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Unravelling Intrinsic Thermal Conduction Mechanism through
Phonon Transport Pathway Engineering of Long-Range Ordered
Block Copolymers

Kuan Zhang,? Junliang Zhang,*? Jiahao An,? Junwei Gu*?

Highly thermally conductive polymers are playing essential roles in various electronics-related fields. However, the
mechanism underlying thermal conduction remains hitherto elusive. Herein, the intrinsic thermal conduction mechanism of
polymers was disclosed by rational molecular structural design and precise synthesis through reversible addition-
fragmentation chain transfer (RAFT) polymerization. By precisely controlling the spatial distribution and sequence of
cyanobiphenyl-based liquid crystalline (LCx) monomer and glycidyl methacrylate (GMA, epoxy-containing unit), as well as
length of flexible segment (-CH»-)x in LCx, block copolymers PLCxn-b-PGMA, with multi-level long-range ordered structures
were generated. Specifically, microstructures of hexagonally packed cylinder-like (HEX-like), lamellar-like (LAM-like), and
inverted hexagonally packed cylinder-like (Inverted HEX-like) were effectively constructed as the flexible segment of -CH»-
was increased to 11 ((-CH,-)1;, LC11). It is noteworthy that increasing the ratio of LC11 is highly beneficial for enhancing
thermal conductivity. Moreover, compared with HEX-like and inverted HEX-like morphologies, which exhibited numerous
thermal interfaces, the LAM-like morphology was able to construct long-range phonon transport pathways and reduce
phonon scattering through the synergistic effect of microphase separation-driven confined assembly with semicrystalline
structure and supramolecular assembly, thereby exhibiting higher thermal conductivity. This study elucidates the thermal
transport mechanism at molecular levels by experiments and simulations, highlighting the crucial role of multiscale chain
alignment and long-range ordered structures synergistically enhancing phonon propagation in polymers.

Currently, various strategies have been discovered to enhance
the intrinsic thermal conductivity of polymers.>'° For instance,
increasing the crystallinity or constructing long-range ordered

With the development of electronics towards highly integrated
design, high power carrying capacity, and miniaturization and
portability, the packaging density per unit volume is increasing
exponentially. Consequently, the heat accumulation inside devices
has become increasingly severe, inevitably affecting their stability,
reliability, and lifespan.3 Polymers exhibit excellent designability,
multifunctionality, flexibility, and scalability, making them a
promising platform for developing advanced thermal management
materials.* > However, conventional polymers normally display low
intrinsic thermal conductivity (A) and cannot meet the urgent
demand of highly thermally conductive materials for electronic
products.®® Although the thermal conduction of polymers is known
to be affected by complex factors, such as molecular chain structure,
crystallinity, crystal morphology, molecular chain orientation, and
interchain interaction patterns,®12 the synergistic effect of multiscale
molecular chain structures on heat transfer remains to be elucidated
yet.13.14
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structures with physical lengths exceeding phonon-phonon
scattering would increase the phonon mean free path and enable
directed heat transfer.222 Also, enhancing interchain interactions
through  hydrogen supramolecular
(electrostatic, m-m stacking, dipole-dipole interactions, et al.) to
achieve supramolecular assembly of polymer chains can increase
phonon group velocity.?32> Chen and coauthors?® realized long-range
orderliness and disentanglement of polymer chains through
stretching the polyethylene film. The A of stretched polyethylene film
reached as high as 62 W/(m-K), significantly exceeding those of
traditional polymers and even surpassing many metals and ceramics.
In our previous works, epoxies with high intrinsic thermal
conductivities were developed by regulating the molecular
structures of epoxy monomers to introduce ordered structure into
the curing network.'® 2% 27, 28 However, studies reported to date only
indicated that increasing the order degree of polymers or interchain
interactions can enhance their intrinsic thermal conductivities.?>-33
Nevertheless, the way of distribution for ordered structures within
polymer network and the relationship between multiscale molecular
structures and macroscopic heat transfer properties remain elusive.
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Scheme 1 (a) Schematic diagram for the synthesis of PLCxn-b-PGMA,. (b) Schemes for the long-range ordered structures formed by PLCXp-

b-PGMA,.

The apparent physical properties (including thermal conductivity) of
polymers are determined by the orientation and configuration of
microstructures at multiple scales (such as atomic, nanoscale, and
mesoscopic).343¢ Controlled polymerization provides an essential
platform for exploring the thermal conduction mechanism as
polymers with higher-order structures, for instance block or
nonlinear copolymers could be synthesized with defined chemical
structure, molecular weight, dispersibility, chain-end characteristics,
and multiscale structures on demand.3’-*! Xu et al.*? synthesized a
series of block copolymers (BCPs) containing a crystalline block of L-
lactide (PLLA) and an azobenzene-based liquid crystalline block
through atomic transfer radical polymerization. The formation
mechanism of multi-level long-range ordered structure affected by
the interaction of microphase separation, crystallization, and
assembly of liquid crystal was investigated. The results indicated that
the microphase separation effectively increased the local
concentration of liquid crystal units, promoting their orientation and
alignment. Additionally, the crystallization behavior of PLLA segment
in BCP enhanced the microphase separation of the block copolymer,
further promoting the orientation of liquid crystal units and forming
long-range ordered structures. Although polymers with long-range
ordered structures have been successfully achieved,*® 43 44 these
studies focused only on the construction of long-range ordered
structures themselves. The effect of multi-level long-range ordered
structures and their dynamic evolution on phonon transmission
paths has not been explored yet. In particular, research on the
synergistic effect of nanoscale periodic structures formed by
microphase separation, supramolecular assembly and polymer
crystallization on the thermal conductivity of polymers remains
relatively limited. A few studies have preliminarily investigated the
influence of microphase-separated morphologies and the degree of

phase separation in block copolymers on thermal transport
properties.*> 46 However, systematic experimental investigations
and in-depth mechanistic understanding of how to synergistically
integrate the aforementioned multiple ordered structures to
significantly enhance intrinsic thermal conductivity of polymers are
still lacking.

