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Abstract
With  the  rapid  development  of  high-frequency  electronic  devices  toward  greater
integration  and power  density,  electronic  packaging  materials  that  simultaneously  offer
high  thermal  conductivity  and  low  dielectric  loss  are  urgently  needed.  However,
constructing an effective thermal conduction network typically requires high filler loadings,
which in turn increase interfacial thermal resistance and raise dielectric loss. To address
this challenge, a strategy is proposed that utilizes the liquid crystal orientation behavior of
thermotropic  liquid  crystal  polyarylate  (LCP)  to  control  the  ordered  arrangement  of
functionalized boron nitride (BN-G). During melt processing, highly oriented LCP molecular
chains form in-situ microfibrillar structures along the shear flow direction, which align BN-G
and facilitate continuous thermal conduction pathways at low filler loadings. These results
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demonstrate that BN-G is uniformly distributed in an ordered fashion along the in-plane direction within the LCP
matrix.  The  LCP-BN-G  composite  with  20  wt%  filler  loading  achieved  an  in-plane  thermal  conductivity  of
1.45 W·m-1·K-1, representing a 196.5% increase over pure LCP, while maintaining a low dielectric constant of 3.36 and
dissipation  factor  of  0.014  at  1  MHz.  In  summary,  a  feasible  approach  is  provided  herein  for  designing  high-
performance thermally conductive composites tailored for high-frequency and low-loss applications.

INTRODUCTION
The ever-increasing demand for miniaturized, highly integrated, and intelligent electronic devices imposes

higher requirements on material performance
[ 1 - 4 ]

. Polymer materials have been widely used in

microelectronic applications owing to their advantages such as easy processability, light weight, excellent

electrical insulation, good mechanical properties, and environmental resistance. In particular, with the rapid

advancement of high-frequency and high-speed communication technologies, polymer materials that

simultaneously exhibit heat dissipation capabilities and low dielectric loss have attracted significant attention.

In  recent  years ,  polymers  such  as  l iquid  crystal  polyarylate  (LCP),  polyimide  (PI) ,  and

polytetrafluoroethylene (PTFE) have been extensively applied in the electronics field because of their low

dielectric constants (D
k
)

[5,6]
. The inability of these materials to efficiently conduct heat

[7,8]
 (0.1-0.4 W·m

-1
·K

-1
)

results in severe heat accumulation within densely packed integrated circuits, compromising their reliability

and scalability. Consequently, there is an urgent need to develop polymer-based composites with high

thermal conductivity and low dielectric loss
[9]

.

As is well known, achieving a low D
k
 and high thermal conductivity simultaneously in polymer composites is

inherently difficult. On the one hand, conventional methods used to reduce D
k
 tend to disrupt the formation

of thermal conduction networks. On the other hand, introducing a large amount of thermally conductive

fillers to obtain high thermal conductivity can significantly compromise the dielectric properties of the

matrix. Therefore, achieving a balance between high thermal conductivity and a low dissipation factor

(tan δ/D
f
) has emerged as a critical challenge in high-frequency packaging materials. Hexagonal boron

nitride (h-BN) is considered an ideal filler for meeting the requirements of high thermal conductivity and

high-frequency insulation in electronic packaging owing to its excellent in-plane intrinsic thermal

conductivity
[10]

 (theoretical value of 400 W·m
-1

·K
-1

) and its wide bandgap of 5.5 eV
[11]

. However, h-BN

exhibits poor dispersibility in the matrix and tends to agglomerate easily. This uneven dispersion generates a

large number of polymer-filler interfaces within the composite, triggering severe phonon scattering and

interfacial polarization. To address this issue, filler surface modification is regarded as a key strategy to

reduce interfacial thermal resistance and interfacial polarization. Common methods include

hydroxylation
[12]

, polymer coating
[13]

, and mechanochemical exfoliation
[14]

. Peng et al. employed a diamine-

assisted mechanochemical exfoliation method to achieve efficient exfoliation of boron nitride nanosheets

and simultaneous amino-functionalization
[14]

. The matrix is composed of trifluoromethyl-containing PI and

microporous polyhedral oligomeric silsesquioxanes (POSS). The resulting 40 wt% f-BN/POSS/PI composite

exhibited an in-plane thermal conductivity 488% higher than that of the 40 wt% h-BN/POSS/PI composite,

with a D
k
 as low as 2.76 and a D

f
 of only 0.0042. These findings demonstrate that surface chemical

modification and structural design can effectively reduce interfacial thermal resistance and interfacial

polarization while preserving the low dielectric characteristics of h-BN. This approach provides a feasible

pathway for the development of high thermal conductivity polymer composites for high-frequency, low-loss

applications
[15]

.

