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structure of the liquid crystal epoxy resins were investigated. In addition,
dielectric hydrophobic liquid crystal epoxy nanometer composite materials
were successfully prepared with functionalized mesoporous silica (SBA-15) as a
filler. The results showed that pure LCE, exhibited excellent dielectric proper-
ties and thermal stability. Compared with pure LCE,, the composite material for
SBA-15 modified with KH560 displayed lower dielectric constant, lower
dielectric loss, higher glass transition temperature, and better hydrophobicity.
For example, with a 0.5 wt% SBA-15, the dielectric constant and dielectric loss of
the composite material were as low as (2.35, 0.025) compared with pure LCE,
(3.25, 0.036) that was reduced by 24.7% and 31%. In addition, the glass transition
temperature and water contact angle are increased by 16 °C and 14°, respec-
tively. Composites also showed good thermal stability and mechanical prop-
erties. The reasons may mainly be derived from the internal structure of LCE,,
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the effective modification of mesoporous SBA-15 by KH560, and the excellent
dispersion of organic and inorganic phases.

GRAPHICAL ABSTRACT
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Introduction

With the rapid development of 5G communication
technology and the continuous miniaturization and
integration of electronic equipment, higher and
stricter requirements are put forward for the perfor-
mance, reliability, and processing technology of
advanced electronic packaging materials [1-6].
Microelectronic device packaging materials required
low dielectric constant, dielectric loss, easy process-
ing, and excellent hydrophobicity [7-10]. However,
most polymers and composites can achieve some of
the properties mentioned above [11] but still have
high dielectric constant and poor hydrophobicity.
Therefore, research on materials with excellent
dielectric properties and hydrophobicity is imminent
and has become a research hotspot of functional
polymer composites [12-16]. As we all know, epoxy
resin has a wide range of applications for the fields of
coatings, composites, construction, electronics, and

electrical due to its excellent comprehensive proper-
ties and broad applicability [17-20]. However, due to
the relatively high dielectric constant and dielectric
loss, some applications are limited.

Previous studies reported that by introducing
structurally ordered mesogenic units into the poly-
mer matrix (the mesogenic unit is the rigid rod part
of the liquid crystal epoxy molecule) and then
induced by the curing agent to form a tight chemical
cross-linked network [21]. Compared with ordinary
epoxy resins, liquid crystal epoxy resin (LCE) has
more evident advantages in electronic packaging
materials, electronic and electrical applications. It is
characterized by better thermal stability, mechanical
properties, dielectric properties, and hydrophobicity
[22-25]. In recent years, the application of liquid
crystal epoxy resin in electronic packaging and elec-
tronic and electrical materials has gradually attracted
people’s attention [26-29]. Owing to its orderly
structure and highly cross-linked network charac-
teristics, it hinders the movement of molecules in an
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external alternating electric field. At the same time, it
also contains many low-polarity groups (C-C, C-H,
C-0), which is highly conducive to the preparation of
low-dielectric materials.

In addition, the most effective way to prepare low
dielectric constant materials is to introduce pore
structure into the material to increase its porosity.
Owing to the existence of the pore structure, part of
the air can be introduced into the pores (the dielectric
constant of air is 1), thereby significantly reducing the
dielectric constant of the material [30-32]. In general,
introducing the pore structure into the material is
achieved through a foaming agent. The pore size
obtained by this method is not uniform, and the
thermal and mechanical properties of the prepared
composites are easily deteriorated [33, 34]. Many
studies have shown that the pore size of inorganic
nanoparticles with microporous and mesoporous
structures is uniform, and the introduction to an
ordered network structure can improve the thermal
and mechanical properties of the material [35-38].
Among them, mesoporous silica (SBA-15) has a wide
range of applications because of its uniform pore size,
good thermal stability, and biocompatibility, and its
surface is easily chemically modified [39, 40].
According to reports, mesoporous SBA-15 has a low
dielectric constant, and the texture is chemically
modifiable [41, 42]; its hydrophilic surface groups can
be changed into hydrophobic groups of modification.
The mesoporous SBA-15, after surface modification,
is expected to be suitable for preparing polymer
composites with excellent dielectric properties and
good hydrophobicity.

This work reports a method for preparing organic—
inorganic nanocomposites by mixing liquid crystal
epoxy resin (LCE,) with surface-functionalized
mesoporous silica (SBA-15). First, LCE; with the
flexible chain was synthesized by a two-step syn-
thesis method, and its structure and properties were
characterized. Secondly, the surface functionalization
of mesoporous SBA-15 was carried out syn-
chronously  byy-glycidoxypropyltrimethoxysilane
(KH560) and then uniformly dispersed in the liquid
crystal epoxy resin as a low dielectric hydrophobic
filler. Finally, corresponding SBA-15/LCE, compos-
ites were prepared by in situ polymerization. The
effects of the LCE, system and different mass frac-
tions of surface-functionalized mesoporous SBA-15
on the dielectric properties, thermal properties,
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mechanical properties, and hydrophobicity of SBA-
15/LCE4 composites were systematically discussed.

