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Effect of the Structure of Epoxy Monomers and Curing Agents:
Toward Making Intrinsically Highly Thermally Conductive and Low-
Dielectric Epoxy Resins
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The low intrinsic thermal conduction and high High intrinsic thermal conductivity: 0.38 W/(m'K)
dielectric properties of epoxy resins have significantly limited their Low dielectric constant: 2.75 at 1 MHz; 2.72 at 10 GHz
applications in electrical and electronic devices with high Q\? > > &
integration, high frequency, high power, and miniaturization. ~ o r(_,- (N

Herein, a liquid crystalline epoxy (LCE) monomer with a biphenyl fS= \'ﬁ;\\ﬁ:~h» Y
mesogenic unit was first synthesized through an efficient one-step
reaction. Subsequently, bisphenol AF (BPAF) containing low-
polarizable —CF; groups and 4,4’-diaminodiphenylmethane
(DDM) were applied to cure the LCE and commercial diglycidyl
ether of bisphenol A-type epoxy (E-S1), respectively, to afford four
kinds of epoxy resins with various intrinsic thermal conductivity
and dielectricity values. Owing to the dual effect of microscopically
stacking of mesogens and the contribution of fluorine to the
formation of liquid crystallinity, ordered microstructures of the nematic liquid crystal phase were formed within the cross-linking
network of LCE as confirmed by polarized optical microscopy and X-ray diffraction. Consequently, phonon scattering was
suppressed, and the intrinsic thermal conductivity was improved considerably to 0.38 W/(m:K), nearly twice as high as that of E-S1
cured with DDM (0.20 W/(m-K)). Additionally, the ordered microstructure and ultralow polar —CF; groups within LCE cured with
BPAF enabled the epoxy resin to exhibit a remarkably lower and stable dielectric constant (¢) and dielectric loss tangent (tan §) over
both low and high frequencies compared to E-51 cured with DDM. The ¢ decreased from 3.40 to 2.72 while the tan & decreased
from 0.044 to 0.038 at 10 GHz. This work presents a scalable and facile strategy for breaking the bottleneck of making epoxy resins
simultaneously with high inherent thermal conduction and low dielectric performance.
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addition, with the growth of high-speed and high-frequency

Nowadays, the rapid advancement of science and technology communication technology, information processing and trans-
largely depends on the support of high-performance materials. mission should be very fast to ensure the stability and fidelity
Epoxy resins are widely utilized in electronic packaging, of electromagnetic signals and to avoid signal propagation

copper-clad plates, printed circuit boards, semiconductors,
wireless base stations, and other electronic information,
communication, and electrical fields ascribed to their high
strength, superb electrical insulation, chemical corrosion
resistance, low coefficient of linear expansion, low shrinkage, efficient heat dissipation in order to address these pressing
as well as easy processability and low cost.”” However, thermal management and electromagnetic wave transmission
electronic and electrical devices are developing toward high
density, high integration, high power, and miniaturization.
Consequently, the packing density is also increasing exponen-
tially.” These inevitably cause the substantial increase of heat
generation and accumulation,”” which would bring adverse
effects to the stability, reliability, durability, and service life of
components or even burnout or explosion in some extreme
circumstances.®’ Therefore, packaging materials and substrates
with efficient heat dissipation are urgently required.'’”"” In

delay, attenuation, and crosstalk. Therefore, the substrates and

packaging materials should possess low dielectric constant (&)

13,14

and dielectric loss tangent (tan &) values in addition to the

challenges.
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Scheme 1. Schematic Diagram of the Synthetic Route of LCE
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Scheme 2. Schematic Diagram of the Synthetic Steps of Different Epoxy Resins (the Ether Group was Drawn for Simplicity
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However, conventional epoxy resins normally generate an
unordered cross-linked network after curing, resulting in severe
phonon scattering and thus a low inherent thermal
conductivity of merely around 0.2 W/(m-K).'®"” Additionally,
very polar groups including hydroxyl, imide, or ester will be
generated alongside the ring-opening of the epoxy group
during curing, hence forming dipole or interfacial polarization.
Thereby, the ¢ and tan 6 will be increased, which in turn will
cause the accumulation of heat to the substrate as tand
corresponds to the amount of electrical energy converted to
heat under an external electric field.'®'” Meanwhile, it also
leads to signal loss or distortion.”” Therefore, developing epoxy
resins with both high intrinsic thermal conductivity and low
dielectricity will further broaden their applications and
promote the development of high-tech electronic products.
Nevertheless, most of the reported studies only focus singly on
either the intrinsic thermal conductivity or the dielectric
properties as it is still a tough challenge to balance high
intrinsic thermal conductivity and low dielectric constant and
dielectric loss."”