Although surface modification effectively reduces interfacial polarization, conventional processing methods

typically result in a random distribution of h-BN within the polymer matrix, making it difficult for fillers to

connect effectively. Consequently, an extremely high filler loading is usually required to form a thermal
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Figure 1. Schematic illustration of the application of LCP-BN-G composites. (A) Backbone composition of LCP (B) Surface modification
process of BN; (C) Possible application scene of LCP-BN-G composite in electronic packaging. LCP: Liquid crystal polyarylate; BN-G:
functionalized boron nitride; h-BN: hexagonal boron nitride.

conduction network. However, high filler loadings not only exacerbate filler agglomeration and interfacial

thermal resistance, but may also compromise the mechanical properties and processability of the composite.

Thus, inducing the ordered arrangement of h-BN at low filler loadings is a critical challenge. To address this,

researchers have developed various strategies, including the use of external electric or magnetic fields to

induce the orientation of anisotropic fillers
[16]

, employing ice-templating methods
[17]

 to construct oriented

thermally conductive skeletons, and leveraging mechanical force fields
[18]

 (e.g., hot pressing, extrusion) to

promote filler alignment along specific directions. With their unique self-assembly behavior and long-range

ordered molecular arrangement, liquid crystals offer an effective means of controlling the ordered

distribution of thermally conductive fillers. Ma et al. constructed an ordered liquid crystal network in

polydimethylsiloxane using a liquid crystal crosslinker
[19]

. By leveraging the π-π stacking and orientational

interactions of liquid crystal units, locally ordered domains are formed. These domains effectively induce the

alignment of h-BN nanosheets along the orientation direction, thereby significantly improving filler

dispersion and interfacial compatibility. At a total filler loading of 30 wt%, the in-plane thermal conductivity

of the boron nitride nanosheets (BNNs)/liquid crystal polydimethylsiloxane (LC-PDMS) composite reached

12.50 W·m
-1
·K

-1
, a 68.5% improvement over the BNNs/PDMS composite (7.42 W·m

-1
·K

-1
). The orientation of

the liquid crystal induces the directional alignment of fillers along a specific direction. Such a strategy proves

effective for the design of high-performance thermally conductive materials
[16,20-22]

.

In this paper, a strategy is proposed for preparing composites with both low D
f
 and high thermal

conductivity by utilizing the characteristic of thermotropic LCP to form in situ microfibrillar structures

[Figure 1A]. Taking advantage of the highly aligned molecular chains during melt processing
[23]

, the in-situ

formed microfibrils facilitate the oriented arrangement of two-dimensional thermally conductive fillers.

First, h-BN was subjected to surface amino-functionalization modification using glycine
[24]

 to reduce

interfacial thermal resistance and suppress conduction loss [Figure 1B]. Subsequently, through liquid crystal

orientation induced in-situ fibrillation process, the modified h-BN was aligned orderly along the microfiber

direction. Thereby, continuous and efficient thermally conductive pathways were constructed at a relatively

low filler loading. The resulting LCP-BN-G composites with a filler loading of 20 wt% achieved an in-plane

thermal conductivity of 1.45 W·m
-1

·K
-1

, a 196.5% increase compared to pure LCP. Notably, they also

exhibited a low D
k
 (3.36) and D

f
 (0.014) at 1 MHz, demonstrating a significant enhancement in thermal

conductivity alongside retained low dielectric loss. The resultant LCP-BN-G retained excellent intrinsic

flame retardancy and good thermomechanical properties, thereby showing great potential for application in

high-frequency electronic packaging [Figure 1C].
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EXPERIMENTAL
Materials

The thermotropic LCP matrix was synthesized in our laboratory following a previously reported

procedure
[25]

. h-BN platelets with an average lateral size of 1-2 μm were purchased from Beijing Huawei

Ruike Chemical Technology Co., Ltd. (Beijing, China). 1,2,4-Trichlorobenzene was obtained from Shanghai

Titan Scientific Co., Ltd. (Shanghai, China). Glycine was supplied by Shanghai Yuanye Bio-Technology Co.,

Ltd. (Shanghai, China).

Preparation of BN-G fillers

The detailed synthesis procedure of BN-G is as follows: 4 g of h-BN, 1 g of glycine, and 100 mL of 1,2,4-

trichlorobenzene were placed in a 200 mL conical flask. The mixture was magnetically stirred at 300 rpm.

After homogenization at room temperature for 10 min, the temperature was raised to 210 °C (the boiling

point of the solvent) while maintaining the same stirring rate, and the reaction was carried out under reflux

for 24 h, yielding a gray suspension. After cooling to 70 °C, the mixture was subjected to suction filtration.