Materials and methods
Materials

4,4'-Dihydroxydiphenyl (97%), 6-bromo-1-hexene
(95%), potassium carbonate (99%), potassium iodide
(99%), 3-chloroperoxybenzoic acid (MCPBA, 85%),
methylhexahydrophthalic anhydride (MHHPA,
95%), N,N-dimethylbenzylamine (BDMA, 99%) were
purchased from Aladdin; mesoporous silica (SBA-
15,95%) was purchased from Shanghai Yuanye
Biotechnology = Co.,  Ltd;  y-glycidoxypropy-
Itrimethoxysilane (KH560, 98%) was from Nanjing
Shuguang  Chemical Group Co. Ltd; N,
N-dimethylformamide (99.5%), dichloromethane
(99.5%), ethanol anhydrous (99.7%), and acetone
were provided by Guangzhou reagent factory; all
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Scheme 1 The synthesis process of liquid crystal epoxy resin and
the chemical structure formulas of MHHPA and BDMA.
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chemicals were used as they were, and no further
purification was required.

Synthesis of liquid crystal epoxy (LCE)

The liquid crystal epoxy resin was prepared by a two-
step synthesis method as shown in Scheme 1

Preparation of 4, 4'- bis (5-propenyloxy) biphenyl (L)

The 4,4-dihydroxydiphenyl (6 g, 0.032 mol) was
dissolved in 150 mL N, N-dimethylformamide,
6-bromo-1-hexene (11 mL, 0.082 mol) was added,
potassium carbonate (8.83 g, 0.064 mol) and potas-
sium iodide (0.5 g, 0.003 mol) were mixed well and
refluxed at 80 °C under nitrogen atmosphere for 24 h.
The mixed solution was evaporated under reduced
pressure, filtered, washed, and dried to obtain white
powdery crystals, and the yield was 88% (9.8 g),
named Lj.

"H NMR (400 MHz, CDCl;, ppm): 7.48 (d, 2H, Ar-
H), 6.96 (d, 2H, Ar-H), 5.81 (m, 1H, CH=CH,),
5.114.87 (d, 2H, CH=CH,), 4.01 (t, 2H, OCHy), 2.12
(m, 2H, CH,-CH=CH,), 1.76 (dd, 2H, OCH, CHy),
1.56 (m, 2H, CH,).

>C NMR (400 MHz, CDCls, ppm):158.22, 138.56,
133.42,127.68,115.59, 114.78, 67.89, 33.44, 28.78, 25.37.

Preparation of 4,4'-bis(2,3-epoxyhexyloxy) biphenyl
(LCE,)

The prepared L, (7.0 g, 0.02 mol) was dissolved in
180 mL of dichloromethane, added MCPBA (10.38 g,
0.06 mol) in batches, and reacted at 0 °C for 1 h. The
reaction mixture was slowly heated to 40 °C and
refluxed for 24 h. After the reaction, the crude pro-
duct was filtered and then washed with 10% Na,SO;
solution, 5% NaHCOj; solution, and deionized water
successively. The organic phase was dried with
anhydrous MgSQO,, and dichloromethane was evap-
orated under reduced pressure to obtain light yellow
solid. Crude product was repeatedly washed by
anhydrous ethanol several times to get a white solid,
and the yield was 84% (6.4 g) named LCE,. The
epoxy value was determined by the hydrochloric
acid-acetone method to be 0.52.

"H NMR (400 MHz, CDCl;, ppm): 7.48 (d, 2H, Ar-
H), 6.96 (d, 2H, Ar-H), 4.01 (t, 2H, OCH,), 2.95 (s, 1H,
CH,; in epoxy), 2.78 (t, 1H, CH, in epoxy), 2.51 (dd,
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1H, CH in epoxy), 1.85 (dd, 2H, OCH,CH,), 1.73-1.55
(m, 4H, CH2CH2)

3C NMR (400 MHz, CDCl, ppm):158.14, 133.45,
127.69, 114.76, 67.74, 52.17, 47.02, 32.21, 29.10, 22.68.

The curing process of LCE,/MHHPA

LCEs (5 g, 0.013 mol) was dissolved in 30 mL of
acetone, and MHHPA (4.3 g, 0.026 mol) was added
for sufficient mechanical stirring, then 1% (relative to
the total mass of LCE, and MHHPA) BDMA as
accelerator was added to the mixture, after mixing
uniformly, evaporated under reduced pressure, and
removed most of the solvent, then cast the mixture
into the mold, and removed the solvent again under
vacuum. Then, the temperature was raised, and the
curing was carried out in stages at 110 °C for 3 h,
140 °C for 5 h, and 170 °C for 2 h.