The thermal conductivities of polymers enhance with
increasing the phonon mean free path, which is inversely
correlated to the phonon scattering.”">* Therefore, enhancing
the degree of crystallinity or the molecular chain orientation of
polymers is considered an effective means of increasing the
phonon mean free path.”> Previous researchers mainly
introduced liquid crystal units'” such as biphenyl,”* fused
benzene rings,”® or aryl esters’>”’ into epoxy monomers or
curing agents”® to improve the regularity of the microstructure
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within the cross-linking network of epoxy resins. The phonon
scattering is then suppressed through the formation of 7—n
stacking, thus enhancing the intrinsic thermal conductivity.””
In addition, the ordered arrangement will inhibit the
occurrence of dipole polarization, thereby decreasing the
dielectric permittivity and dielectric loss. However, introducing
a liquid crystal group into the epoxy molecule usually requires
multistep reactions and tedious purification processes,”” which
prolongs the duration of synthesis and increases the cost of
use, not to mention the difficulty of scaling up. The
enhancement of the intrinsic thermal conduction of epoxy
resins can also be realized by adjusting the way of curing or the
topology of the polymer network. Jang et al.** used a cationic
initiator instead of a traditional amine cross-linker to linearly
weave epoxy groups, which were tethered to the aligned liquid
crystalline units. The intrinsic thermal conduction of the
obtained epoxy resins was enhanced by 141%. Zhang et al.*’
fabricated an interlocked liquid crystalline epoxy (LCE)
copolymer network through topological reorganization enabled
by the dynamic Schiff base bond and the Diels—Alder bond.
The thermal conduction of the interlocked polymer network
was improved to 0.329 W/(m-K) from 0.218 and 0.255 W/(m-
K) of the parent single polymer networks.

According to the Debye equation,” the dielectric constant
and dielectric loss of polymers can be reduced by introducing
chemical bonds or functional groups with low molecular
polarizability, increasing the proportion of free volume, or by
introducing porous structures to decrease the polar molecule
number per unit volume.'>*>~>° For instance, by introducing

https://doi.org/10.1021/jacsau.3c00582
JACS Au 2023, 3, 3424-3435


https://pubs.acs.org/doi/10.1021/jacsau.3c00582?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00582?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00582?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00582?fig=sch2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Figure 1. POM images of LCE taken at different temperatures of the heating and cooling steps.

polyhedral oligomeric silsesquioxanes (POSS),** a kind of
organic—inorganic hybrid material containing a nanoporous
structure, researchers have prepared epoxy resins with a low
dielectric constant and dielectric loss.'"* However, POSS are
usually very expensive. Besides, there is always an interface
generated between the inorganic phase and the organic phase,
resulting in severe interfacial polarization, which is unfavorable
to the reduction of dielectric permittivity. Furthermore, the
introduction of porous structures will hinder the close-packing
interactions of molecular chains within the cross-linking
network. This will cause an aggravation of phonon scattering
and decrease the thermal conductivity. As is known, the ring-
opening reaction between an amine and an epoxy group will
generate highly polar hydroxyl groups. In order to avoid this
reaction, Zhang et al.” synthesized a series of bifunctional
silylamines to copolymerize with E-51. Due to the silylotropic
N-to-O migration, which forms low-polar silyloxyl rather than
the hydroxyl group, the epoxy copolymers exhibited remark-
ably low & and tan d. Furthermore, researchers also prepared
epoxy resins with low dielectric properties by applying an
anhydride curing agent’” or introducing imide moieties®® and
low-polarizable C—Si**** or C—F"'~* bonds. Meanwhile,
introducing fluorine has been shown to greatly increase the
formation of liquid crystallinity,"” thereby enhancing the heat
conduction efliciency. However, making epoxy resins simulta-
neously with increased intrinsic thermal conduction and very
low dielectric properties is still challenging and has rarely been
reported so far.