The obtained solid was washed repeatedly with ethanol and deionized water to eliminate unreacted glycine,

and then dried in a vacuum oven at 50 °C for 24 h.

LCP-BN-G composites

Before processing, LCP and BN-G were dried at 110 °C for 12 h. The LCP and BN-G were then uniformly

mixed using a pulverizer. Melt blending was carried out using a miniature twinscrew mixer (Model

HLY-6/18-C5, custom-made by Donghua University) with heating zone temperatures set at 180, 250, and

290 °C. The screws rotated at 60 rpm, and the melt reflux blending time was 5 min. After blending, the

extruded material was naturally cooled and pulverized to obtain LCP-BN-G thermally conductive

composites. The resulting composite samples were designated as LCP-BN-G-X, where X represents the BN-

G loadings of 5, 10, 15, and 20 wt%, respectively.

Characterizations

All characterizations and corresponding experimental details are described in the Supplementary Materials.

A complete list of instruments, including their manufacturers and models, is provided in Supplementary

Table 1.

RESULTS AND DISCUSSION
The surface chemical structures of pristine h-BN and the glycine-modified sample (BN-G) were investigated

by Fourier transform infrared (FT-IR) spectroscopy, and the corresponding spectra are presented in Figure

2A. In both spectra, the absorption peak at 1,345 cm
-1

 corresponds to the stretching vibration of the B–N

bond. The peak at 784 cm
-1

 is attributed to the bending vibration of B-N-B
[26]

. In the attenuated total

reflection-Fourier transform infrared spectroscopy (ATR-FTIR) spectra of the LCP-BN-G composites

[Supplementary Figure 1], the B–N stretching vibration and B-N-B bending vibration were clearly identified,

and their intensities gradually increased with increasing BN-G loading. Notably, the position and

transmittance of these peaks remained essentially unchanged after modification, indicating that the intrinsic

structure of BN was well preserved. In the spectrum of BN-G, several additional absorption features

emerged. A weak absorption peak at around 3,300 cm
-1

 can be assigned to the N–H bending vibration
[27]

,

while the absorption peak at 1,014 cm
-1

 corresponds to the C–O stretching vibration
[28]

. The appearance of

these new peaks indicates that glycine has been covalently grafted onto the BN surface.

Thermogravimetric analysis (TGA) was performed over a temperature range of 40-600 °C [Figure 2B] to

investigate the thermal stability of glycine, unmodified BN, and BN-G, thereby providing insight into the

presence of grafted glycine on the BN surface. Glycine began to decompose at around 200 °C, while BN-G
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Figure 2. Surface chemical characterization of pristine BN and BN-G. (A) FTIR spectra; (B) TGA curves; (C) XRD patterns; (D-F) High-
resolution XPS spectra and peak deconvolution results of BN-G corresponding to (D) B 1s, (E) N 1s, and (F) C 1s core levels, respectively.
BN-G: Functionalized boron nitride; FTIR: Fourier transform infrared; TGA: thermogravimetric analysis; XRD: X-ray diffraction; XPS: X-ray
photoelectron spectroscopy.

exhibited significant weight loss near 300 °C. In contrast, unmodified BN remained stable within this

temperature range, with no observable mass change
[29]

. The additional weight loss observed for BN-G

between 300 and 600 °C, further confirms the successful grafting of glycine onto the BN surface.

As shown in Figure 2C, after glycine modification, the crystal structure of boron nitride remains intact, with

the characteristic diffraction peaks of the (002) and (100) planes of h-BN still observable at 26.3°-26.9° and

41.7°-41.9°, respectively. The intensity ratio between the diffraction peaks of these two crystal planes (I
002

/I
100

)

exhibits no obvious change, indicating that the modification process does not alter the crystal structure of

boron nitride
[30]

. In contrast, compared with pristine BN, the full width at half maximum (FWHM) of the

(002) diffraction peak for BN-G increases, accompanied by a decrease in diffraction intensity

[Supplementary Figure 2]. This phenomenon is mainly ascribed to the X-ray absorption and scattering

effects arising from the grafted amorphous organic layer
[31]

. More importantly, the emergence of a diffraction

peak at approximately 21° and the broadening of the diffraction shoulder at 25.6° jointly confirm that glycine

has been covalently grafted onto the boron nitride surface and has undergone intermolecular self-

condensation
[32]

.

