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S1. Supplementary Experimental
Synthesis of diglycidyl ether of 4,4’-dihydroxybiphenyl (DGEBP)

According to ref.S1, diglycidyl ether of 4,4’-dihydroxybiphenyl (DGEBP) was 
prepared through terminal epoxidation of 4,4’-dihydroxybiphenyl (Figure S1), which 
acted as liquid crystalline epoxy monomer (mesogens) in the present work. Typically, 
4,4'-dihydroxybiphenyl (10 g, 0.054 mol), deionized water (9.25 mL), isopropanol 
(32.875 mL), and epichlorohydrin (42.5 mL, 0.54 mol) were added to a three-point 
round-bottomed flask equipped with agitator, thermometer, dropping funnel and 
condensing unit. After being heated to 90 °C, 9.5 mL sodium hydroxide solution (4.65 
g NaOH dissolved in 19 mL water) was dropped into the mixture for 1 h, and the 
reaction proceeded for 1 h. Next, the remaining 9.5 mL sodium hydroxide solution was 
dropped into the precursor for 1 h and the reaction was continued for 1 h. A large 
amount of precipitation appeared after finishing the reaction and cooling, which was 
then filtered and washed with water, 50 vol% ethanol-water solution and ethanol in 
sequence for three times. White products were obtained and marked by DGEBP. 1H 
NMR (400 MHz, chloroform-d) δ 7.58 – 7.40 (m, 4H), 7.11 – 6.90 (m, 4H), 4.28 (dd, 
J = 11.0, 3.2 Hz, 2H), 4.03 (dd, J = 11.0, 5.6 Hz, 2H), 3.40 (ddt, J = 5.7, 4.0, 2.9 Hz, 
2H), 2.95 (dd, J = 4.9, 4.1 Hz, 2H), and 2.81 (dd, J = 4.9, 2.7 Hz, 2H). 

Figure S1. Synthesis and 1H NMR spectrum of DGEBP.

Synthesis of N,N-diglycidyl-furfurlamine (DGFA)
N,N-diglycidyl-furfurlamine (DGFA) was synthesized according to ref.S2, S3 

(Figure S2). Epichlorhydrine (20 g, 0.2162 mol) and tetrabutylammonium bromide (5 
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mol%) were charged into a 500 mL three-necked round-bottom flask. The system 
temperature was kept at 0 °C, while furfuryl amine (10 g, 0.1031 mol) was added 
dropwise within 30 min. The reaction proceeded overnight and then 30 mL aqueous 
sodium hydroxide (40% w/w) was added. The system’s temperature was kept at 20 °C 
under stirring for 12 h. Afterwards, the product was extracted with ethyl acetate and 
washed with saturated solution of NaCl for three times. The organic layer was collected, 
dried, and the solvent was removed using a rotary evaporator, leaving an orange liquid. 
The liquid was further purified using chromatography on a silica gel column with the 
mixed solvents of ethyl hexane/acetate (3/1). Eventually, a light-yellow liquid was 
obtained after removal of the solvents under reduced pressure. 1H NMR (400 MHz, 
DMSO-d6) δ 7.59 (d, J = 1.8 Hz, 1H), 6.40 (dd, J = 3.1, 1.9 Hz, 1H), 6.32 (t, J = 2.8 
Hz, 1H), 3.92 – 3.68 (m, 2H), and 3.10 – 2.32 (m, 10H). 

Figure S2. Synthesis and 1H NMR spectrum of DGFA.
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R codes used in the orthogonal experiments

Figure S3. R language codes set used in the orthogonal experiments, including the 
design of orthogonal table and results analysis.

Amorphous control of mesogen used in A-SchB, A-DA and Control-A-Z

Figure S4. Structures of the mesogen used in this work and its amorphous control. 