Surface modification of SBA-15
and preparation of SBA-15/LCE; composite

Before surface modification, the mesoporous silica
was placed in a vacuum drying oven at 200 °C for
24 h; then, 2 g of activated SBA-15 was dispersed in
30 mL of toluene at room temperature ultrasonically
and 1 g of silane coupling agent dropwise and con-
tinue ultrasonic dispersion for 1 h. Subsequently, the
mixed solution was heated to 80 °C and refluxed for
6 h. After the reaction, the hybrid solution was suc-
tion-filtered and washed with toluene several times;
finally, silane coupling agent-modified SBA-15
nanoparticles were obtained by drying in a vacuum
drying oven. Figure 1 shows a schematic diagram of
the modification process of mesoporous SBA-15.

The SBA-15/LCE,; composite was prepared by
in situ polymerization. First, under the cutting-edge
ultrasonic treatment, the stoichiometric ratio of LCEy,
KH560-SBA-15, MHHPA, and BDMA (Table 1) was
ultrasonically dispersed in toluene for 1.5 h. Then,
the mixture was mixed with a Thinky Mixer
(ARE250. Thinky) at 5000r/min stir at a rate of 1 h;
after removing most of the solvent, we cast the mix-
ture into a mold and removed the solvent again
under vacuum. Then, the temperature was raised,
and the curing was carried out in stages at 110 °C for
3 h, 140 °C for 5 h, and 170 °C for 2 h. Figure 1 shows
the schematic diagram of the preparation process of
the composites.
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Figure 1 Schematic diagram of the surface modification of mesoporous SBA-15 and the preparation process of SBA-15/LCE,

composites.

Table 1 The formula of liquid

crystal epoxy resin composite Samples LCE,4 KHS560-SBA-15 /LCE,4 composites(wt%)
0.1 0.5 1.0 1.5 2.0
LCE4/g 10.0 10.0 10.0 10.0 10.0 10.0
MHHPA/g 8.8 8.8 8.8 8.8 8.8 8.8
BDMA/g 0.18 0.18 0.18 0.18 0.18 0.18
KH560-SBA-15/g 0.00 0.02 0.10 0.19 0.29 0.39

Characterization

Fourier transform infrared (FT-IR) spectroscopy was
recorded on a German Bruker TENSOR 27 Fourier
transform infrared spectrometer. The sample was
mixed with KBr powder and pressed into a thin
sheet. The measured spectrum range was 4000 to
400 cm ™!

"H NMR and *C NMR spectra were recorded on a
BRUKER AVANCE 400 spectrometer at room tem-
perature, and the samples use CDCl; as a solvent.

A polarized light optical microscopy (Orthoglan,
LEITZ, Germany with hot stage and temperature
controller) was used to investigate the liquid crystal
phase structure of the LCE4. A small amount of the
mixture of LCE,, MHHPA, and BDMA was placed on
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a glass slide, and then, the glass slide was placed on a
hot stage to increase the temperature for curing, and
the formation of the liquid crystal phase was studied.

The crystal structure of the cured resins was
studied with wide-angle X-ray diffraction (WAXD).
The diffraction patterns were recorded with a Rigaku
diffractometer (D/MAX-1200), using monochromatic
CuKo radiation (40 kV, 30 mA), and the scanning
speed was 4°/min.

Fully automatic specific surface and porosity ana-
lyzer (BET, Mike 2460) were used to measure the
nitrogen adsorption—desorption isotherm under a
nitrogen atmosphere to obtain the nanopore size and
specific surface area of the SBA-15 before and after
modification were obtained. Before the test, the SBA-
15 particles were preheated at 200 °C for 24 h.
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Scanning electron microscope was used to observe
the dispersibility of mesoporous SBA-15 in the
composites.

A broadband dielectric spectrometer (Agilent 4294
A) was used to study the dielectric properties of the
composites. The temperature was 25 °C, the fre-
quency was 1 Hz to 1 MHz, and the sample size was
15 mm x 15 mm x 1 mm.

Differential scanning calorimetry (DSC) was
examined via a TA Instrument NETZSCH DSC 200F3
to acquire glass transition (pure LCE, and SBA-15/
LCE4 composites). The measurements were heated
from 25 to 250 °C with heating and cooling rates of
10 °C/min.

In the tensile mode, a dynamic thermomechanical
analyzer (DMA, TA-Q800) was used to measure the
dynamic thermomechanical properties. A sample
with a size of 30 mm x 5 mm x 2 mm was scanned
from 25 to 300 °C, the heating rate was 5 °C/min, the
amplitude was 25 um, and the frequency was 1 Hz.

The thermal stability of the composites was ana-
lyzed by a thermogravimetric analyzer (PE TGAB8000,
USA), and the test was conducted under nitrogen at a
heating rate of 10 °C /min from 30 to 800 °C.

A universal testing machine (SHT5000 Shenzhen
SANS testing machine) was used to conduct a tensile
test on the composites, and the strain rate was tested
at a rate of 3 mm/min.

A contact angle measuring instrument (Shanghai
Zhongchen Digital Technology Equipment Co., Ltd.
JC2000C type) was used to test the water contact
angle of the composites.