To further establish definitive evidence for the covalent grafting of glycine onto the BN surface, X-ray

photoelectron spectroscopy (XPS) analysis was conducted. As shown in Figure 2D-F, the high-resolution

core-level spectra of B 1s, N 1s, and C 1s were carefully deconvoluted. In the B 1s spectrum, a B–O peak at

192.0 eV appears alongside the dominant B–N peak at 190.5 eV, implying an interfacial chemical reaction

between BN and the carboxyl groups of glycine
[24]

. In the N 1s spectrum, besides the primary B–N peak at

398.1 eV, the detection of -NH
2
 (399.2 eV) and, critically, an amide O=C–N bond (400.4 eV) unequivocally

demonstrates the successful chemical grafting of glycine. The C 1s spectrum is reliably fitted with five
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distinct components corresponding to C–C (284.8 eV), C–O (285.8 eV), C=O (286.8 eV), N–C=O (287.9 eV),

and O–C=O (288.3 eV), collectively matching the chemical skeleton of the grafted glycine molecules
[33]

. In

conjunction with the aforementioned FTIR, TGA, and X-ray diffraction (XRD) analyses, these XPS results

provide conclusive evidence for the covalent binding of glycine to the BN surface.

The thermal behavior of LCP and its composites during two heating and cooling cycles was investigated by

differential scanning calorimetry (DSC) to evaluate the effect of BN-G incorporation on the segmental

dynamics of the LCP matrix [Figure 3A and B]. Both LCP and the composites exhibit a distinct glass

transition step at approximately 120 °C, suggesting that the presence of BN-G does not substantially impede

chain segment mobility. Accordingly, no significant shift in the glass transition temperature (T
g
) is observed.

TGA was conducted to assess the thermal stability of the LCP-BN-G composites, with the corresponding

data presented in Supplementary Table 2. As the BN-G content increased, the initial decomposition

temperature (T
d

5%
) of the composites exhibited a decreasing trend, dropping from 464 °C for pure LCP to

430 °C for LCP-BN-G-20 [Figure 3C]. This decrease in the initial decomposition temperature is closely

related to the surface modification of BN-G. As shown in Supplementary Figure 3, the unmodified BN

composite (LCP-BN) does not exhibit a similar reduction, indicating that the phenomenon is mainly

associated with the introduction of the modification layer rather than matrix degradation. Despite the

reduction in T
d

5%
 and the maximum decomposition temperature (T

dmax
) of all samples remained relatively

stable, which can be attributed to the rigid benzene ring structure of the LCP main chain
[34]

 [Figure 3D]. This

finding indicates that the LCP-BN-G composites can still maintain good thermal stability in the high-

temperature region. Furthermore, both the char yield at 600 °C (Y
C
@600 °C) and the maximum

decomposition rate showed a clear correlation with the BN-G content. Since h-BN does not decompose

within the tested temperature range, the thermal weight loss primarily originates from the thermal

degradation of the LCP matrix and the organic modification layer on the BN-G surface.

Understanding the thermomechanical properties of LCP and its composites is of great significance for

evaluating their suitability as thermal management materials. The samples were investigated using dynamic

thermomechanical analysis (DMA), and the results are shown in Figure 3E. After the introduction of BN-G,

the storage modulus (E′) of the composites was higher than that of pure LCP. Specifically, the storage

modulus of LCP-BN-G-20 reached 1,948 MPa at 50 °C, which is approximately 25% higher than that of the

pure LCP (1,556 MPa). This improvement is primarily attributed to both the good interfacial adhesion

between BN-G and the LCP matrix and the mechanical interlocking structure formed between them, which

effectively enhances stress transfer efficiency. As the temperature increased, all samples exhibited a decrease

in storage modulus by an order of magnitude around 120 °C, corresponding to a typical glass transition

behavior; subsequently, the modulus showed a gradual downward trend with increasing temperature.

Notably, that the glass transition temperature (T
g
) of the composites did not shift significantly with the

introduction of BN-G, consistently remaining within the range of 114-118 °C [Figure 3F]. This finding is

consistent with the glass transition step observed in the second DSC heating curve. These results indicate

that although the introduction of BN-G significantly enhances the storage modulus of the composites, it does

not impose significant constraints on the segmental mobility of the LCP molecular chains.

Azimuthal intensity profiles of the characteristic LCP peak at 2θ ≈ 20° were derived from the two-

dimensional wide-angle X-ray scattering (2D-WAXS) patterns to quantitatively assess the orientational

behavior of the LCP matrix upon BN-G incorporation. The diffraction rings corresponding to LCP exhibit

distinct brightened regions along the equatorial direction [Figure 4A], indicative of a preferential uniaxial

orientation, which is further confirmed by the azimuthal intensity profiles [Supplementary Figure 4]. Pure