Synthesis of L-DA and Control-L-Z
The mixture of crosslinked and linear liquid crystalline epoxies (Control-L) were 

synthesized as follows. DGEBP was modified through epoxy-thiol reaction and end-
capped by mono-epoxy monomer containing furfuryl (furfuryl glycidyl ether, FGE), 
producing the furan-terminated liquid crystalline prepolymer (C-MLCR-S). Then, this 
prepolymer reacted with BMI to prepare the linear polymer (i.e. linear liquid crystalline 
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polymer containing DA bonds, L-DA). Finally, LCE-SchB0.500 and L-DA were mixed 
in DMF to obtain Control-L. 

FGE was synthesized according to ref.S4 (Figure S5). 51 g (0.55 mol) 
epichlorohydrin and 3.8 g tetrabutylammonium bromide (TBAB) were charged into a 
250 mL three-necked round-bottom flask under argon atmosphere. When the solution 
was maintained at 25 °C in a water bath, 49 g (0.5 mol) 2-furanemethanol was added 
dropwise within 30 min. The reaction mixture was stirred for 2 h. After that, 80 mL 
sodium hydroxide aqueous solution (50% w/v) was added dropwise within 1 h. The 
reaction proceeded for an additional 4 h at 25 °C. Afterwards, 100 mL ethyl ether was 
added, and the organic layer was collected, washed with 50 mL saturated solution of 
NaCl for three times, and dried with anhydrous sodium sulfate, filtrated, and evaporated 
to get a light-yellow liquid. After distillation of the crude product at 103 - 105 °C in 
vacuum (11 mmHg), the colorless liquid product was obtained. 1H NMR (400 MHz, 
DMSO-d6) δ 7.65 (d, J = 1.4 Hz, 1H), 6.44 (s, 2H), 4.46 (s, 2H), 3.71 (dd, J = 11.5, 2.8 
Hz, 1H), 3.33 – 3.23 (m, 1H), 3.09 (ddd, J = 6.6, 4.9, 2.7 Hz, 1H), 2.72 (t, J = 4.7 Hz, 
1H), and 2.54 (dd, J = 5.3, 2.7 Hz, 1H). 

Figure S5. Synthesis and 1H NMR spectrum of FGE.

L-DA was synthesized according to the procedures shown in Figure S6. DGEBP 
(14.9 g, 5 × 10-2 mol), HDTO (12.2 mL, 8 × 10-2 mol) and 100 mL DMF were charged 
into a three-necked round-bottom flask under argon atmosphere. The reaction was 
catalyzed by TBDS5, S6 (5 mol% of epoxy group) at 30 °C for 3 h. Then, FGE (9.24 g, 
6 × 10-2 mol) was added and the system was kept on reaction for another 12 h. After 



6

that, the mixture was poured into 25 vol% ethanol aqueous solution to collect the pale 
yellow prepolymer C-MLCR-S. Finally, the dried C-MLCR-S (15 g) and BMI (1.48 g) 
were heated to be dissolved in 100 mL DMF at 40 °C, and the as-obtained solution was 
poured into a mold and dried in vacuum at 80 °C for 2 days to obtained L-DA. 

Figure S6. Synthesis of L-DA.

Due to the non-crosslinked structure of L-DA, it could be dissolved in DMF at 80 
°C after about 30 min without triggering the DA reaction. Accordingly, after dissolving 
LCE-SchB0.500 (7.5 g) in 150 mL DMF due to Schiff base exchange reaction at 80 °C 
for 6 h, it was mixed with the as-dissolved L-DA solution (2.5 g in 150 mL DMF). 
Then, the system was kept on being stirred at 80 °C for 30 min, and concentrated by 
rotary evaporation. Finally, the solution was poured into a mold and dried in vacuum at 
80 °C for 2 days to obtain Control-L-3, where “3” is the mass ratio of LCE-SchB0.500 
and L-DA. 