The water absorption test was measured by the
gravimetric method. A 15 mm x 15 mm x 1 mm
sample was polished and dried in a vacuum oven at a
constant temperature of 100 °C for one week. Then, it
was soaked in deionized water. During the period, it
was regularly eliminated from the water and wiped
dry with a paper towel, then weighed it on an elec-
tronic balance of 1/10000, repeated the test for each
sample three times, and calculated the average value.

Results and discussion

Synthesis and characterization of liquid
crystal epoxy resin

Using 4,4'-dihydroxy biphenyl and 6-bromo-1-hex-
ene as basic raw materials, a liquid crystal epoxy
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resin matrix with flexible chains was prepared by a
two-step synthesis method. Previous studies had
reported that introducing a flexible spacer between
the mesogenic nucleus and the reactive group could
effectively reduce the melting point of LCE; and
improve the stability of the mesophase [43-48]. It was
worth mentioning that LCE, was prepared by epox-
idation of olefins. Usually, the reaction took about a
week at room temperature. In this study, two meth-
ods of ice-water bath and heating reflux were used in
the preparation process. It only took a day to com-
plete. FT-IR and NMR confirmed the successful
preparation of a high-purity LCE, matrix. It could be
obtained from Fig. 2a that the characteristic absorp-
tion peak of phenol -OH at 3362 cm ™' disappeared
before and after the 4,4'-dihydroxy biphenyl reaction,
and new ones appeared 2939 cm™' and 2873 cm™ .
The absorption peak of -CH,— and the appearance of
a new absorption peak of -C=C- near 1642 cm™'
could prove the formation of a further monomer L.
In addition, the absorption peak of -C=C- to
1642 cm ™' disappeared after the L, monomer was
oxidized, which can be seen from Fig. 2b. Similarly,
the chemical shift of H and the chemical change of C
at each position in "H NMR and ">C NMR could be a
one-to-one correspondence. The above results fully
proved the successful preparation of the liquid crys-
tal epoxy resin matrix (LCE,).

The liquid crystal phase structure
and curing mechanism of LCE,/MHHPA

In this study, biphenyl is invoked as the liquid crystal
rigid unit, combined with the appropriate flexible
segment main chain, the perfect combination of
rigidity and flexibility, giving LCE; unique liquid
crystal properties [27]. POM and XRD analyzed the
liquid crystal phase structure of LCE,. The polarizing
microscope images of cured LCE;/MHHPA are
shown in Fig. 3, and birefringence could be observed
in all POM images. With the extension of curing time,
the density of liquid crystal microdomains could be
observed to increase gradually, indicating the exis-
tence of the liquid crystal phase, which was mainly
due to the interaction between polarized light and the
highly ordered structure of liquid crystal molecules.
Figure 3f shows that the liquid crystal microdomain
density is highest when the curing time was 180 min.
At the same time, the “schlieren-like” structure could
be observed in all POM images.
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Figure 2 a IR spectra of 4,4’-dihydroxybiphenyl (L) and 4,4'-dihydroxybiphenyl derivatives (L4), b 4,4'-dihydroxybiphenyl derivatives

(Ly), and IR spectra of liquid crystal epoxy (LCE,).

Figure 3 Polarized optical microscope (POM) images of LCE, cured by MHHPA at 140 °C a 76 min, b 85 min, ¢ 105 min, d 120 min,

e 140 min, f 180 min.

The room-temperature wide-angle X-ray diffrac-
tion (WAXD) pattern of LCE, cured with MHHPA at
140 °C is shown in Fig. 4b. It offered a robust and
broad peak at 20 = 19.8°. The interplanar spacing
d = 4.49 A was calculated by the Bragg equation. The
diffraction peak at this position represented the
nematic structure in LCE,4, corresponding to the lat-
eral stacking of liquid crystal molecules [49]. The
curing mechanism of LCE; is shown in Fig. 4a,
including early linear chain extension, then branch-
ing, and finally cross-linking, which may have a

@ Springer

significant impact on the mesogenic orientation and
structure of the liquid crystal epoxy resin [21]. Fig-
ure 4c shows the uniaxial orientation and nematic
structure model of LCE,, which was more helpful in
understanding mesogenic units’ direction. Based on
the orderly and highly cross-linked characteristics of
LCE,, its application prospects will be more and
more extensive.
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LCE4,/MHHPA (the inset is the POM diagram); (c) the uniaxially oriented nematic phase structure of LCE,/MHHPA model diagram.
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Surface modification and characterization
of mesoporous silica SBA-15