In this work, an LCE monomer containing a biphenyl
mesogenic unit was first synthesized through a facile and
efficient one-step reaction (Scheme 1). Subsequently,
commercially available low-polarizable —CF; groups contain-
ing bisphenol AF (BPAF) and 4,4'-diaminodiphenylmethane
(DDM) were applied as cross-linkers to cure LCE and
commercial E-51, respectively, to prepare four kinds of epoxy
resins with various intrinsic thermal conductivity and
dielectricity values (samples denoted as LCE + BPAF, LCE
+ DDM, E-51 + BPAF, and E-51 + DDM, Scheme 2). The
effect of the structures of epoxy monomers and curing agents
regarding the intrinsic thermal conductivity, dielectric proper-
ties, insulation performance, thermomechanical properties,
thermal stability, and hydrophobicity of the prepared epoxy
resins was systematically explored. This study presents a
convenient and scalable method for preparing epoxy resins that
simultaneously exhibit a high intrinsic thermal conductivity
and low dielectric performance. The developed materials are
expected to find prosperous applications in the fields of
electronic packaging, copper-clad plates, and printed circuit
boards, which require both very low permittivity and high
intrinsic thermal conductivity for a high quality of electro-
magnetic signal transmission and effective heat dissipation.
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4,4'-Dihydroxybiphenyl (BP, 97%), epichlorohydrin (ECH, 98%),
and bisphenol AF (BPAF, 98%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Isopropyl alcohol (IPA, 99.5%) and 4,4'-diaminodiphenylmethane
(DDM, 97%) were obtained from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). Sodium hydroxide (NaOH, analytical grade)
and absolute ethanol (EtOH, analytical grade) were supplied by
Guangdong Guanghua Technology Co., Ltd. (Guangdong, China).
Bisphenol A epoxy resin (E-51, chemically pure) was purchased from
Laizhou Baichen Insulation Materials Co., Ltd. (Shandong, China).
All of the materials were used as received without further treatment.

The synthetic step of LCE is shown in Scheme 1. Specifically, BP (10
g, 54 mmol), deionized water (9.5 mL), IPA (33 mL), and ECH (42.5
mL, 64.2 mmol) were added to a three-necked flask equipped with a
stirring bar and then put into an oil bath at 90 °C. After the mixture
became transparent, 9.5 mL of NaOH solution (4.65 g of NaOH
dissolved in 19 mL of water) was added dropwise within 1 h. The
reaction was then proceeded for 1 h, and the remaining NaOH
solution was added dropwise within 1 h. Then, the reaction was
continued for one more hour. After the reaction, the mixture was
cooled to room temperature and a large amount of solid was
precipitated. The solid was filtered and washed sequentially with
water, ethanol—water mixture (1:1 by volume), and ethanol. The
product of LCE was obtained after drying in an oven at 60 °C as a
white solid with a yield of 89.7%.

A certain amount of LCE and BPAF (the molar ratio of hydroxyl
group to epoxy group was 1:1) was mixed and heated to 120 °C to
melt and then stirred evenly; then, it was poured into a preheated
mold of 120 °C. The mixture was degassed under a vacuum and cured
at 150 °C for 4 h without applying pressure to obtain the cured epoxy
resin (denoted as LCE + BPAF). The other epoxy resins of LCE
cured with DDM (denoted as LCE + DDM), E-51 cured with BPAF
(denoted as E-S1 + BPAF), and E-S1 cured with DDM (denoted as
E-S1 + DDM) were prepared with a stoichiometric amount according
to the same procedures with LCE + BPAF. In order to compare the
effect of the curing temperature to the thermal conductivity and
dielectricity of the epoxy resins, control samples cured at 180 °C were
also prepared following the same procedure described above.

LCE possessed the simplest mesogen unit, and its structure
was confirmed by 'H and "*C nuclear magnetic resonance
(NMR, Figure S1) as well as Fourier transform infrared (FT-
IR, Figure S2) spectroscopy. The liquid crystalline behavior of
LCE was first investigated using differential scanning
calorimetry (DSC) analysis and polarized optical microscopy
(POM). The DSC curves of the LCE (Figure S3) showed two
peaks during both the heating and cooling stages. The
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Table 1. DMA and TGA Data of LCE + DDM, E-51 + DDM, LCE + BPAF, and E-51 + BPAF Resins Cured at 150 °C

weight loss temperature

(°C) “
samples S wt % 30 wt % Tteat-resistance index. (_C)
LCE + DDM 340.0 366.0 174.2
E-51 + DDM 348.0 3734 178.0
LCE + BPAF 288.4 409.4 176.9
E-51 + BPAF 249.8 408.7 169.1

b

T, (°C) E'Y (MPa) v, (mol m™3) final carbon residue (wt %)
199.0 1977.1 3758.2 22.5
182.0 1423.7 1948.2 13.1
137.4 17129 32.7 12.4
124.0 1832.2 26.8 7.1

T teatresistance index = 049 X [T + 0.6 X (T30 — Ts)], where Ty and T;, correspond to temperatures of 5 and 30 wt % weight loss, respectively. “Data

at 30 °C.
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Figure 2. Thermal conductivities (a), infrared thermal imaging photos (b), XRD curves (c), and POM images at 25 °C (d) of E-51 + DDM, E-51 +

BPAF, LCE + DDM, and LCE + BPAF resins cured at 150 °C.