IPNs-type control 
The raw materials of LCE-DA0.6 (i.e. MLCR-S and BMI) were firstly dissolved in 

DMF. Then, the bulk LCE-SchBA0.500 was soaked in the solution and swollen for 12 h 
at room temperature. The IPNs-type control with compositions similar to those of 
ILLCE0.500/0.6-3 was thus produced when the solvent was evaporated.
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Synthesis of FPM used in the small molecules model test
The adduct of furan and N-phenylmaleimide (FPM) used for NMR analysis of 

hydrogen bonding was synthesized according to ref.S7, S8. Typically, furan (2.18 mL, 30 
mmol) was added to the solution of N-phenyl-maleimide (1.73 g, 10 mmol) in dioxane 
(30 mL). The reaction was kept at 90 °C for 12 h. Having been cooled down to room 
temperature, the solvent was removed under reduced pressure, and the residue was 
dissolved in ethyl acetate. Then, the solutions were poured into excess hexane and 
stirred intensely. After filtration and drying, the white crystals were obtained. 1H NMR 
(400 MHz, chloroform-d) δ 7.57 – 7.08 (m, 5H), 6.59 (s, 2H), 5.42 (s, 2H), and 3.04 (d, 
J = 1.6 Hz, 2H). 
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S2. Supplementary Figures, Tables and Discussion

Figure S7. (a) FTIR spectra of the raw materials of MLCR-N and LCE-SchB0.067. (b) 
Temperature-dependence of storage modulus, E’, of LCE-SchB0.067. 

Figure S8. (a) FTIR spectra of the raw materials of MLCR-S and LCE-DA0.2. (b) 1H 
NMR spectrum of MLCR-S. (c) GPC curve of MLCR-S. (d) Temperature-dependence 
of storage modulus, E’, of LCE-DA0.2. 
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The number of furfuryl groups hanging on MLCR-S, n, was estimated from: 

(S1)
𝑛=

𝑀𝑛

𝑀𝐷𝐺𝐸𝐵𝑃+𝑀𝐷𝐺𝐹𝐴 × 𝑦+ 150 × (1 + 𝑦)
× 𝑦

where Mn, MDGEBP, MDGFA and y are the number-average molecular weight determined 
by GPC, molecular weight of DGEBP, molecular weight of DGFA, and molar ratio of 
DGFA to DGEBP, respectively. 

Figure S9. (a) FTIR spectra of ILLCE0.067/0.2 with different proportions of the single 
LCE networks in comparison with those of LCE-SchB0.067 and LCE-DA0.2. (b) Surface 
energies and (c) contact angles of LCE-SchB0.067 and LCE-DA0.2. 
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Figure S10. Raman spectra of LCE-SchB0.067, LCE-DA0.2 and ILLCE0.067/0.2-1. 

Figure S11. WAXD patterns of LCE-SchB0.067, LCE-DA0.2 and ILLCE0.067/0.2. 

Figure S12. Temperature-dependent textures of ILLCE0.067/0.2-1 observed by POM 
during heating and cooling. Scale bars: 100 μm. 
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Table S1. Results analysis of the orthographic factorial design (Table 2) for 
enhancing intrinsic thermal conduction of liquid crystalline epoxy in terms of 

interlocked system
Factor1

Item
A B C

Ki1 0.2572 0.2654 0.2286
Ki2 0.2522 0.2554 0.2836
Ki3 0.2412 0.2608 0.2738
Ki4 0.2654 0.2550 0.2930

Mean value2

Ki5 0.2608 0.2350 0.1978
Range 0.0242 0.0304 0.0952

Si
3 0.00172 0.00314 0.03292

DFi
4 4 4 4

MSi
5 0.000430 0.000786 0.008229

Fi
6 0.467 0.854 8.939

p (Fα>Fi)7 0.75870 0.51844 0.00138
1 – p (Fα>Fi) 0.24130 0.48156 0.99862
Significance N/A N/A Marked