LCP displays the sharpest peak with an FWHM of 77.2°, corresponding to an orientation degree of 57.1%,
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Figure 3. Thermal performance analysis of LCP and LCP-BN-Gs. (A and B) DSC curves during first cooling and second heating cycles at
20 °C/min; (C and D) TGA and corresponding DTG curves at 10 °C/min; (E and F) DMA storage modulus (E′) and tan δ at 5 °C/min. LCP:
Liquid crystal polyarylate; BN-G: functionalized boron nitride; DSC: differential scanning calorimetry; TGA: thermogravimetric analysis;
DTG: derivative thermogravimetry; DMA: dynamic thermomechanical analysis.

confirming that high shear stress effectively induces LCP nematic domains, consistent with the self-

orientation behavior of LCP reported in the literature
[35]

. Upon incorporation of 10 wt% BN-G, the FWHM

broadens to 85.6° (orientation degree ≈ 52.4%), and at 20 wt% BN-G, the FWHM narrows to 81.7°

(orientation degree ≈ 54.6%). Notably, the LCP matrix retains a substantial degree of orientation across all

filler loadings, indicating that the introduction of BN-G does not destructively interfere with the liquid

crystalline order of the LCP matrix. This preserved orientation capability of the LCP matrix is essential for
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templating the aligned dispersion of BN-G sheets and for constructing in-plane thermally conductive

pathways.

To investigate the crystallization behavior of the polymer matrix and the orientation of the filler, the samples

were analyzed using wide-angle X-ray diffraction (WXRD). As shown in Figure 4B, both pure LCP and its

composites exhibit a distinct diffraction peak around 2θ ≈ 20°. This peak is attributed to the characteristic

peak of the nematic liquid crystal structure formed by the LCP main chain
[23]

, indicating that the

introduction of BN-G does not disrupt the ordered arrangement of the LCP molecular chains. Notably, the

in-plane orientation degree of thermally conductive fillers is closely related to the in-plane thermal

conductivity of the resulting composite. In this study, the following formula was used to quantify the planar

orientation degree (φ) of BN-G
[36-38]

:

Here, I
002

 and I
100

 represent the diffraction peak intensities of the (002) crystal plane (corresponding to

horizontal orientation) and the (100) crystal plane (corresponding to vertical orientation) of BN-G,

                                                                                       

𝜑 =
𝐼002

𝐼002 + 𝐼100
× 100%

Figure 4. Effect of BN-G loading on the processing, structural, and functional properties of LCP composites. (A) 2D-WAXS patterns of LCP
and its BN-G composites; (B) Crystallization behavior curves of LCP-BN-Gs; Dielectric properties of LCP-BN-Gs: (C) Dielectric constant
and (D) dissipation factor; (E) Rheological behavior curves of LCP-BN-Gs; Thermal conduction properties of LCP-BN-Gs: (F) In-plane and
through-plane thermal diffusivity; and (G) In-plane and through-plane thermal conductivity (Error bars represent the standard error of the
mean from four independent measurements). BN-G: Functionalized boron nitride; LCP: liquid crystal polyarylate; 2D-WAXS: two-
dimensional wide-angle X-ray scattering.
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respectively. As shown in Supplementary Table 3, the φ value exhibits a clear dependence on BN-G content:

it increases progressively up to 15 wt% (reaching 88.90%) and then slightly decreases at 20 wt%. The upward

trend demonstrates that the intrinsic liquid crystal orientation of the LCP matrix can effectively guide the in-

plane alignment of BN-G sheets without the need for external fields. The slightly lower φ value at 20 wt%

compared to that at 15 wt% is attributed to the sharp increase in melt viscosity, which restricts the mobility

and rotation of BN-G sheets and thus compromises their macroscopic in-plane orientation.

For thermal management materials used in electronic devices, the dielectric constant (D
k
) and dissipation

factor (tan δ/D
f
) are also among the most concerning performance parameters. To investigate the impact to

introduce BN-G on the dielectric properties of LCP-BN-G composites, a broadband dielectric spectrometer

was used to measure their D
k
 and D

f
. Both LCP and its composites exhibited a strong frequency dependence

in their D
k
. This is due to a relaxation phenomenon where the dipole reversal cannot keep up with changes in

the electric field, manifesting as a decrease in D
k
 with increasing frequency. With the addition of the boron

nitride filler, the D
k
 of the composites showed a significant increase [Figure 4C]. This change primarily stems

from the intrinsic D
k
 of h-BN (ε ≈ 4

[39]
). From a composite perspective, as the filler concentration increases,

the number of two-phase interfaces correspondingly increases, enhancing the interfacial polarization effect,

which typically leads to a further increase in the D
f
. LCP-BN-G-20 exhibited a D

k
 of 3.36 and a D

f
 of 0.014 at

a test frequency of 1 MHz. These values indicate that although D
k
 moderately increases due to filler

incorporation, D
f
 remains low, and the overall dielectric performance can still satisfy the basic requirements

of most high-frequency, high-stability electronic devices for thermal management materials. Typically, the

introduction of inorganic fillers can increase D
f
 due to the interfacial polarization between the filler and the

resin matrix. Interestingly, the D
f
 of the composites did not increase with the introduction of BN-G, as

shown in Figure 4D. To further elucidate the specific role of the modification layer, we compared the

unmodified LCP-BN and modified LCP-BN-G composites at the same filler loadings [Supplementary Figure