endothermic peak at 149 °C during heating corresponded to
the transformation of LCE from the crystal state to the liquid
crystal phase, while the peak at 154 °C indicated the
transformation from the liquid crystal phase to the isotropic
liquid state. The two endothermic peaks of 145 and 137 °C
during the cooling process corresponded to the conversion
from the isotropic liquid state to the liquid crystal stage and
then to the crystal stage, respectively. Meanwhile, as shown in
the POM images (Figure 1) taken at different temperatures
during the heating process, the crystalline phase was observed
at 30 °C as LCE exhibited a clear birefringence as observed in
the visual area. As the temperature was raised to 142 °C, LCE
showed a fluidic feature, implying the emergence of the liquid
crystal phase. As the temperature increased higher, the
birefringence decreased gradually and completely disappeared
until the isotropic liquid state at 160 °C. Notably, this
phenomenon was reversible as a similar but reverse trend was
observed upon cooling. The DSC and POM analyses were
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consistent, both indicating that LCE was bidirectional
thermotropic liquid crystalline, and the liquid crystal forming
temperature window was 142—158 °C.

The curing behaviors of LCE and E-51 cured with BPAF and
DDM were first investigated by dynamic DSC (Figure S4). In
contrast to the DDM-cured epoxy resins, which showed
exothermic reactions starting from ~100 °C, the BPAF-cured
epoxy resins exhibited curing reactions beginning at ~165 °C
at the heating rate of 10 °C/min. Besides, the LCE + BPAF
resin showed the highest exothermic peak temperature of 263
°C, followed by 238, 157, and 136 °C of E-51 + BPAF, LCE +
DDM, and E-51 + DDM resins, respectively.

This is because, on the one hand, the nitrogen atom on the
amine group in DDM contains lone-pair electrons, where the
electron cloud density is high. Thus, nitrogen is more likely to
attacking the electron-deficient carbon atom in the epoxy

https://doi.org/10.1021/jacsau.3c00582
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group, resulting in the nucleophilic ring-opening reaction. On
the other hand, there is a conjugation effect between the
phenolic hydroxyl group and the benzene ring in BPAF, and
the electron cloud density around the hydroxyl group is
relatively low, which is not conducive to attack the electron-
deficient carbon atom in the epoxy group. However, the
phenolic hydroxyl group is acidic and can provide protons;
therefore, the hydrogen atom in the phenolic hydroxyl group
can combine with the oxygen atom in the epoxy group, leading
to an electrophilic ring-opening reaction. Due to the higher
electron cloud density around the nitrogen atom, DDM has a
higher reactivity with the epoxy group than BPAF, resulting in
the higher exothermic curing reaction peak temperatures of
LCE and E-51 when cured with BPAF. Furthermore, since
LCE contains a biphenyl group, it causes a stronger
conjugation effect with the epoxy group than E-S1.
Consequently, the electron cloud density in the oxygen atom
of the epoxy group in LCE is relatively lower; thus, the
electrophilic ring-opening reaction is more difficult to occur.
Therefore, the exothermic peak temperature of LCE + BPAF
was the highest, while that of E-51 + DDM was the lowest. In
addition, the exothermic peaks of LCE and E-51 cured with
DDM were much stronger, indicating a more intense curing
reaction and higher cross-linking density (confirmed by
dynamic mechanical analysis (DMA), Table 1).

In order to obtain high thermal conduction, LCE should be
cured within the liquid crystalline formation temperature
window so as to maintain the ordered liquid crystalline
structure.”” Therefore, 150 °C was selected to be the curing
temperature for LCE as it exhibited the most liquid crystalline
state as confirmed by POM. In order to keep the curing
conditions consistent and the results comparable, E-51 was
also cured at 150 °C. It is worth mentioning that the optimal
temperatures for the curing reactions of LCE and E-51 with
BPAF were higher than 150 °C. Therefore, the curing duration
was extended to ensure complete curing for all of the resins.
According to Fourier transform infrared (FT-IR) spectroscopy
(Figure SS), the curing of all of the epoxies could be fully
completed after 4 h because the characteristic peaks of epoxy
groups at 913 cm™" disappeared completely. Besides, the signal
at around 3400 cm™' associated with the hydroxyl groups in
BPAF and E-51 weakened gradually as the curing reaction
proceeded. It needs to be noted that secondary hydroxyl
groups would be generated after the epoxy ring-opening.” The
absence of the signal after curing might be ascribed to the very
small amount of hydroxyl groups, which cannot be detected.
The epoxy resins after curing were then analyzed by DSC, and
no remaining curing exothermic peak was evident from the
thermograms of the heating process (Figure S6), confirming all
of the epoxies were fully cured.””*** Besides, no increase of
the storage modulus (E’) was observed when heated during
the DMA test (see below), which further confirmed the
complete curing of all of the epoxy resins (cured samples
shown in Figure S7).