Epoxies, as a typical thermosetting polymer, possess a unique
cross-linked structure and a wide range of applications in various
fields.?” 28 47 The advancement of high-tech electronic fields has
raised tremendous interest in developing intrinsically highly
thermally conductive epoxies. However, there is a gap between
preparation of intrinsically highly thermally conductive epoxies and
their thermal conduction mechanism. This study aims to bridge this
gap by providing a universal design principle for preparation of
advanced intrinsically highly thermally conductive polymeric
materials. Herein, a design strategy is proposed to construct
intrinsically highly thermally conductive polymers with multi-level
long-range ordered structures through the precise design of polymer
molecular structure, utilizing the synergistic effects of microphase
separation, crystallization, and supramolecular assembly. The core of
this strategy is to achieve regional restriction of the cyanobiphenyl
units through topological structure design of microphase separation,
thereby increasing the local concentration of the cyanobiphenyl
units. Meanwhile, the semicrystalline properties of polymers were
used to regulate the topological structure of the crystalline and
amorphous regions, enabling polymer molecular chains to form
more orderly supramolecular assembly structures in local regions.
Consequently, a phonon transfer network based on a micro-ordered
structure was formed to achieve a synergistic improvement in
thermal conductivity through the local ordered structure and long-
ranged ordered structure (Scheme 1a-b). Specifically, glycidyl
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methacrylate (GMA) containing an epoxy group and cyanobiphenyl-
based liquid crystalline monomers (LCx, x = 0, 6, and 11) with varied
flexible chain segments (-CH>-)x were employed to synthesize block
copolymers of PLCxm-b-PGMA, through reversible addition-
fragmentation chain transfer (RAFT) polymerization. The synergistic
effects of multi-level microstructures on thermal conductivity, as
well as the unique role of long-range ordered structures constructed
through the synergistic action of microphase separation and
supramolecular interactions on thermal conductivity compared to
mesoscopic disordered structures, were disclosed for the first time.
This work provides an effective approach for the controlled
optimization of thermal conductivity in polymeric materials.

Results and discussion
Characterization of LCx and PLCxn-b-PGMA,

This study focuses on block copolymers comprising two
homopolymer segments of LCx (Scheme S1a) and GMA (Scheme
S1b). The composition profiles of these copolymers were designed to
be with varying number average degree of polymerization (DP).
Specifically, five composition profiles were targeted with reversing
the DP of LCx and GMA, which were PLCxs-b-PGMAsg, PLCxzs-b-
PGMAso, PLCXso-b-PGMAso, PLCXso-b-PGMAzs, and PLCXso-b-PGMAs
(Scheme 1a). Furthermore, to demonstrate the role of molar mass
and spatial distribution of monomers, three types of control
polymers PLCxzs-b-PGMA;s, and PLCxso-co-PGMAso (Scheme Slic),
and PLC11so (Scheme S1d) were also synthesized. 'H (Fig. 1a) and 13C
(Fig. 1b) nuclear magnetic resonance (NMR) and Fourier transform
infrared (FT-IR, Fig. 1c) spectroscopy confirmed the successful
synthesis of LCx. The differential scanning calorimetry (DSC, Fig. 1d-
f) curves of the LCO demonstrated its crystalline behavior, melting at
around 116°C. As the flexible chain length of LCx increased, LC6 and
LC11 exhibited liquid crystalline characters, indicating strong
supramolecular assembly abilities. The crystallization enthalpies
(AH¢) of LCO, LC6, and LC11 were calculated to be 54.48, 54.63, and
81.33 J/g, respectively. This indicated that the longer flexible side
chains of LC11 enhanced molecular mobility and the propensity for
ordered packing, thereby promoting crystallization behavior and
resulting in the highest AH..33 %8 However, LC6 only exhibited a
melting point at around 64°C during the heating process while
displayed a liquid crystalline cloud point at 37°C and a crystalline
point at 28°C during the cooling process. This implied that LC6 was a
unidirectional liquid crystal, exhibiting liquid crystal phase behavior
only during cooling stage. In contrast, LC11 showed two transition
peaks for both the heating and cooling processes. The endothermic
peaks at 72°C and 74°C in the heating stage were ascribed to the
transition from the crystalline phase to liquid crystalline phase and
then to isotropic liquid phase, respectively. The exothermic peaks of
73°C and 56°C were corresponding to the transitions of isotropic
liquid phase to the liquid crystalline state and then to crystalline
phase, respectively. It indicated that LC11l was a bidirectional
thermotropic liquid crystal capable of achieving liquid crystal phase
transitions during both heating and cooling, demonstrating stronger
supramolecular assembly abilities than LC6. The polarized optical
microscopy (POM) images (Fig. 1g) for LCx exhibited consistent
phenomenon with DSC analyses, showing distinct birefringence at
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room temperature due to the crystallization behavior, Additionally.
the focal-conic fan textures representing”!tHelOSNEGHE Ol
crystalline phase were observed for LC6 and LC11 near the cloud
point temperature.

