blocking the exchange of heat and materials, and
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the P in the cured resin releases phosphorus-containing free
radicals during combustion, such as PO" and PO,.”” These free
radicals can be used as effective free radical scavengers to
inhibit the gas-phase chain propagation reaction during
combustion (possible flame retardant mechanisms are as
follows). The highly cross-linked network structure, Si=0
bond and P=O bond together make these thermosetting
resins have high thermal stability and flame retardancy. They
play a synergistic role in the flame retardancy of P and Sij,
which showed good flame retardancy.”>*”

OH+PO=HO-P=0
H+ PHO, 2 HO-P=0
OH + PHO, = HOP =0,

Raman spectrum testing is usually used to analyze the degree
of graphitization of carbon residue after combustion of
polymer materials. The smaller the ratio of the characteristic
peaks D and G of atomic crystals, the higher the degree of
graphitization, the smaller the lattice defects, and the smoother
and denser the surface of carbon residue. As shown in Figure
4b, after carbonization at 500 °C in air atmosphere, the I/I;
value of cured monomers increases with the increase of BCB
groups.

However, the composite materials doped with BCBNPs did
not show an obvious Raman spectrum signal after carbon-
ization at 800 °C in air atmosphere (as shown in Figure 4c). It
can be considered that the elements P, C, and H contained in
the composite are basically completely decomposed under this
condition, and the remaining carbon is basically spherical
silicon nanoparticles. That is, the combustion residual carbon
of the composites added with BCBNPs has smaller micro size,
which is also confirmed by the existence of nanosilicon spheres
in the SEM image (as shown in Figure 3d—f), which can be
attributed to the presence of silicon containing components in
the composites. Generally, the smaller the size of the residual
carbon, the higher the thermal shielding efficiency. Therefore,
doped with BCBNPs can obtain better flame retardancy.

3.6. CTE Research. Their thermal mechanical properties
and CTE are tested by thermal mechanical analysis (TMA), as
shown in Figure 5. The curves show that in the temperature
range from room temperature to 300 °C (CTE of Ph,POB and

200
180 ——Ph,POB
—— Ph,POB/BCBNPs (M1)
160 ——PhPOB,
i 140 4 —— PhPOB,/BCBNPs (M2)
3 POB,
%" 120 4 POB,/BCBNPs (M3)
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Figure 5. TMA curves of cured multi-BCB oxyphosphorous
monomers and their composites.
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M1 are obtained at room temperature to 200 °C), the curves
of cured resins are gradually flattened with the rise of
temperature. The CTE of the cured resins can be calculated
from the TMA curve in Figure 5, and the results are shown in
Table 2. The results show that the CTE of cured monomers of

Table 2. T4, THR, CTE, Elastic Modulus, Hardness, and k
Data of Cured Multi-BCB Phosphorus Oxide Monomers
and Their Composites

elastic
Tys THR CTE“ modulus hardness
sample  (°C) (kJ/g) (ppm/°C) (GPa) (GPa) k
Ph,POB 267 29.60 118.40 4.35 0.24 2.85
PhPOB, 372 29.80 74.60 4.82 0.29 2.76
POB; 431 30.50 23.57 6.20 0.39 3.47
M1 273 25.50 46.96 6.75 0.34 3.09
M2 365 23.40 56.92 6.80 0.37 321
M3 443 23.10 16.71 10.03 0.83 3.52

“CTE of Ph,POB and M1 are obtained at room temperature to 200
o
C.

Ph,POB, PhPOB,, and POB; decreased gradually. According
to the calculation results, the CTE of POB; is as low as 23.71
ppm/°C. The low CTE of POB; can be attributed to the
increase of BCB groups in the monomers, which increase the
degree of crosslinking and form a more intensive cross-linking
network structure.

These composite materials are doped with BCBNPs that
take effect to reduce the CTE of cured monomers of Ph,POB,
PhPOB,, and POB;. Compared with the monomers, the CTE
of the M1 and M2 composites decreased to 46.96 and 56.92
ppm/°C, respectively. Especially M3 shows very low CTE,
reaching as low as 16.71 ppm/°C, much lower than the
previously reported CTE.***' The low CTE can be attributed
to the BCBNPs being doped. By introducing more BCB
groups, these thermosetting resins form a network structure
with a higher crosslinking degree. In addition, the P=0 bond
and the Si—O bond in the composites have large bond
energies, which increases the intermolecular force. In these
thermosetting resins, during the heating process, the relative
movement between molecules is more difficult, which will
affect the displacement between polymer molecules and make
them not easy to deform. These thermosetting resins have
stable properties at higher temperatures, are not easy to
deform, and can be processed, which is conducive to the
preparation of relevant electronic circuit copper clad plate
materials."”

3.7. Mechanical Properties’ Research. The mechanical
properties of cured monomers and their composites were
tested by nanoindentation technology, as shown in Table SI.
The results show that the elastic modulus and hardness of
cured resins show a trend of gradual increase, which can be
attributed to the higher degree of crosslinking and curing with
the increase of BCB groups in monomers, and the high
crosslinked network structure formed gives higher elastic
modulus and hardness. The average elastic modulus and
hardness of the cured resin were 4.3—6.2 GPa and 0.2—0.4
GPa, respectively. Especially, POB; has a higher elastic
modulus (6.20 GPa) and a higher hardness (0.39 GPa),
which can be attributed to the higher crosslinking density of
the three BCB groups in its structure after thermal curing,
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With more BCBNPs being doped, more BCB groups are
provided, which also means that there will be more cross-
linking sites and a higher cross-linking density after thermal
curing. All composites also show similar laws. The results also
show that the corresponding elastic modulus and hardness
were significantly increased compared with the monomers,
especially the elastic modulus and hardness of M3 reached
10.03 GPa and 0.83 GPa respectively, showing good
mechanical properties.