5]. For dielectric constant, LCP-BN exhibits slightly higher D
k
 values than LCP-BN-G, which is attributable

to the low-polarity organic layer introduced by glycine functionalization. For dielectric loss, LCP-BN-G

shows a marginally higher D
f
 than LCP-BN due to the grafted polar groups; however, both composites

display substantially lower D
f
 than neat LCP. This comparison indicates that while the surface modification

moderately influences the dielectric parameters, the intrinsic nature of the BN filler plays a dominant role. It

is well known that D
f
 is divided into polarization loss and conduction loss

[40]
. For BN-G, its wide bandgap

characteristic of approximately 5.5 eV
[11]

 results in extremely low intrinsic conductivity. Therefore, the BN-G

embedded in the LCP resin matrix effectively reduces the concentration of charge carriers and suppresses the

leakage current formed by their migration
[41,42]

. This mechanism primarily reduces the conduction loss of the

material, thus playing a key role in lowering the overall D
f
 of the composite.

The rheological behavior of polymers is key to evaluating their processability and defining the processing

window. The complex melt viscosity of LCP and its composites exhibits a typical N-type trend, decreasing

slowly and then gradually rising [Figure 4E]. This behavior is a characteristic rheological response of LCP

under the combined effect of heat and shear, indicating that the introduction of BN-G does not disrupt the

liquid crystal structure of LCP. Specifically, the LCP-BN-G-5 composite exhibited a minimum complex

viscosity (|η*| ≈ 14.4 Pa·s) at around 339 °C. This behavior can be ascribed to the sheet-like morphology of

BN-G. At low filler contents, BN-G is able to align along the flow direction under shear stress. This ordered

arrangement significantly lowers the flow resistance of the composite system and thus improves the chain

mobility of the LCP matrix at high temperatures
[43]

. Comparative experiments [Supplementary Figure 6]

demonstrate that surface modification effectively reduces the melt viscosity of the composites at identical

filler loadings and improves their processability. More importantly, at a loading of 20 wt%, LCP-BN-G-20

exhibits the characteristic “N-type” viscosity–temperature curve of thermotropic liquid crystal polymers,

whereas the unmodified LCP-BN-20 does not show this feature, indicating that surface modification
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promotes the ordered alignment of LCP under shear flow. With a further increase in BN-G content, the

densely packed sheets cause physical confinement and steric hindrance, which restrict the mobility of LCP

chains near the filler surfaces. Control experiments with unmodified BN confirm that the viscosity rise at

higher loadings is predominantly physical in origin, arising from interfacial interactions and steric effects
[44]

.

In high-power, highly integrated microelectronic devices, efficient heat-dissipating materials are required to

promptly conduct away heat generated during operation, ensuring that the devices function within a suitable

and stable temperature range. Figure 4F and G illustrate the thermal diffusivity and thermal conductivity of

LCP and its composites in the in-plane and through-plane directions. The specific heat capacity and density

values used for the calculation are listed in Supplementary Table 4. The LCP-BN-G composites are designed

as typical 2-3 type composites, characterized by a 2D continuous filler network embedded within a 3D

continuous matrix
[45]

. The results show that the through-plane thermal conductivity did not significantly

increase with the introduction of BN-G. The through-plane thermal conductivity of LCP-BN-G-20 was only

0.456 W·m
-1
·K

-1
, merely 78.1% higher than that of pure LCP (0.256 W·m

-1
·K

-1
). This is primarily attributed to

BN-G being a two-dimensional sheet-like material; XRD testing indicated that BN-G sheets were less aligned

in the through-plane direction, failing to form a continuous and stable, efficient thermally conductive

pathway. Notably, the improvement in the in-plane thermal conductivity of the material was far greater than

that in the through-plane direction. The in-plane thermal conductivity of LCP-BN-G-20 reached

1.45 W·m
-1
·K

-1
, an increase of 196.5% compared to the pure resin (0.489 W·m

-1
·K

-1
). This improvement arises

from the matrix ordering that induces alignment of surface-modified BN-G along microfibrils, forming

thermally conductive pathways, and from favorable interfacial compatibility that reduces interfacial thermal

resistance and phonon scattering. However, the absolute value of the in-plane thermal conductivity remains

relatively low. This indicates that the strong local preferential orientation of the fillers has not yet been

equivalently translated into macroscopic thermal pathways. The primary bottleneck lies in the nanoscale

sheet gaps and interfacial defects inherited from high melt viscosity during processing. These defects act as

strong phonon scattering centers, and the matrix orientation of approximately 55% is insufficient to impose

adequate long-range ordering on the fillers. Thus, this work validates the feasibility of the liquid-crystal-

templated alignment strategy, but future efforts must synergistically enhance both matrix and filler ordering

to close the current performance gap.