The polymers were first characterized by *H NMR and 3C NMR
spectroscopy (Fig. 1h-i and Fig. S1-4), which confirmed that LCx and
GMA were successfully incorporated. Full details of analysis can be
found in the Supporting Information. Size exclusion chromatography
(SEC, Fig. S5-8, Table S1-3) curves of all the block copolymers
displayed a monomodal shape with the second block shifting
towards higher molecular weight which matched the theoretical
value, indicating successful chain extension via RAFT
polymerization.*® The thermal behavior of the polymers was
investigated employing DSC. As observed, PLCOm-b-PGMA,, (Fig. S9a)
showed only one glass transition temperature (T;) and the T,
increased from 74.3 to 104.5°C with increasing the ratio of LCO due
to the rigidity of cyanobiphenyl group. Whereas, the T; of PLC6-b-
PGMA, (Fig. S9b) decreased first followed by an increase along with
increasing DP of LC6 and finally two T; were evident for PLC6s0-b-
PGMAs. This is because the flexibility of copolymer side chains
significantly enhanced with increasing the ratio of LC6, resulting in
the lower T;. However, with further increasing LC6 ratio, the higher
proportion of cyanobiphenyl group facilitated the formation of
ordered stacking through supramolecular assembly. This in turn
enhanced segment rigidity and intermolecular interactions, thereby
raising the Tz Simultaneously, microphase separation occurred
between the rigid structure and flexible chain segments of the
polymer molecules, forming distinct microdomains and thereby
generating two independent Tg. In the case of LC11 (Fig. 1j), PLC11s-
b-PGMAs exhibited only one T, of 60.7°C due to low LC11 content
which weakened the phase separation driving force and prevented
microphase separation. However, microphase separation was clearly
observed while the content of LC11 increased as two T; were
identified corresponding to the two phases of LC11 and GMA.
Meanwhile, these polymers exhibited crystallization behavior as a
distinct crystalline melting peak was observed with the crystalline
melting enthalpy (AHm, Table S4) of 1.62, 3.01, 5.05, and 8.91 J/g,
respectively. This is primarily caused by the long flexible chain
segment of (-CH»-)11 in LC11, which significantly enhanced flexibility
of side chains of the copolymer. The improved segmental mobility
facilitated the diffusion, alignment, and ordered stacking of polymer
chains within the crystal lattice, thereby promoting the
crystallization ability.*® 39 Additionally, PLCxso-b-PGMAs displayed
higher T; and melting point than PLCx25-b-PGMA s due to the higher
molar mass, which was consistent with the Flory-Fox equation (Eq.
S1). Besides, PLC11s50-b-PGMAs, displayed a higher AH, of 3.01 J/g
than that of its random copolymer counterpart PLC1150-co-PGMAs
(AHm = 2.56 J/g, Fig. S10). This implied a more complete crystal
structure was resident in the block copolymer PLC1150-b-PGMAsy,
indicating the stronger crystallization ability than the random
copolymer which comprised the same chemical composition.
Microstructure of PLCxm-b-PGMA, and B-ERXm.n

The microstructure of PLCxm-b-PGMA, before and after curing
was first investigated by wide-angle X-ray diffraction (WAXD). The
detailed curing processes can be found in Supporting Information

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 (a) 'H NMR, (b) 3C NMR, and (c) FT-IR spectra of LCx. DSC curves of (d) LCO, (e) LC6, and (f) LC11. (g) POM images of LCx. (h) 'H NMR
and (i) 13C NMR spectra of PLCxso-b-PGMAso. (j) DSC curves of PLC11y,-b-PGMA,,.

(Fig. S16a), no diffraction peaks were observed at 20 < 10° due to  layered semicrystalline structure.® In contrast, strong diffraction
large main-chain coupling effect, indicating the failure to form a  peaks at 26 = 7.10° and 5.15° were evident for PLC6m-b-PGMA, (Fig.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01804a

Page 5 of 14

Open Access Article. Published on 08 May 2026. Downloaded on 5/9/2026 12:26:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

S16b) and PLC11y,-b-PGMA, (Fig. 2a), respectively. This indicated
that the introduction of flexible (-CH,-)x segments significantly
reduced the influence of main-chain coupling effect, facilitating
formation of highly ordered semicrystalline structure through
supramolecular assembly as well as the multilayer structure. The
mechanism of formation for this structure (Fig. 2b) was as following.
The polymer chains folded in a perpendicular direction to the chain
axis through supramolecular forces (n-mt stacking and dipole-dipole
interactions) between cyanobiphenyl units in a long-range order to
form crystalline flakes. The polymer chains in each flake were then
arranged in parallel and the spacing (d in Fig. 2b, determined by the
main diffraction peak of WAXD curve) between different flakes were
maintained relatively uniform. Subsequently, the crystalline flakes
assembled into larger lamellar grain structures in amorphous regions,
where the grain spacing (d; in Fig. 2b, determined by the secondary
diffraction peak of WAXD curve) indicated the way of their
distribution.>?