In this study, silane coupling agent KH560 was used
to modify the surface of mesoporous SBA-15. The
whole modification process was mainly divided into
three steps: firstly, KH560 was hydrolyzed to pro-
duce Si-OH. Secondly, the Si-OH obtained by the
hydrolysis and the -OH on the surface of the meso-
porous SBA-15 was dehydrated to form an
oligosiloxane. Finally, in the process of heating and
dehydration, KH560 was combined with the charac-
ter of mesoporous SBA-15 in the form of covalent
bonds to complete the modification of mesoporous
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~
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Figure 5 a The FTIR spectrum of SBA-15 before and after
modification; b the TGA curve of SBA-15 before, and after
modification; ¢ the pore size distribution curve of SBA-15 before
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SBA-15. Through chemical modification, the inor-
ganic phase and the organic phase could be closely
combined, which significantly enhanced the interfa-
cial adhesion and improved the material’s perfor-
mance [50, 51]. Figure 5a shows the FTIR image of
SBA-15 before and after modification. As could be
seen from the figure, the characteristic absorption
peak of mesoporous SBA-15 at 3425 cm™' was the
stretching vibration of Si-OH. After being modified
by KH560, it widened, indicating that the Si-OH of
SBA-15 nanoparticles reacts chemically with the
alkoxy group in KH560. In addition, a new absorp-
tion peak appeared at 2912 cm ™' after modification of
mesoporous SBA-15, which could be attributed to the

120
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and after modification; d the N, adsorption—desorption isotherm of
SBA-15 before and after modification.



J Mater Sci (2022) 57:1156-1173

symmetric stretching vibration of —-CH,-. Surpris-
ingly, however, no characteristic absorption peak was
observed near 910 cm™" for the epoxy group, possi-
bly because the peak was covered by the strong
absorption peak of the Si-O-Si antisymmetric
stretching vibration at 1094 cm™'. Figure 5b shows
the thermal weight loss analysis of the SBA-15
nanoparticles before and after modification. It could
be seen from the figure that the KH560-modified
SBA-15 nanoparticles lose weight with the increased
of temperature, and the weight loss rate was about
10%. In contrast, for the unmodified SBA-15
nanoparticles the mesoporous SBA-15 has not
changed.

Figure 5c and d shows the BJH pore size distribu-
tion diagram and N, adsorption—-desorption isotherm
of mesoporous SBA-15 measured by the automatic
specific surface area and porosity analyzer at 77 K. It
could be seen from the figure that according to the
classification of IUPAC mesoporous SBA-15 was
behaved as a typical Langmuir IV isotherm with a
clear H; hysteresis loop, indicating that it had the
distinctive characteristics of a porous material. At the
same time, it showed that the modification did not
destroy its pore structure [52-54]. The changes in
specific surface area, pore volume, and pore diameter
of mesoporous SBA-15 before and after modification
are shown in Table 2.

Through characterization methods such as FT-IR,
TGA, BET, and BJH pore size distribution, it could be
seen that the characteristic absorption peak, thermal
weight loss, specific surface area, and pore size of Si-
OH before and after the modification had changed
significantly, indicating that KH560 affects meso-
porous SBA-15 the modification of was triumphant.

Scanning electron microscope analysis
of SBA-15/LCE, composite

The SEM images of LCE,; and SBA-15/LCE; com-
posites are illustrated in Fig. 6; the dispersibility of
mesoporous SBA-15 in LCE, varies with the amount
of addition. When the addition amount of meso-
porous SBA-15 was 0.5 wt%, the dispersibility of
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mesoporous SBA-15 and LCE; was good, and the
result is shown in Fig. 6b. To further verify the
excellent dispersibility of mesoporous SBA-15 and
LCE, when the additional amount is 0.5 wt%, we had
done EDS element analysis to illustrate it. The results
are shown in Fig. 6d, e, and f; C, N, O, Si, and other
elements all showed excellent dispersibility, which
confirmed that the mesoporous SBA-15 and LCE,
could be dispersed well. However, when the amount
of mesoporous SBA-15 added was 2.0 wt%, there was
some agglomeration of mesoporous SBA-15 in the
composite, and the result is shown in Fig. 6c.

Dielectric properties and potential
applications of SBA-15/LCE, composite

Low dielectric constant (Dk) and low dielectric loss
(Df) epoxy resins and their composites are expected
to play an increasingly important role in high-per-
formance microelectronic devices and electronic
packaging materials [21]. Therefore, new epoxy
resins and composites with low dielectric constant
and low dielectric loss were desirable. In this study,
LCE4 with a liquid crystal phase structure was pre-
pared and used as a resin matrix to mix with modi-
fied mesoporous SBA-15 nanoparticles to prepare
SBA-15/LCE, composites. The effect of the addition
of mesoporous SBA-15 on the broadband dielectric
properties of the composites is shown in Fig. 7.
Figure 7a and b shows the dielectric constant and
dielectric loss of pure LCE; and the composites at
25 °C and frequencies from 1 Hz to 1 MHz. It can be
seen from Fig. 7a and b that the dielectric constant
and dielectric loss of pure LCE, at high frequency
were 3.12 and 0.036. However, what is exciting is that
the dielectric constant and dielectric loss of the
composites gradually decrease with the increase in
mesoporous SBA-15 content. When the addition
amount of mesoporous SBA-15 was 0.5 wt%, the
dielectric constant and dielectric loss of the compos-
ites were reduced to the lowest of about 2.35 and
0.025, which were decreased, respectively, compared
with pure LCE, 24.7% and 31%. The reason for the
significant decrease in the dielectric constant and