As shown in Figure 2a, the cured epoxy resin of LCE +
BPAF exhibited the highest thermal conductivity (1) of 0.38
W/(m'K), which was approximately two times higher
compared to the 0.20 W/(m-K) of the conventional E-51 +
DDM resin. Meanwhile, the LCE + DDM and E-51 + BPAF
resin systems showed A values of 0.36 and 0.28 W/(m-K),
respectively. The infrared thermal imaging in Figure 2b
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exhibited a consistent result. The LCE + BPAF resin showed
the highest surface temperature when heated for the same time
and demonstrated the fastest heating rate by reaching 80 °C
after 15 s (Figure S8), confirming it had the highest thermal
conduction capacity.

The lower thermal conductivities of cured E-51-based epoxy
resins were due to the absence of liquid crystallinity, where no
ordered regions were formed to reduce phonon scattering. The
enhancement of thermal conductivity for LCE + BPAF
originated from the highly oriented biphenyl mesogen packing
structures with 7—7 interactions within the cured network.
Consequently, random orientation of the molecular chains was
reduced, and thereby, the phonon scattering was suppressed
and minimized because of the harmonic molecular lattice
vibrations through the ordered liquid crystalline structure.
Consequently, the heat conduction efficiency will be greatly
improved, making the A value higher than that of the cured
resin without LCE. In contrast, the ordered mesogenic
structure was distorted to some extent when LCE was cross-
linked with DDM as the amine and epoxy groups formed a
restricted bond angle;30 thus, stronger phonon scattering will
be caused, leading to a slightly lower thermal conductivity. On
the other hand, fluorine is conducive to the formation of liquid
crystallinity within the network of LCE cured with BPAF,
providing more pathways for thermal conduction and resulting
in a higher thermal conductivity. It should be noted that due to
the amorphous regions presented in the network of cured LCE
resins, the domains of microscopic anisotropic structures
formed by ordered mesogens would be disordered. Therefore,
the thermal conductivities were macroscopically isotropic for
LCE-based epoxy resins.

In order to further investigate the connection between the
microstructure and thermal conduction of the cured epoxy
resins, an X-ray diffraction (XRD) analysis was conducted
(Figure 2c). In contrast to the E-S1 + BPAF and E-S1 + DDM
resins, which showed a broad diffuse peak, implying the
formation of an amorphous microstructure within the
copolymer matrix, a strong diffraction peak at 20 = 19.4 and
17.6° corresponding to peaks of uncured LCE (Figure S9) was
observed for LCE + BPAF and LCE + DDM resins,
respectively. This revealed the presence of a regular crystal-
like structure within the cured networks, suggesting that the
liquid crystalline structure was successfully frozen. Besides, no
signals were present in the small angles of 20 = 5—10° in the
XRD curves, which proved the formation of a nematic liquid
crystalline phase.*® It is noteworthy that the diffraction peaks
of cured LCE-based samples were weaker compared with that
of the LCE monomer. This is ascribed to the fact that the
curing agents that lack the mesogenic units will make the
mesogenic groups hard to aggregate on a large scale and the
cross-linked network will also generate hindrance for the
formation of ordered regions.31 However, a smaller scale of
regular regions was still formed due to the irresistible tendency
of mesogen aggregating. Furthermore, the interplanar spacings
between the mesogenic units of LCE + BPAF and LCE +
DDM resins calculated by the Bragg formula®” (2d sin 6 = n4,
where 1 is the wavelength) were 0.457 and 0.498 nm,
respectively, which demonstrated a higher density of
crystallinity in the cured network of LCE + BPAF than LCE
+ DDM. POM was further employed to characterize the
microstructure of the cured epoxy resins (Figure 2d). LCE +
BPAF and LCE + DDM exhibited a birefringence pattern at
room temperature (25 °C), suggesting a crystal-like phase
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Figure 3. Dynamic POM images taken at different temperatures between 100 and 250 °C during heating (heating rate was 10 °C/min) of LCE +

BPAF (a—a”) and LCE + DDM (b—b") resins cured at 150 °C.
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Figure 4. The € (a, ¢) and tan § (b, d) values of LCE + BPAF, LCE + DDM, E-51 + BPAF, and E-51 + DDM resins cured at 150 °C at 10°~10° Hz

and 8.4—12.4 GHz, respectively.

structure, whereas no birefringence was observed for E-S1 +
BPAF and E-S1 + DDM resins at both 25 °C and higher
temperatures (Figure S10). Notably, the birefringence
characteristic remained unchanged when LCE + BPAF and
LCE + DDM were heated to 250 °C (Figure 3), indicating that
the ordered liquid crystalline microstructure was successfully
fixed and thus the efficiency of phonon transport was
enhanced.