It is also worth mentioning that the main diffraction peak of
PLCOm-b-PGMA, at 20 = 18.47° (Fig. S16a, d; = 4.80 A) and its
crystallinity (Fig. S17) remained basically unchanged with increasing
ratio of LCO. In contrast, the crystallinity of PLC6m-b-PGMA, and
PLC11,-b-PGMA, gradually increased, and the main diffraction peak
gradually shifted to higher angles as the ratio of LC6 and LC11
increased, respectively. Specifically, the main diffraction peak of
PLC6m-b-PGMA, shifted from 26 = 18.50° to 19.82° (Fig. S16b), and
the crystallinity increased from 8.2% to 14.2%. For PLC11n-b-PGMA,,
the main diffraction peak shifted from 26 = 18.55° to 20.16° (Fig. 2a),
and the crystallinity increased from 11.0% to 22.3%. According to
Bragg equation (2dsin® = nA, where A is the wavelength, Table $6),>3
d1 decreased from 4.79 A for PLC65-b-PGMAsg to 4.47 A for PLC650-b-
PGMAs. Meanwhile, d; decreased from 4.77 A for PLC11s-b-PGMAso
t0 4.40 A for PLC1150-b-PGMAs. It is because LCO lacked flexible chain
segment, resulting in a large coupling effect between the
cyanobiphenyl unit and the main chain. This hindered the polymer
chains from orienting and arranging themselves through
supramolecular forces to form crystalline flake structures. Therefore,
the order of the supramolecular assembly structure could not be
improved even if the ratio of LCO increased, resulting in no changes
of the crystallinity, the main diffraction peak, and d; of PLCOm-b-
PGMA,. However, as the length of flexible chain segment (-CH.-)x in
LCx increased, the polymer main chain and side chains were
decoupled. Consequently, the influence of supramolecular force
increased, causing the crystallization ability to enhance, and the
crystal zone structure to gradually improve with increasing the ratio
of LC6 and LC11. Thus, the main diffraction peak gradually shifted to
higher angles, showing a gradually decreased di. This was further
verified by the fact that the homopolymer PLC11s, exhibited the
smallest dy (4.38 A, Fig. $18a). Due to the greatest flexibility, PLC11,,-
b-PGMA,, exhibited the largest increase in crystallinity and the largest
shift of the main diffraction peak (the smallest d1), which suggested
the presence of the highest order of supramolecular assembly and
the largest crystal stacking density. Meanwhile, the d, of PLC6m-b-
PGMA, and PLC11n-b-PGMA, (except PLC6s-b-PGMAso and PLC115-
b-PGMAso) were 12.44 and 17.14 A, respectively. This is because as
the flexible segment length of LCx increased, both the volume of side
chain and amorphous region increased, causing the thickness (d) of
the lamellar crystal grain structure layer to increase. It is worth

This journal is © The Royal Society of Chemistry 20xx
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noting that the diffraction peak at 26 = 5.15° of PLC11s0-b:RGCMAse
(Fig. 2a) was much sharper than that of PROL1LE5PEMAL PRk
S$18b), suggesting its more ordered semicrystalline structure than
that of random copolymer with the same chemical composition.

The WAXD curves of PLCxm-b-PGMA, after curing (B-ERXm-n)
were illustrated in Fig. 2c and Fig. S19. Based on the results
calculated using the Bragg equation (Table S7), di of B-ERXm-n
decreased as the ratio of LCx increased for the same block copolymer
while it showed the same decreasing trend for the polymers with
same monomer ratio as the flexible segment length of LCx increased.
Among these, B-ER11s0.5 exhibited the smallest d; of 4.38 A (Fig. 2c).
This is because n-it stacking and dipole-dipole interactions between
polymer chains would be enhanced as the ratio of LCx increased
which strengthened the intermolecular forces. Besides, the
increased flexible side chain length would lead to a higher degree of
rotational freedom within polymer chains, which was greatly
affected by the supramolecular forces. The synergistic effect of these
two factors led to the formation of the densest and most orderly
lamellar grain structure of B-ER11s0.s. Meanwhile, for B-EROm.n, Wwhen
the monomer ratio of LCO/GMA > 25/50, it exhibited a lamellar
semicrystalline structure with d = 21.53 A (Fig. $19a, Table $7). And
its d; value was larger than 12.23 A of B-ER6s0.25 and B-ER6s0.5 in B-
ER6mn and 16.44 A of B-ER11m.,. This is because there were no
flexible chain segments between the main chain and side chains of
B-EROm-n, Which resulted in a large cooperative interaction between
the main and side chains. Therefore, the semicrystalline lamellar
grains formed were structurally interfered by the main chain, leading
to an increase in the grain spacing. Whereas, due to the small
coupling effect between the main and side chains of B-ER6m., and B-
ER11m.n, the main and side chains have sufficient freedom to arrange
themselves in an orderly manner, thus forming a more regular and
orderly semicrystalline structure and a smaller d,. Additionally, the
volume of the amorphous region in B-ER6m.n and B-ER11m.n was
proportional to the side chain volume, resulting in the larger d, for
B-ER11m-n than B-ER6m.n. It should be noted that the diffraction peak
observed at 26 = 4.10° for B-EROm.n (Fig. S19a) was attributed to the
decoupling role during curing process, which reduced the influence
of the main chain on the supramolecular assembly and crystallization
behavior, resulting in the formation of a semicrystalline structure.
Furthermore, the crystallinity of B-ER11m.n increased with both the
length of the flexible chain segment (-CH,-)x and the ratio of LCx (Fig.
$20), with B-ER1150.5 exhibiting the highest crystallinity of 21.1%. This
is because the high LCx ratio promoted the formation of crystalline
regions while the flexible chain segments facilitated the ordered
arrangement of molecular chains into crystal lattice.