Besides, with the increase of indentation depth, the elastic
modulus and hardness of most cured monomers and their
composites are not constant but increase gradually with the
decrease of load (indenter displacement) within a certain range
(as shown in Figure S2a,b). This phenomenon, called the size
effect of nanoindentation, can be explained by the strain
gradient plasticity theory developed based on the molecular
kinking mechanism.">** Its size effect is mainly caused by size-
related deformation. The degree of size-dependent deforma-
tion is affected by the bending stiffness, molecular weight,
crosslinking density, and flexibility of the polymer molecular
chain. The larger the molecular weight, the stronger the
indentation size effect. At the same time, the higher the
crosslinking density, the higher the specific strain gradient
modulus, and the lower the yield kink density. When the
indentation depth is greater than 1500 nm, the nanosize effect
tends to be stable. At this time, the elastic modulus and
hardness value basically remain unchanged, which can be
attributed to the fact that the molecular chain relaxation ability
matches the indentation rate with the increase of the
indentation depth and its modulus and hardness reach a
fixed value. Compared with other thermosetting resins, M3,
with its higher elastic modulus and hardness, has a relatively
large degree of reduction (as shown in Figure S2c), which can
be attributed to its higher molecular weight. The elastic
modulus and hardness of M3 are as high as 10.03 and 0.83
GPa, respectively, which are much higher than those of PCOS
cured resin (1.84 and 0.21 GPa).” The abovementioned
results show that M3 thermosetting resin with high dimen-
sional stability and mechanical properties is expected to be
used in the field of the CCL substrate for microelectronic
circuits.

3.8. Dielectric Properties’ Research. Meanwhile, we also
conducted relevant dielectric performance tests. The frequency
correlation curve of the relative dielectric constant (k) of these
thermosetting resins at room temperature is shown in Figure
S3, and the relative dielectric constant is shown in Table 2.
The k values of cured Ph,POB, PhPOB,, and POB;, and their
composites M1, M2, and M3 are not stable. Both of Ph,POB
and PhPOB, monomers show relatively low dielectric
constants, which may be due to the fact that the eight
membered ring or ethylene chain generated by dimerization or
polymerization of the BCB groups ring is used as spacer group
to prevent the formation of 7 bond molecular delocalization so
that they have a low k value. However, although POB; and
composite materials M1, M2, and M3 have the most BCB
groups, it can be seen from the figure that an increase of BCB
groups does not necessarily mean a lower dielectric constant.
When BCBNPs are doped, the dielectric constant increases,
which may be attributed to the excessive BCB groups in POB;
and M1, M2, and M3. After thermal curing, a highly cross-
linked network structure is generated inside. Although high
crosslinking density brings high thermal stability and flame
retardance. However, the excessive crosslinking density will
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lead to a decrease of free volume but a increase of the dielectric
constant.”’ Compared with the dielectric constant of tradi-
tional CCL substrate materials, such as HBP (k: 4.29/ 107
Hz),' rPPO/CE (k: 3.85/10” Hz),* and rPPO/CP (k: 3.76/
107 Hz)," are still lower. The comparison between cured resin
M3 and the traditional CCL substrate is shown in Figure 6 and

==@=HBP Si02-filled PB/COC/SEBS
PCOS rPPO/CE
«=@-=rPPO/CP === M3

Thenélal property

Electrical property Flame retardancy

Mechanical property Processablity

Figure 6. Comparison of cured resin M3 with traditional CCL
substrate materials.

Table 3. Compared with traditional CCL substrate materials,
M3 has higher thermal stability, lower CTE, better mechanical
properties, and a relatively lower dielectric constant. The most
important thing is that M3 itself has flame retardancy, which
can be achieved without adding other additional flame
retardants. These comprehensive properties make M3 hopeful
to be used in the field of the CCL substrate for electronic
circuits.

4. CONCLUSIONS

Multi-BCB oxyphosphorous monomers were synthesized, and
highly crosslinked thermosetting resins with good thermal
stability, flame retardancy, low CTE, and mechanical proper-
ties were obtained. Moreover, these monomers were mixed
with BCBNPs and cured to obtain their corresponding
composites. These composites not only have better thermal
stability and flame retardancy but also have lower CTE. It is
shown that the more BCB groups on the phosphorus oxide
monomers, the higher its crosslinking structure, which helps to
improve its thermal stability, flame retardancy, and carbon
residue rate. These composites corresponding to its monomers
show a lower THR (the THR of M3 is 23.1 kJ/g) due to the
synergistic flame retardancy of P and Si. The cured POB; and
M3 show good thermal stability (Tys = 431 °C and Tys = 443
°C) and flame retardancy. These cured resins show good
mechanical properties as well, especially the elastic modulus

and hardness of M3, which are up to 10.03 and 0.83 GPa,
respectively. These thermosetting resins also show good
dielectric properties. The dielectric constants of the monomers
Ph,POB and PhPOB, are lower than 2.85, which make the
OPFRs materials also have low dielectric properties. These
thermosetting flame retardant resins can achieve good flame
retardancy without adding additional flame retardants and are
expected to be used in high-performance CCL composite resin
matrix and related electronic packaging materials due to their
high thermal stability, good flame retardancy, low CTE, good
mechanical properties, and low dielectric constant.
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