In order to address the importance of temperature on the
formation of the liquid crystalline phase, the epoxy resins cured
at 180 °C, which were out of the liquid crystalline formation
temperature window of LCE, were also analyzed by XRD. As
revealed in Figure S11, broad diffuse peaks were present for
LCE + BPAF and LCE + DDM resins, indicating that the
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epoxy resins were amorphous, which would enhance the
phonon scattering and cause a decrease of the heat transfer
efficiency. This can be confirmed by the lower thermal
conductivities of 0.31 and 0.29 W/(m-K) for LCE + BPAF and
LCE + DDM resins cured at 180 °C, respectively (Figure S12).
It is worth mentioning that nearly identical peaks and thermal
conductivities were displayed for E-51 + BPAF and E-51 +
DDM resins cured at 180 °C (Figures S11 and S12) to those
cured at 150 °C, demonstrating the amorphous microstructure
was not affected by temperature. These results highlighted that
temperature was a critical factor for the formation of a well-

ordered liquid crystalline structure.
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Figure 5. Theoretical ITI?, IT'1% and A values of LCE + BPAF, LCE + DDM, E-51 + BPAF, and E-51 + DDM resins cured at 150 °C at 10°~10° Hz

(a, b) and 8.4—12.4 GHz (c, d).

The dielectric performance (& and tan §) of the four epoxy
resins at the low frequency of 10°—~10° Hz and high frequency
of 8.4—12.4 GHz are displayed in Figure 4. As expected, the
LCE + BPAF resin showed the lowest & and tan d values at
both low and high frequencies, remarkably lower than those of
commercial E-51 cured with the DDM resin. Specifically, the
LCE + BPAF resin exhibited a € value of 2.75 and a tan § value
of 0.015 at 10° Hz, while LCE + DDM, E-51 + BPAF, and E-
51 + DDM resins demonstrated & values of 2.91, 3.17, and
3.44, and tan 6 values of 0.024, 0.029, and 0.03S, respectively
(Figure 4a,b). For the high frequency of 10 GHz, the ¢ and
tan 6 values of LCE + BPAF were 2.72 and 0.038, while the &
and tan 0 values of LCE + DDM, E-51 + BPAF, and E-S1 +
DDM resins were 2.87, 3.15, and 3.40, and 0.041, 0.042, and
0.044, respectively (Figure 4c,d).

It is worth mentioning that at the low frequency of 10°~10°
Hz, the € values of the four epoxy resins decreased slightly with
the increase of frequency. This is ascribed to the fact that the
electron, atomic, and dipole polarization can catch up with the
change of the electric field at lower frequencies, whereas only
the electron polarization and atomic polarization can catch up
with the change of the electric field at higher frequencies,
resulting in decreased e.”® In addition, all four epoxy resins
exhibited fluctuating tan 6 values, which might be caused by
the dipolar relaxation.”” Notably, the LCE + BPAF resin
exhibited not only ultralow but also very stable £ and tand
values at high frequencies of 8.4—12.4 GHz, which is quite
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essential for both high-speed and high-frequency circuit
applications to ensure reliability during operation. Excitedly,
the LCE + BPAF resin showed an even lower ¢ value than
some common commercial low-dielectric polymeric materials,
for instance, cyanate ester resin (¢ ~ 3.0),”* polyimide (e ~
3.1), and benzocyclobutene resin (¢ ~ 2.8).*

The decreased ¢ and tané of LCE + BPAF was mainly
caused by the reduction of the dipole polarity ascribed to the
low polarizable —CF; groups, which weakened the polarization
of electrons resulting from the external electric field.>! Besides,
the regular biphenyl liquid crystal mesogens improved the
ordering of the cured network, which reduced the dipole
polarization in the cured resin. This effect can be verified by
the higher & of 2.84 and tan § of 0.018 at 10° Hz when LCE
was cured with BPAF at 180 °C (Figure S13), where an
amorphous microstructure was demonstrated. However, the &
and tan 0 of E-51 cured at 180 °C with either BPAF or DDM
remained unchanged. Additionally, the fluorine atom in BPAF
had a large molecular free volume,*? resulting in the decreased
density of dipoles. Furthermore, the rigid biphenyl structure
restricted the mobility of the chain segment, which caused the
reduction of distortion polarization. The above factors jointly
endowed the LCE + BPAF resin with the lowest € and tan &
values. Besides, the effect of temperature on ¢ and tan d of all
epoxy resins was further explored between 20 and 240 °C
under the frequency of 1 MHz (Figure S14). Exhilaratingly,
both the ¢ and tané of LCE-based epoxy resins remained
constant during the whole temperature range. These results
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suggest that the dielectric properties of LCE-based epoxy
resins possessed good temperature stability at 1 MHz. This can
be ascribed to the rigid biphenyl mesogens and the ordered
microstructure that restrict the thermal motions of molecular
chains and dipolar polarization. It is worth mentioning that E-
S1-based epoxy resins also held the € and tan 6 values during
the whole temperature range. This might be caused by the
complete curing and the high cross-linking density (Table 1),
which reduce the dipolar polarization.