SAXS was further employed to investigate the microstructures
of PLCXm-b-PGMA, and B-ERxXm.n. As exhibited in Fig. $21, the degree
of microphase separation was enhanced with increasing the length
of flexible chain segment (-CHy-)x in LCx. PLCOm-b-PGMA, showed no
scattering peaks (Fig. S21a), indicating a uniform electron density
and a homogeneous aggregated state structure. PLC6y-b-PGMA,
exhibited first-order scattering peaks only in certain polymers and
did not show any clear higher-order scattering peaks (Fig. S21b),
indicative of imperfect microphase separation structures with poor
order and defects.> By contrast, PLC11,5-b-PGMAso, PLC11;5-b-
PGMAzs, PLCllso-b-PGMAso, and PLCllso-b-PGMAzs exhibited
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degree of order (Fig. S21c). Among these, three scattering peaks can
be observed for PLC11,5-b-PGMAse with scattering vector ratio
(91:92:03) approximately equal to 1:V/3:3 (Fig. 2d), indicative of a
hexagonally packed cylinder-like (HEX-like) morphology, with the
lattice parameter (a, calculated by the Bragg equation according to
the reflection of the first-order scattering peak of the SAXS curve,>>
56 Table $S8) of 14.6 nm. Meanwhile, PLC11,5-b-PGMA;s (Fig. S21c)
and PLC11s0-b-PGMAs also showed three broadened reflections
with gi1:02:93 approximately equal to 1:2:3 and 1:3:4, respectively,
indicating the presence of lamellar-like (LAM-like) morphology, with
a being 10.7 and 15.6 nm, respectively. Furthermore, PLC11s0-b-
PGMA;s demonstrated three scattering peaks with qi:02:03
approximately equal to 1:v3:v7, indicating the presence of inverted

6 | J. Name., 2012, 00, 1-3

hexagonally packed cylinder-like (Inverted HEX-like) morphology
with a = 13.2 nm. The homopolymer PLC11s, exhibited only one
diffuse scattering peak at q = 0.146 A (Fig. $22a), indicating no
periodic morphology and no microphase separation. Similarly, the
random copolymer PLC11so-co-PGMAsy exhibited only one main
broad scattering peak at q = 0.116 Al (Fig. $22b), indicating no
presence of long-range order although it had the same chemical
composition with PLC11s50-b-PGMAse. This is attributed to the
random monomer distribution characteristics of PLC1150-co-PGMAsg
which restricted the formation of ordered periodic morphology.

The SAXS curves of cured polymers B-ERXm.» were shown in Fig.
2e and Fig. S23. As can be seen, the microphase separation of PLCXm-
b-PGMA,, was retained to a certain degree after curing, especially for

This journal is © The Royal Society of Chemistry 20xx
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PLC11m-b-PGMA,, (Fig. 2e). For instance, three broadened reflexes
were observed for B-ER11;s.50 With g1:q2:q3 approximately equal to
1:4/3:3, indicating a HEX-like morphology with a = 15.8 nm.
Meanwhile, B-ER11s050 exhibited three scattering peaks with
g1:02:qs approximately equal to 1:3:4, implying a LAM-like
morphology with a = 20.8 nm. However, B-ER11sq.,5 exhibited only a
primary diffraction peak and high order peaks (Fig. $24), indicating
that the Inverted HEX-like structure formed by PLC11s50-b-PGMA5
was distorted during the curing process, resulting in a decrease of

long-range order. Meanwhile, it should be noted that B-ER115s.25 (Fig.

S$23c) showed no reflections indicating the LAM-like morphology
disappeared completely after curing. This is, however, in contrast to
B-ER11s0.50 where the LAM-like morphology was retained. It is
because the lattice parameter (a = 15.6 nm) of PLC11s0-b-PGMAsg
was larger than that of PLC11,5-b-PGMA,5 (a = 10.7 nm), suggesting
that the layer of LAM-like morphology formed by PLC1150-b-PGMAso
were thicker which was difficult to destruct by the curing reaction. In
addition, R-ER11sg.50 cured from the random copolymer PLC11s0-co-
PGMAs, exhibited no reflexes (Fig. $25), indicating the absence of
microphase separation. This is attributed to its random monomer
distribution, which prevented the formation of long-range ordered
structure. Notably, based on the SAXS fitting results (Table S8), the
microphase separated structure formed by PLC11-b-PGMA, and B-
ER11m.n exhibited a certain degree of distortion.”” This may be
because the interaction parameter between the monomers of block
copolymer was relatively low, resulting in insufficient driving force
for phase separation. Moreover, the destructive interference
between the microphase separated structure and the lamellar
crystalline structure of the semicrystalline polymer led to the
absence of low-order diffraction peaks in some samples.>
Additionally, considering no alignment treatment was applied to the
samples, it would be reasonable for the samples forming imperfect
lamellar or hexagonally packed cylinder morphologies.