For thermally conductive composites, the ordered distribution of the filler within the matrix is crucial to

thermal conductivity. LCP and its composites were fractured in liquid nitrogen, and the fracture surface

morphologies were observed using scanning electron microscopy (SEM). The pure LCP resin without BN-G

exhibits distinct macroscopic orientation, with microfibrils aggregating into clusters, forming micron-scale

fibrillar structures [Figure 5A]. After the introduction of BN-G, the nano-scale fibrillar structures were

retained. However, with increasing filler content [Figure 5B and C], the micron-scale fibrils gradually

decreased, and the overall orientation order of the fibers diminished. In LCP-BN-G-20 [Figure 5C], micron-

scale fibrils almost completely disappeared, and the nano-scale fibrils appeared macroscopically disordered.

These morphological changes indicate that the addition of BN-G disrupts the original macroscopic

orientation of the matrix resin to some extent and inhibits the ordered arrangement of nanofibrils. To

further elucidate the effect of glycine functionalization on filler dispersion, we compared the fracture surfaces

of unmodified LCP-BN composites with those of LCP-BN-G at identical filler loadings. At the same filler

loadings, the SEM images (as shown in Supplementary Figure 7) demonstrate that LCP-BN and LCP-BN-G

composites share similar morphologies. Both exhibit distinct LCP fibrillar structures with no obvious BN

agglomeration or phase separation. This observation indicates that glycine functionalization does not

primarily serve to improve the macroscopic dispersion of the filler, since pristine BN itself is already

relatively uniformly distributed within the LCP matrix.
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Figure 5. The surface characterizations of LCP-BN-Gs. The fracture surface micromorphology of (A) LCP, (B) LCP-BN-G-10, and (C) LCP-
BN-G-20; (D) SEM morphology, microscale orientation distribution, EDS elemental mapping of boron, and their overlay for LCP-BN-G-20.
LCP: Liquid crystal polyarylate; BN-G: functionalized boron nitride; SEM: scanning electron microscopy; EDS: energy-dispersive X-ray
spectroscopy.

Notably, the distinct outline of sheet-like BN-G was not directly observed in the SEM images, possibly due to

its small size and good interfacial compatibility with the resin. To further investigate the distribution of BN-

G within the resin, energy-dispersive X-ray spectroscopy (EDS) was performed on the fracture surface of

LCP-BN-G-20. This composite primarily consists of two phases: the polymer matrix (LCP) and the inorganic

filler (BN-G). The distributions of C and O elements can indicate the resin matrix, while B and N elements

correspond to BN-G. The overall elemental distribution maps of the fracture surface [Supplementary Figure

8] show that B and N signals are uniformly distributed throughout the matrix, indicating good dispersion of

BN-G within the resin. This provides a structural basis for the superior thermal conductivity of LCP-BN-

G-20. The large dark areas observed in the B and N distribution maps correspond to regions where C and O

signals are also absent, primarily due to signal collection limitations caused by the uneven fracture surface,

rather than uneven filler distribution. To examine the influence of nanofiber orientation on BN-G

distribution, a highly oriented region was selected for further analysis [Figure 5D]. Orientation analysis of

the SEM image was performed using the ImageJ plugin OrientationJ
[46,47]

, generating a microscale orientation

distribution map. Subsequently, the corresponding EDS elemental map of element B (with transparency
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Figure 6. Application demonstration and performance evaluation of LCP-BN-Gs in thermal management. (A) Schematic diagram of the
LED heat dissipation setup; (B) Evolution of the maximum temperature of LCP-BN-Gs over time; (C) Infrared thermal images of LCP-BN-
Gs used as heat spreaders; (D) Schematic illustration of the thermal conduction pathway construction in LCP-BN-Gs; (E) Comprehensive
performance comparison between LCP-BN-G-20 and other reported materials. LCP: Liquid crystal polyarylate; BN-G: functionalized boron
nitride; LED: light-emitting diode; RCH: regenerated chitin; PI: polyimide; PEN: polyethylene naphthalate; PPS: polyphenylene sulfide.

adjusted to 65%) was overlaid with the orientation map. The overlay results show that the B-rich regions

closely match the orientation features observed in the SEM image, confirming that element B exhibits a clear

preferential alignment along a specific direction
[48]

.