When transmitting through the dielectrics, electromagnetic
wave reflection on the surface and energy loss inside the
material would occur, resulting in electromagnetic wave loss.
The theoretical electromagnetic wave transmittance (ITI?),
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reflection coefficient (I[1?), and energy loss (A) can be
calculated by eqs 1-3"° in accordance with the law of
conservation of energy.

_ 2nde tan o
(8 — sin®9)"/* (1)
2
I = (e — sin®0)"/* — ¢ cos 0
(e — sin® )% + € cos 0 (2)
A+ITP + 1P =1 ®3)
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where 0 represents the electromagnetic wave incident angle, d
corresponds to the dielectric material thickness, A is the
electromagnetic wavelength, and € and tan § are the dielectric
constant and dielectric loss tangent values of the dielectric
material, respectively. According to these equations, ITI* is
inversely correlated with the values of € and tan 6. Therefore,
decreasing € and tan § will improve the wave transmittance. As
displayed in Figure S, the LCE + BPAF resin had the lowest
IT* and the highest ITI* of 93.9% at 10° Hz, higher than those
of LCE + DDM, E-51 + BPAF, and E-51 + DDM resins, which
were 93.2, 92.1, and 91.0%, respectively. Besides, the ITI* of the
LCE + BPAF resin was 94.0% at the high frequency of 8.4—
12.4 GHz, which was also higher than 93.3, 92.2, and 91.2% of
LCE + DDM, E-51 + BPAF, and E-51 + DDM resins,
respectively. This can be explained by the impedance matching
theory.”* The smaller the impedance difference between the
load phase and the transmission phase (air), the lesser the
reflection that occurs. Besides, the lower the tan §, the lesser
the energy that would be dissipated. Therefore, the lowest & of
the LCE + BPAF resin represented the smallest impedance
difference between the transmission phase and the epoxy resin,
thereby illustrating the lowest I[1* and the highest ITI>. In
addition, the A values of all of the epoxy resins were way lower
compared with I[1* (Figure 5b,d), implying reflection loss was
the main way that caused the electromagnetic wave energy
reduction.

The electrical breakdown strength and volume electrical
resistivity of different epoxy resins were also explored. As
shown in Figure 6a, there was a marginal difference among the
breakdown strength values of 18.36, 19.83, 16.17, and 19.25
kV/mm for LCE + BPAF, LCE + DDM, E-51 + BPAF, and E-
51 + DDM resins, respectively. Besides, the volume electrical
resistivity of all four epoxy resins exceeded 10" Q-cm. The
volume resistivity (Figure 6b) of the LCE + BPAF resin was
2.7 X 10" Q-cm, which was slightly lower than 4.5 X 10'* and
4.2 x 10" Q-cm for the LCE + DDM resin and the E-51 +
DDM resin, respectively, but slightly higher than 2.3 X 10" Q-
cm of the E-51 + BPAF resin. The biphenyl mesogen
containing LCE formed an ordered and low polarizable
network, which increased the electrical insulation. Besides,
the cross-linking density of the epoxy resin cured with DDM
was higher than that cured with BPAF (see below in Table 1),
which reduced the defects of the curing network and thus
increased the volume resistivity. However, the conjugated
effect between the regular biphenyl units of LCE would
facilitate electron transfer, which would decrease the volume
electrical resistivity. Therefore, the LCE + DDM resin had the
highest electrical breakdown strength and volume resistivity.
Nevertheless, the LCE + BPAF resin exhibited comparable and
desirable electrical insulation performance with respect to the
commercial E-51 resin, as materials are generally considered to
be igrésulating if the volume resistivity is higher than 10'* Q-
cm.”