Thermal conductivities of PLCxm-b-PGMA,, and B-ERXm-n

The intrinsic A values of PLCxm-b-PGMA, were first measured. As
shown in Fig. 3a and Table S6, the A of PLCxm-b-PGMA, increased
with the increase of flexible chain segment (-CH.-)x length under the
same LCx ratio. For the same LCx, A generally increased with
increasing the LCx ratio. Among these, PLC11s50-b-PGMAs exhibited
the highest A of 0.29 W/(m-K). This is because LCx containing long
flexible chain segments could form a dense and ordered lamellar
morphology through m-it stacking and dipole-dipole interactions of
the cyanobiphenyl units (see the comparative analysis in Fig. 2a and
Fig. S16). Consequently, the phonon scattering would be reduced
due to the thermal vibrations of the orderly arranged crystal lattices
in the crystalline regions. The phonon mean free path would thus be
increased which effectively enhanced the intrinsic thermal
conductivity of PLCxm-b-PGMA,. Additionally, due to the more
regular and ordered semicrystalline structure (see analysis in Fig. 2a),
PLC11m-b-PGMA, exhibited higher A than PLC6n-b-PGMA,. Besides,
the interflakes spacing of the supramolecular assembled structure
decreased with increasing the ratio of LCx which increased the
packing density of crystalline flakes within the lamellar crystallites.
Therefore, phonon scattering would be suppressed, resulting in the

This journal is © The Royal Society of Chemistry 20xx
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enhanced A. Furthermore, the theory that sypramelesular
interactions of cyanobiphenyl units drive selfadSefnblyPteG@etiede
enhanced thermal conductivity was verified by the homopolymer
PLC11so. The results showed that, due to its 100% content of
cyanobiphenyl units, PLC11s0 achieved a higher thermal conductivity
of 0.33 W/(m-K) (Table $6) compared to PLC11s0-b-PGMAs, without
relying on a LAM-like morphology for regional dense packing of the
cyanobiphenyl units. Notably, PLC11s50-b-PGMAs exhibited a higher
A although it contained a lower LCx ratio compared to PLC11s0-b-
PGMA;s. This is because the multi-level long-range ordered LAM-like
morphology in PLC11s0-b-PGMAs, effectively increased the local
concentration of cyanobiphenyl units, which enhanced the
microscopic structural order and reduced defects within the polymer.
Consequently, the thermal conduction ability was improved due to
the optimized local ordered structure and thermal conduction
pathways, which suppressed phonon scattering and increased the
phonon mean free path.

It is notable that block copolymers PLCxso-b-PGMAsy and
random  copolymers  PLCxso-co-PGMAsy  exhibited  basically
unchanged A when x = 0 and 6 (Fig. 3b). In the case of x being 11, the
A of random copolymer PLC11sp-co-PGMAsy was 0.22 W/(m-K),
whereas the block copolymer PLC1150-b-PGMAsq increased to 0.27
W/(m:K), representing a 23% improvement. This is because both
PLC650-b-PGMAsy and PLC6so-co-PGMAs lacked multi-level long-
range order. Therefore, their intrinsic A was mainly related to the
ratio of cyanobiphenyl units, thus leading to the similar A. In contrast,
LAM-like multi-level ordered morphology was formed within
PLC11s50-b-PGMAso but not within PLC11s5p-co-PGMAso. Therefore,
the A was enhanced for PLC11s50-b-PGMAso. Most notably, block
copolymers PLCxs5-b-PGMA;s and PLCxso-b-PGMAsy with the same
LCx showed nearly identical A. This indicated that molar mass of the
polymers did not affect their intrinsic thermal conductivity when the
ratio of LCx and the microphase morphology were the same.

Next, molecular dynamics simulation was applied to block
copolymers PLC11m-b-PGMA, to investigate the effects of monomer
ratio, supramolecular assembly, and semicrystalline structures on
the multi-level long-range order.>® > Furthermore, thermal
conduction was simulated in different multi-level long-range ordered
structures to analyze the influence of microstructure on thermal
conductivity. First, molecular dynamics model of the microphase
morphology of PLC11,-b-PGMA, was established using Packmol.
Specifically, 255 polymer chains were placed in a box of 100 x 100 x
100 A and the monomer units for LC11 and GMA in each polymer
chain were m and n, respectively. The cyanobiphenyl group was
simulated using the optimized potentials for liquid simulations
(OPLS) force field. Atoms in different structures were distinguished
by different colors where yellow represented epoxy groups, green
denoted flexible chain segment (-CHz-)x, and blue indicated
cyanobiphenyl units.

As shown in Fig. 3c, the microphase structure was found to
evolve from spherical (SPH) to HEX, layered (LAM), and Inverted HEX
morphology, respectively, when the monomer ratio of LC11 to GMA
was varied from 5-50 to 50-25, followed by the disappearance of
microphase separation for 50-5. The simulation results agreed with
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SAXS analysis (Fig. 2d), further demonstrating that multi-level long-
range ordered structures could be effectively constructed through
microphase separation and supramolecular assembly of block
copolymers. Next, the constructed model of multi-level long-range
ordered structure was exported as a Lammps-readable force field
data file,®® and thermal conductivity was calculated using non
equilibrium molecular dynamics (NEMD) simulations. Then, the
geometry was optimized via relaxation in a microcanonical ensemble
at room temperature.®? A heat source was set at the center of the
material to inject heat, and cold sources were set at both ends to
extract heat. The kinetic energy of each atom was colored, with
redder colors indicating higher kinetic energy, as shown in Fig. 3d.