Table 2 Structural parameters

Surface area (m?/ 2)

Pore volume (cm3/g) Pore size (nm)

of SBA-15 before and after Sample
modification SBA-15 438.68
KH560-SBA-15 312.44

0.42 7.43
0.27 6.05
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Figure 6 SEM images of SBA-15/LCE, composites: a pure wt%, d, e, f the EDS mapping result of the SBA-15/LCE,4
LCE,4, b 0.5-SBA-15/LCE, when the additive amount was 0.5 composite when the added amount was 0.5 wt%.
wt%, (c) 2.0- SBA-15/LCE, when the additive amount was 2.0

a b
G 0052
—=—Pure LCE, —=—Pure LCE,
74 —e—0.1-SBA-15/LCE, 0.07 —e—0.1-SBA-15/LCE,
—+—0.5-SBA-15/LCE, —+—0.5-SBA-15/LCE,

o 61 —v— 1.0-SBA-15/LCE, 0.06 —v— 1.0-SBA-15/LCE,
8 —+—1.5-SBA-15/LCE, " —+— 1.5-SBA-15/LCE,
g
2 S-W —<—2.0-SBA-15/LCE, £ 0.05 —<—2.0-SBA-15/LCE,
=] 2]
9 —
g 4 . ——s N £ 0.04
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< 3 92 = 0.03
2 5] 0.02
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Figure 7 Dielectric constant diagrams a and dielectric loss diagram b of pure LCE4 and SBA-15/LCE4 composites.

dielectric loss was mainly due to the internal struc- the air could be introduced into the mesopores dur-
ture of LCE, and mesoporous SBA-15, as well as the ing the preparation of the composites, thereby sig-
dispersibility of mesoporous SBA-15 in composites. nificantly reducing the dielectric constant. On the

The order of the orientation structure and the other hand, the dispersibility of the KH560-modified
gradual increase in the packing density of the mesoporous SBA-15 in the composites was improved
mesogenic unit in LCE, can effectively hinder the so that the inorganic phase and the organic phase
movement of molecular chains in the applied alter- were tightly combined, which enhanced the interfa-
nating electric field and reduce the dielectric constant cial adhesion and further improved the dielectric
and dielectric loss of the composite. In addition, since =~ performance. However, with increasing content of
air has a low dielectric constant (DK=& 1), air voids mesopore SBA-15, the dielectric constant and dielec-
could be used to effectively reduce the dielectric tric loss of the composite showed a growing trend
constant of composites [55, 56]. In this work, the when the additional amount was 1.5 wt% and 2.0
mesoporous SBA-15 has a large pore size. A part of = wt%, compared with that of pure LCE4. The reason
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could be that with the increase of mesoporous SBA-
15 content, the dispersity of mesoporous SBA-15 in
the composites gradually becomes worse and finally
leaded to the agglomeration of mesoporous SBA-15
nanoparticles. Previous studies had shown that
adding too much mesoporous SBA-15 will cause
aggregation and poor dispersion, reducing the air
volume [37]. Thus, the dielectric constant and
dielectric loss are increased. Therefore, when the
additional amount of mesoporous SBA-15 was 0.5
wt%, the effect of reducing the dielectric constant and
the dielectric loss of the composites was significant.

Hydrophobicity of SBA-15/LCE, composite

The water contact angle of the prepared samples was
measured to study the wettability of LCE, and SBA-
15/LCE4 composites. As shown in Fig. 8a, the contact
angle of pure LCE, before adding SBA-15 was 82°.
Meanwhile, compared with LCE,, the composites
were more hydrophobic. When the addition amount
of SBA-15 was 0.1 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%,
and 2.0 wt%, the water contact angles of the com-
posite were 90.2°, 96°, 94.6°, 90.8°, 85.4°. This was
primarily attributed to the hydrophilic group (-OH)
on the surface of SBA-15 changed into the
hydrophobic group after KH560 modification and the
dispersion difference of SBA-15. As shown in Fig. 8a,
with the increased of SBA-15 content, the water
contact angle increased and then decreased. When
the content of SBA-15 increased gradually, more
SBA-15 aggregates would occur, leading to uneven
dispersion of the composites, resulting in poor

(a)

100

95 4

90 4

85

Water contact angle(°)

80 1

75 T T T T
0.0 0.5 1.0 1.5 2.0

Contents of SBA-15 (wt%)
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compatibility and increased porosity between SBA-15
and LCE,. Therefore, when the additional amount of
SBA-15 exceeded 0.5 wt%, the water contact angle
showed a decreasing trend.