The thermomechanical and thermal behaviors were examined
with DMA and thermal gravimetric analysis (TGA), and the
characteristic data are presented in Table 1. In comparison
with the commercial E-51 cured with DDM, other three epoxy
resins showed a much improved storage modulus (E’) in the
glassy region (Figure 7a). The E’ values of LCE + DDM, E-51
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+ BPAF, LCE + BPAF, and E-51 + DDM resins were 1977.1,
1832.2, 1712.9, and 1423.7 MPa at 30 °C, respectively. The
highest E’ value of LCE + DDM could be ascribed to the rigid
biphenyl liquid crystal unit of LCE, the enlarged molecular free
volume by C—F bonds, and the highest cross-linking density
(v,,°° Table 1), which facilitated the load transfer. Additionally,
the LCE + DDM resin showed the highest glass-transition
temperature ( T,, determined from the peak temperature of the
loss factor in Figure 7b) of 199.0 °C, while E-S1 + DDM, LCE
+ BPAF, and E-S1 + BPAF resins exhibited gradually decreased
T, values of 182.0, 137.4, and 124.0 °C, respectively. This can
be partly ascribed to the regular arrangement of the rigid
biphenyl unit in LCE. Besides, the epoxy resins cross-linked
with DDM had a higher cross-linking density than BPAF.
These two factors would restrict the chain movement to
increase the T,. However, the large free volume of the —CF;
group was beneficial for the chain end movement, which
caused a decrease of T,. Consequently, LCE + DDM exhibited
the highest T, It is noteworthy that, due to the strong
electronegativity of fluorine and the high energy of C—F
bonds, the intermolecular interactions increase, thus restricting
the movement of molecular chains. It will cause phase lag
between stress and strain, significantly increase the loss factor
and loss modulus, and extend the damping temperature range.
This phenomenon is clearly evident in Figures 7b and S15,
where a significantly increased loss factor and loss modulus and
a wider damping temperature range were observed for LCE +
BPAF and E-51 + BPAF resins. At the same time, the four
epoxy resins barely lost weight before 300 °C as observed from
the TGA curves, indicating good heat resistance. The
maximum weight loss of LCE + BPAF and E-S1 + BPAF
occurred at 380—450 °C, which were higher than the 350—400
°C of LCE + DDM and E-51 + DDM (Figure 7c). This was
ascribed to the high energy of C—F bonds in BPAF, which
required a higher temperature to break. Additionally, LCE +
BPAF, LCE + DDM, and E-51 + DDM resins showed
relatively constant heat resistance indexes (Tyg)” of 176.9,
174.2, and 178.0 °C, while the E-51 + BPAF resin showed a
slightly lower Typg; of 169.1 °C. Besides, the LCE + DDM resin
displayed the highest final carbon residue of 22.5%, while the
E-51 + BPAF resin exhibited the lowest of 7.1%, which was
consistent with the above analysis.

Hydrophobicity is also an essential property for electronic
packaging and insulating materials, as water molecules in the
surrounding environment will penetrate the material, which
would increase the dielectric constant and dielectric loss,
decrease the insulation and reliability, and speed up the
deterioration of the materials. As displayed in Figure 7d, the
water contact angle of the LCE + BPAF resin increased
drastically to 91.5 from 73.3° of the E-51 + DDM resin,
followed by 84.2 and 83.1° of E-51 + BPAF and LCE + DDM
resins, respectively. The increased water contact angle was
primarily caused by the fluorine-containing —CF; groups. This
is because, in addition to the low polarizability, the fluorine
atom is hydrophobic with a very low surface energy ascribed to
the low interaction force with air. Furthermore, the ordered
arrangement formed by the rigid biphenyl mesogens in LCE
could inhibit water absorption, which also contributed to the
improved hydrophobicity of the LCE + BPAF resin.

To conclude, a facile and scalable strategy to make epoxy resins
simultaneously with high inherent thermal conductivity and
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low dielectric performance by coupling the dual effect of liquid
crystallinity and fluorine has been developed. The effect of the
molecular structures of epoxy monomers and curing agents on
intrinsic thermal conduction and dielectricity has been
investigated. Owing to the dual effect of microscopically
stacking of mesogens in LCE and the contribution of fluorine,
ordered microstructures of the nematic liquid crystal phase
were formed within the cross-linking network of the epoxy
resins. Consequently, the phonon scattering was suppressed,
and thus, the intrinsic thermal conductivity was improved. In
addition, the very low polarizable —CF; groups in BPAF and
the regular arrangement of LCE enabled the epoxy resin to
achieve very low and stable € and tan § at both low and high
frequencies. The intrinsic thermal conductivity of LCE cured
with the BPAF (LCE + BPAF) resin increased considerably to
0.38 W/(m-K), nearly twice as high as the 0.20 W/(m‘K) of
the commercial E-51 cured with DDM. Furthermore, the
corresponding & of the LCE + BPAF resin decreased
remarkably from 3.40 to 2.72 while the tan & decreased from
0.044 to 0.038 at 10 GHz. Besides, the LCE + BPAF resin
showed desirable electrical insulation, high thermal stability,
and a much improved hydrophobicity. This work presents a
convenient approach for breaking the bottleneck of making
epoxy resins with both high intrinsic thermal conductivity and
low dielectric performance that have been rarely investigated.
Although there are some reported epoxy resins with singly
higher intrinsic thermal conductivity or lower & and tan§,
more complicated synthetic and purification procedures were
employed (Table S1). This, however, lowers the benefit of
thermal conductivity and low dielectricity. The prepared
materials in this work are expected to be applied in various
areas of electronic packaging, copper-clad plates, printed circuit
boards, and semiconductors.
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