8 | J. Name., 2012, 00, 1-3

Due to differences in thermal conduction rates of the long-range
ordered structures of PLC11m-b-PGMA,, the atomic kinetic energy of
these polymers exhibited significant variation. Here, PLC11s0-b-
PGMA; exhibited the most uniform kinetic energy distribution, with
gentle color gradation indicating that it had a low temperature
gradient, rapid heat diffusion, and the highest heat transport speed.
During the simulation, the energy flux (dQ) and temperature gradient
(dT/dz) within the material were calculated. After simulation, the
thermal conductivity of the material was calculated in the non-
equilibrium state using Eq. 1:

dz
= —dQx 5 (Eq. 1)

This journal is © The Royal Society of Chemistry 20xx
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of LAM-type multi-level long-range ordered structures.

The temperature gradient distribution during simulation is shown in
Fig. 4a. It was observed that the temperature gradient distribution
was correlated with the linear response condition, indicating that the
thermal conductivity calculated using the NEMD method was stable
and reliable. As shown in Fig. 4b, PLC1150-b-PGMAs exhibited the
highest simulated A of 1.25 W/(m-K). This is because PLC11so-b-
PGMA;s contained the highest concentration of cyanobiphenyl units.
Through the dipole-dipole and m-m stacking interactions of the
cyanobiphenyl units, a highly uniform and ordered supramolecular
assembled structure was formed within the polymer, which resulted
in the fewest thermal interfaces and the lowest interfacial thermal
resistance, thereby the highest A. Here it is worth mentioning that
PLC11s0-b-PGMAso exhibited a higher simulated A of 1.12 W/(m-K)
although it contained a lower ratio of LCx compared to PLC11sg-b-
PGMAs, the simulated A of which was 1.05 W/(m-K). As
aforementioned, the enhanced A of PLC1150-b-PGMAso was achieved
through multiple structural synergistic effects, the thermal
conduction mechanism of which was illustrated in Fig. 4c. First, a
lamellar morphology was formed through microphase separation
within  PLC11s0-b-PGMAsg, which significantly increased the
concentration of cyanobiphenyl units in localized regions, thereby
enhancing the ability of supramolecular interactions and promoting

This journal is © The Royal Society of Chemistry 20xx

the formation of highly ordered supramolecular assembled
structures. Meanwhile, the semicrystalline structure of the polymer
played a crucial role in the following two aspects. On one hand, the
interfacial tension between crystalline and amorphous domains
enhanced the microphase separation of the polymer, improving the
topological order of the polymer microphase separation structure.
On the other hand, the crystalline network provided rigid support for
the supramolecular assembly system formed by cyanobiphenyl units,
which significantly enhanced its structural stability. This synergistic
construction mechanism based on microphase separation,
crystallization regulation, and supramolecular assembly ultimately
formed the LAM multi-level long-range ordered structure. Therefore,
an optimized continuous phonon transport network at the
mesoscopic scale was achieved through ordered molecular-scale
arrangement, thereby increasing the phonon mean free path and
effectively enhancing the intrinsic thermal conductivity of PLC11s0-b-
PGMAGso. By contrast, the multi-level long-range ordered structures
of SPH, HEX, and inverted HEX formed by PLC115-b-PGMAsg, PLC11;5-
b-PGMAsy, and PLClls0-b-PGMA,s, respectively, exhibited
discontinuous heat conduction pathways and numerous thermal
interfaces, leading to severe phonon scattering and lower thermal
conductivity. Notably, the simulation A exhibited the same trend but

J. Name., 2013, 00, 1-3 | 9
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applying B-ER11s0.5 as TIMs.

higher values than the experimental A. This is because the molecular
dynamics simulation employed an idealized standard model, which
generated ideally highly ordered multi-level long-range ordered
structures that did not consider any defects in the actual preparation
process. The consistent trends between simulation and experimental
results further validated that the intrinsic thermal conductivity of
polymers could be enhanced through phonon transport pathway
engineering by optimizing the long-range ordered structure.

Fig. 5a and Table S7 shows the experimental A for B-ERXm-n. As
can be seen, the A of B-ERxm-n increased with increasing the length of
(-CH5-)x in LCx for the same monomer ratio. Furthermore, the A of B-
ERXm-n With the same LCx generally increased as increasing the ratio

10 | J. Name., 2012, 00, 1-3

of LCx. Among these, B-ER11s05 exhibited the highest intrinsic
thermal conductivity, with its A improving to 0.39 W/(m-K) from 0.32
W/(m-K) of B-ER11s.50, which was 1.95 times that of conventional
epoxy resin (E-51, 0.20 W/(m-K)).28 This is because, as increasing the
flexible chain segment length and the monomer ratio of LCx, the
intermolecular supramolecular forces become strengthened. This
resulted in a reduction of the interflake distances within the lamellar
crystallites, thus forming a compact supramolecular assembled
structure and a semicrystalline structure. The phonon scattering
would be suppressed and the thermal conductivity would therefore
be enhanced. It is however noteworthy that although B-ER11s0.50
contained a lower monomer ratio of LC11, it exhibited a higher A of