Figure 8b shows the water absorption capacity of
LCE, and the composites. In this study, the water
absorption of the prepared sample was evaluated
according to the weight difference between LCE, and
the composites before and after soaking in deionized
water. When different samples were soaked at room
temperature for 24 h, the water absorption rate of
pure LCE, was 0.54%, and the addition amount was
0.1 wt %, 0.5 wt %, 1.0 wt %, 1.5 wt %, and 2.0 wt %.
The water absorption rates of the composites were
0.34%, 0.28%, 0.38%, 0.46%, and 0.51%, respectively.
Under the condition of the low additional amount,
SBA-15 and LCE, were uniformly distributed in the
resin matrix to form a compact inorganic-organic
hybrid composites, which hindered the penetration
of oxygen and water to a certain extent water
absorption. However, with the increase of SBA-15
addition, SBA-15 may aggregate and lead to more
porosity. Therefore, low addition of SBA-15 could
effectively reduce the water absorption of the
composites.

Thermomechanical properties of SBA-15/
LCE, composite

Glass transition temperature (Tg) is an important
performance index used to measure thermoset
materials. In this study, DSC and DMA were used to
characterize the Tg of SBA-15/LCE, composites, as

(b)

0.7

0.6

0.5 —ﬁ 27
0.4- 7/

0.3 1

0.2 4

Water absorption(%)

0.1 4

0.0 T T T T T T
0.0 0.1 0.5 1.0 1.5 2.0

Contents of SBA-15 (wt%)

Figure 8 Water contact angle a and water absorption b of pure LCE4 and SBA-15/LCE, composites.
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shown in Fig. 9 and Fig. 10. The datum is summa-
rized in Table 3. Obviously, with the addition of
mesoporous SBA-15, the Tg of the composites chan-
ged. It was worth noting that the Tg of the composite
increased by 16 °C compared with that of pure LCE,
when the addition amount was 0.5 wt%, reaching a
maximum of 101 °C. However, with the increase of
SBA-15, the Tg of the composites decreased. The
change of Tg of the composite was related to the pore
structure of SBA-15 and the cross-link density of the
composite. With the increase of mesoporous SBA-15
content, the cross-linking density of the composites
increased slightly. (The cross-linking density is cal-
culated by Eq. 1.) At the same time, the pore struc-
ture of SBA-15 restricted the movement of molecular
chains, increasing Tg. In addition, the Tg of the
composites was closely related to the dispersion
between SBA-15 and LCE,. Under the condition of

1.4
(b) —=—Pure LCE,
1.2 - ——0.1-SBA-15/LCE,
—+—(.5-SBA-15/LCE,
1.0 4 —+—1.0-SBA-15/LCE,
—+—1.5-SBA-15/LCE,
508 ~——2.0-SBA-15/LCE,
S
&
2 0.6
)
-
0.4 4
0.2 4
0.0 4
30 60 920 120 150 180
Temperature (°C)

Figure 10 DMA curves of pure LCE, and SBA-15/LCE, composites.

Table 3 Glass transition temperature (Tg), storage modulus at Tg + 30 °C (Elr), cross-link density (v,) and thermal weight loss (T;ge,
Ts00,) of pure LCE4 and SBA-15/LCE,4 composites

Sample Tg (OC) E/r Vy Tiov% Tso%
DSC DMA (MPa) (g mol™1) ©C) ©C)
Pure LCE,4 79 85 5.32 550 344 395
0.1-SBA-15/LCE4 81 87 7.19 739 354 397
0.5-SBA-15/LCE4 92 101 11.22 1113 346 396
1.0-SBA-15/LCE4 90 100 10.12 1007 350 399
1.5-SBA-15/LCE4 86 94 9.81 991 351 398
2.0-SBA-15/LCE4 84 93 7.96 806 348 397
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low addition, the homogeneous dispersion of SBA-15
and LCE,; enhanced the interaction force between
inorganic and organic phases, which further
improved the Tg. Unfortunately, when the additional
amount of SBA-15 exceeded 1.0 wt%, a slight
agglomeration phenomenon occurred between SBA-
15 and LCE,, weakening the interaction force
between the inorganic and organic phases, which
results in a decrease in Tg.

E'r = 3v,RT, (1)

where E'r represents the rubber platform modulus at
Tg + 30 °C, R represents the gas mole constant, T,
represents the Kelvin temperature at Tg + 30 °C.
The thermal decomposition behavior of LCE, and
SBA-15/LCE, composites was compared by TGA in
the temperature range of 50-800 °C. The specific data
are given in Fig. 11 and Table 3. It could be seen from
the figure that LCE,; and the composites degraded
through one step, indicating that there was a good
phase connection between mesoporous SBA-15 and
LCE4 matrix, and KH560 was successfully grafted to
the surface of mesoporous SBA-15 and that water and
other volatile substances were not present in the
composite [57, 58]. It can be seen from Table 3 that
with the gradual increase in the addition of meso-
porous SBA-15, the thermal decomposition tempera-
tures of the composites in Tipy, and Tspq were
significantly increased compared with that of pure
LCE,4, which proved that the addition of mesoporous
SBA-15 into LCE, could improve the thermal stability
of composites. The improvement of thermal stability

1004 —— _,__\»\
80 -
S
Z  60-
k=
2 404
o Pure LCE,
2 ——0.1-SBA-15/LCE,
204 ——0.5-SBA-15/LCE,
——1.0-SBA-15/LCE,
——1.5-SBA-15/LCE,
01 ——20-sBA-15LCE,

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 11 TGA diagram of pure LCE; and SBA-15/LCE4
composites.
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could be attributed to the good thermal stability of
LCE4 and mesoporous SBA-15. In addition, the most
critical factor was that LCE; and the modified
mesoporous SBA-15 form a close cross-linking net-
work under the action of a curing agent, which
enhanced the interaction.