To evaluate the potential of LCP-BN-G composites for thermal management in high-power electronic

devices, they were fabricated into thin films and placed at the base of an light-emitting diode (LED) bulb as a

heat dissipation substrate [Figure 6A]
[49]

. An LED with a rated power of 20 W and an active area of 25 mm ×
27.5 mm was selected, and its surface temperature changes during operation were monitored in real time

using an infrared thermal imager. To minimize the influence of contact thermal resistance, a thin layer of

thermally conductive silicone grease was uniformly applied between all films and the heat sink, as well as

between the films and the LED. Figure 6B displays the temperature-time curves of the LED surface when

using different films as substrates, while Figure 6C provides a visual comparison of the heating and cooling

processes for LCP, LCP-BN-G-10, and LCP-BN-G-20 over a 210 s period. When the bulb is turned on, heat

accumulated rapidly, causing the LED surface temperature to rise significantly. Among the samples, the pure

LCP film exhibited the highest heating rate, whereas LCP-BN-G-20 showed the lowest, indicating its higher

thermal conductivity. Upon reaching thermal equilibrium, the LED surface temperature corresponding to

LCP-BN-G-20 was only 104 °C. This represents a reduction of 8.6, 10.9, 14.7, and 27.5 °C compared to LCP-

BN-G-15 (112.6 °C), LCP-BN-G-10 (114.9 °C), LCP-BN-G-5 (118.7 °C), and pure LCP (131.5 °C),

respectively. Infrared thermographs further revealed that with pure LCP, the heat distribution was uneven,

forming localized high-temperature zones due to insufficient heat dissipation. As the BN-G content

increased, the heat distribution became more uniform, and the maximum temperature decreased
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significantly. This indicates that the introduction of BN-G formed continuous thermally conductive

pathways in the in-plane direction, thereby accelerating and equalizing heat diffusion. In summary, the LCP-

BN-G-20 composite exhibited excellent thermal management performance, effectively dissipating heat

generated during device operation, which helps maintain operational stability and extend service life

[Supplementary Figures 9 and 10]. An ideal schematic illustrating the evolution of heat flow within the LCP-

BN-G composites before and after shear field application is provided [Figure 6D]. Under the influence of the

shear field, BN-G aligns along the LCP orientation, forming an efficient thermally conductive network and

promoting bridging between BN-G sheets, thereby constructing a stable thermally conductive structure. The

comprehensive performance of this study is compared with previously published thermally conductive low-

dielectric materials [Figure 6E], such as epoxy resin (EP), PI, polyphenylene sulfide (PPS), and polyethylene

naphthalate (PEN)
[50-53]

. Among all compared materials, LCP-BN-G-20 exhibits the highest thermal

conductivity and the lowest dielectric constant (3.36). Although its dissipation factor (D
f
 = 0.014) and

thermal stability (T
d

5%
 = 430 °C) are not the highest among the compared materials, they remain at a

competitively good level. This well-balanced performance highlights the potential of LCP-BN-G-20 as a

promising candidate for advanced electronic packaging applications.

CONCLUSION
In this work, a thermally conductive composite based on a LCP matrix and BN-G filler was successfully

fabricated via melt blending. Benefiting from the liquid crystal orientation characteristics of the LCP matrix,

BN-G aligned orderly along the orientation direction under shear field induction, forming 2-3 type

composites with continuous in-plane thermally conductive pathways. The introduction of BN-G

significantly enhanced the in-plane thermal conductivity of the composites. The LCP-BN-G-20 composite

achieved an inplane thermal conductivity of 1.45 W·m
-1

·K
-1

, representing a 196.5% increase compared with

pure LCP (0.489 W·m
-1
·K

-1
). XRD analysis revealed that the in-plane preferential alignment of BN-G reached

88.90% for the LCP-BN-G-15 composite. This ordering, together with the LCP matrix orientation of

approximately 55% as determined by 2D-WAXS, provides the structural basis for efficient thermal pathways.

Meanwhile, the composite exhibited a dielectric constant of 3.36 and a dissipation factor of 0.014 at 1 MHz.

Overall, this composite strategy is based on the surface functionalization of the filler and the orientation

behavior of the liquid crystal matrix. It fully harnesses the unique advantage of LCP orientation in inducing

orderly alignment of BN-G, thereby effectively resolving the conflict between achieving high thermal

conductivity and maintaining low dielectric loss in traditional thermally conductive composites.
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