This journal is © The Royal Society of Chemistry 20xx
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0.37 W/(m:K) than 0.35 W/(m-K) of B-ER11sp.25. This is mainly
ascribed to its retained LAM-like multi-level long-range ordered
structure (see analyzing in Fig. 2e), which still provided a synergistic
enhancement on the thermal conductivity within the crosslinked

structure. It is also worth mentioning that B-ER1150.50 displayed a 28%

higher A than 0.29 W/(m-K) of R-ER11s0.50 (Fig. $26) even though their
polymer precursors had the same chemical composition. Notably, B-
ER11;s25s demonstrated a lower A of 0.30 W/(m-K) than that of B-
ER1150.50 although their uncured polymer precursors exhibited
nearly identical A. This is mainly attributed to the disruption of the
multi-level long-range ordered structure of PLC11,5-b-PGMA;s after
curing, which increased the disorder of the cured network. These
results further confirmed that the multi-level long-range ordered
structure of LAM-like morphology could effectively enhance the
intrinsic thermal conductivity of polymers. It is worth noting that B-
EROm-n, B-ER6m-n, and B-ER11m.» exhibited higher A than those of their
polymer precursors, indicating that the cured densely cross-linked
network effectively enhanced their intrinsic thermal conductivity.
Furthermore, it indicated that the microscopic structural order of the
cross-linked network was significantly affected by the flexible chain
segments (-CHy-)x length of LCx. This is because the densely cross-
linked network after curing reduced internal defects within the
material, increased the phonon mean free path, suppressed phonon
scattering, and enhanced the A. However, in the case of LCO, there
was a significant cooperative interaction between the main and side
chains, which interfered with the formation of an ordered structure,
resulting in the very slight improvement of A.

The thermal infrared images of B-ER11m.,n (Fig. 5b) and the
corresponding time-dependent temperature profiles (Fig. S27)
displayed consistent trend with the measured A. B-ER11sg.5 exhibited
the fastest heating rate, reaching the highest 74.6°C after 120
seconds. Additionally, finite element simulation (FES) analysis was
conducted to evaluate the heat dissipation capability of B-ER11m-n in
semiconductor chip packaging. Fig. 5¢ shows a schematic diagram of
the FES model for a semiconductor chip in a plastic ball grid array
(PBGA) package. The FES simulation results for a semiconductor chip
packaged with B-ER11m., were displayed in Fig. 5d. It can be
observed that when traditional epoxy resin (E-51) was applied as the
packaging material, the surface temperature of the high-power
silicon chip reached the highest of 169.5°C. By contrast, when B-
ER11m.n was employed as packaging material, the maximum surface
temperature of the corresponding high-power silicon chip declined
significantly, which was consistent with the A values. The maximum
surface temperature of the high-power silicon chips packaged with
B-ER11s50.5 only reached 147.4°C, decreased by 22.1°C compared to
that of traditional epoxy resin packaging. This is primarily ascribed to
the high thermal conductivity of B-ER11m.,, which enabled it to
quickly transfer and dissipate the large amount of heat generated by
the chip into surrounding environment. The FES results
demonstrated that B-ER11m., especially B-ER11s0.5, exhibited
excellent heat dissipation capabilities and efficient thermal
management performance when used as a packaging material,
capable of meeting the thermal management requirements of 5G
electronic devices in practical applications. The application of B-
ER11s0.5 as a thermal interface material (TIM) was investigated using
LED bulb (Fig. 5e). As clearly observed, the operating temperature of
the LED bulb reached 73.3°C after 45 seconds when applying no

This journal is © The Royal Society of Chemistry 20xx
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thermal interface material. Notably, the temperature of the LEDhulb
was only 58.2°C when B-ER11s0.5s was usedPa3! thelTiRIPshoWitg a
significant reduction of 15.1°C. The above results indicated that B-
ER11s05 could be applied as an efficient TIM due to its high intrinsic
thermal conductivity

Conclusions

In this work, a series of sequence-controlled block copolymers
PLCxm-b-PGMA, based on cyanobiphenyl and epoxy units with varied
monomer ratios were synthesized by RAFT polymerization. The
results revealed that by precisely controlling the spatial distribution
and sequence of LCx and GMA, as well as the length of flexible
segments (-CH,-)x in LCx, multi-level long-range ordered structures of
hexagonally packed cylinder-like (HEX-like), lamellar-like (LAM-like),
and inverted hexagonally packed cylinder-like (Inverted HEX-like)
morphologies within the polymer (PLC11,-b-PGMA,) were
generated effectively. It is noteworthy that increasing the ratio of
LC11 is highly beneficial for enhancing thermal conductivity.
Moreover, compared with HEX-like and inverted HEX-like
morphologies, which exhibited numerous thermal interfaces, the
LAM-like morphology was able to construct long-range phonon
transport pathways and reduce phonon scattering through the
synergistic effect of microphase separation-driven confined
assembly with semicrystalline structure and supramolecular
assembly, thereby exhibiting higher thermal conductivity. The A of
(PLC1150-b-PGMAsp) reached 0.27 W/(m-K), representing a 23%
increase compared to 0.22 W/(m:K) for its random counterpart
PLC1150-co-PGMAsy which displayed no multi-level long-range
ordered structure. Further increasing the monomer ratio of
LC11/GMA to 50/5 would transit its microstructure into the most
regular and ordered morphology with the smallest interflake spacing
(4.40 A) that was dominated by the cyanobiphenyl units through
supramolecular assembly, resulting in the highest A of 0.29 W/(m-K)
among the uncured copolymers. Importantly, this highly ordered
structure of PLC1150-b-PGMAs could be retained after curing, leading
to the highest A of 0.39 W/(m-K), which was 1.95 times that of
traditional epoxy resin (E-51, 0.20 W/(m-K)). In addition to the
substantial fundamental interest, our findings demonstrate the
critical role of long-range ordered structures in modulating the
intrinsic thermal conductivity of polymers, serving as a new paradigm
for the rational design of highly thermally conductive polymers for
cutting-edge high-performance electronic systems.
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