Figure 12 shows the mechanical properties of the
prepared LCE; and SBA-15/LCE; composites,
including tensile strength (Fig. 12a), tensile modulus
(Fig. 12b), elongation at break (Fig. 12c), and stress—
strain curves (Fig. 12d); the specific values are shown
in Table 4. Interestingly, it can be seen from Fig. 12a
that as the mass fraction of mesoporous SBA-15
increased from 0 wt% (49.35 MPa) to 0.5 wt%
(55.44 MPa), the tensile strength of the SBA-15/LCE,
composite increased. However, with the gradual
increase of mesoporous SBA-15 content of 1.0 wt%
(51.62 MPa), 1.5 wt% (50.63 MPa), 2.0 wt%
(49.17 MPa), the tensile strength of SBA-15/LCE,
composites decreased. This phenomenon originated
from the strong interaction between mesoporous
SBA-15 and LCE, evenly dispersed on the one hand
and with the appropriate affinity and chemical
interaction between SBA-15 and LCE, on the other
hand. Compared with the 0.5-SBA-15/LCE; com-
posites, the tensile strength decreased when the
addition amount was 1.0 wt%, 1.5 wt%, and 2.0 wt%,
which could be attributed to the slight agglomeration
phenomenon in the mesopore SBA-15 of LCE, matrix
with the increase of the addition amount of mesopore
SBA-15. Most importantly, the elongation at break of
the 0.5- SBA-15/LCE; composite was 5.07%,
increasing 33.1% compared with pure LCE,.

Conclusions

In this work, a LCE, consisting of flexible chain and
rigid mesogenic units was prepared and thermally
cured by MHHPA. The mechanism of the curing
reaction and the liquid crystal phase structure was
studied. The results showed that with the progress of
the cross-linking and curing reaction, a nematic lig-
uid crystal with a “schlieren-like” structure was
observed, and the microdomain density of the liquid
crystal gradually increased. Due to the introduction
of mesogenic elements, the dielectric constant and
dielectric loss of the prepared LCE,/MHHPA sam-
ples were as low as 3.25 and 0.036, which were sig-
nificantly better than ordinary epoxy resins. Even
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Figure 12 The tensile strength of SBA-15/LCE, composites a; the tensile modulus parameter of SBA-15/LCE, composites b; the
elongation at break of SBA-15/LCE,4 composites ¢; SBA-15 /LCE,4 composite of stress—strain curve d.

Table 4 Mechanical

properties of LCE, and SBA- Sample Tensile strength (MPa) Tensile modulus (GPa)  Elongation at break (%)

I5/LCE, composite materials oy g, 4935 £ 1.97 1.44 % 0.03 3.81 & 0.32
0.1-SBA-15/LCE;  50.05 £+ 3.86 1.46 £+ 0.08 5.00 £ 0.25
0.5-SBA-15/LCE4 55.44 £ 2.98 1.56 + 0.07 5.07 £ 0.21
1.0-SBA-15/LCE;  51.62 £ 2.59 1.44 £+ 0.04 499 +£0.23
1.5-SBA-15/LCE;  50.63 £ 2.88 1.47 £ 0.09 397 £0.27
2.0-SBA-15/LCE;  49.17 £+ 4.41 1.55 4+ 0.03 3.86 £ 0.24

compared with the liquid crystal epoxy resin systems
studied by Zhang et al. [24], Liu et al. [25], Guo et al.
[59], they all have different degrees of reduction.
Secondly, the mesoporous SBA-15 was surface-func-
tionalized with KH560, and then, it was used as a
low-dielectric hydrophobic filler uniformly dispersed
in the liquid crystal epoxy resin to prepare the cor-
responding SBA-15/LCE,; composites. The results

@ Springer

showed that KH560 successfully modified the surface
of mesoporous SBA-15, and the composites exhibited
better  dielectric, thermal, mechanical, and
hydrophobic properties than pure LCE,. Specifically,
when the additional amount of mesopore SBA-15
was 0.5 wt%, the dielectric constant and dielectric
loss of the composites were 2.35 and 0.025, which
decreased 24.7% and 31%, respectively, compared
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with pure LCE,. The Tg of the composite was 101 °C,
which was 16 °C higher of pure LCE,. In addition,
the introduction of mesoporous SBA-15 made the
hydrophobicity, thermal stability, and mechanical
properties of the composites significantly improved
compared with pure LCE4, which makes it have a
broad application prospect in electronic packaging,
electrical, and electronic fields.
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