1The symbols denoting the three factors have the same meanings as those in Table 1. 
2Kij: Averaged thermal conductivities as a function of factor i and level j. 
3Si: Sum of deviation squares of factor i. 
4DFi: Degree of freedom of factor i. 
5MSi: Mean square of factor i (MSi = Si/DFi). 
6Fi = MSi/MSe. MSe represents the mean square of error. In general, the larger Fi, the 

more significant the influence of the factor on the result. 
7p (Fα>Fi): The probability of the critical value Fα following the F-distribution with 

degree of freedom (4, 12), in which ‘4’ means the degree of freedom of factor i and 
‘12’ means the degree of freedom of error. In this work, Fα is greater than Fi. The 
smaller p (Fα>Fi), the more significant the influence of the factor on the result. The 
value of 1 – p (Fα>Fi) represents the confidence coefficient. 
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Figure S13. Influence of different levels of the three factors (see Table 1) on the 
averaged thermal conductivities (i.e. the values of Kij listed in Table S1). 
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Figure S14. (a) FITR spectra of FGE, C-MLCR-S and L-DA. (b) GPC curves of L-DA 
in differ states. (c) Swelling and dissolving imagines of L-DA and LCE-DA0.6 in DMF. 
(d, e) Temperature-dependent FTIR spectra of (d) LCE-DA0.6 and (e) L-DA. 

The linear structure of L-DA was verified as follows. The FTIR spectra in Figure 
S14a indicate that the characteristic peak of epoxy (919 cm-1) was undetectable, but 
furan ring appears on the spectrum of C-MLCR-S (746 cm-1), meaning successful end 
capping. Besides, the terminated-furan ring could further react with BMI to obtain L-
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DA, so that DA adduct (1775 cm-1) can be detected. Then, swelling experiments of L-
DA and LCE-DA0.6 were conducted (Figure S14c). Having been soaked in DMF at 
room temperature for 12 h, L-DA and LCE-DA0.6 could not be dissolved, but L-DA 
was greatly expanded while there was not significant change in the size of LCE-DA0.6. 
After that, the soaked samples were heated to 70 °C for 12 h. At this temperature, DA 
bonds remained stable without breaking, which was testified by the variations of C=C 
of maleimide with temperature (Figure S14d and Figure S14e). Consequently, L-DA 
was completely dissolved in DMF, while LCE-DA0.6 was only swollen to bigger size. 
Without the crosslinked structure, L-DA was more regular than LCE-DA0.6. The tighter 
liquid crystalline regions served as the physical crosslinked points, so that L-DA was 
insoluble at room temperature, but soluble at 70 °C. As for LCE-DA0.6, 70 °C was not 
high enough to break DA adduct and LCE-DA0.6 had to be just swollen. When the 
samples were further heated to 150 °C for 30 min, LCE-DA0.6 became invisible, while 
the color of the solution of L-DA turned to be darker due to retro-DA reaction. The 
molecular weights of L-DA at different states were tested (Figure S14b). After being 
dissolved at 70 °C, Mn of the associated L-DA was 17487 g/mol. Besides, after the heat 
treatment at 150 °C, Mn of the dissociated L-DA decreased to the level of C-MLCR-S. 

Figure S15. Temperature dependences of loss factor, tan δ, of (a) ILLCE0.500/0.6-3 and 
(b) Control-L-3 in comparison with those of the single networks (heating rate: 3 °C/min; 
frequency: 1 Hz). 
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Figure S16. (a) FTIR spectrum of Control-L-1 and (b) micro-infrared spectroscopy 
analysis of distribution of C=O groups of the DA adducts on the surface of Control-L-
1. 

Figure S17. Optical images showing healing effect of the scratched ILLCE0.500/0.6-3. 
Healing condition: 150 °C, 1 h and then 90 °C, 6h. Scale bars: 1 mm. 
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Table S2. Comparison of thermal conductivities of liquid crystalline epoxies

Epoxy-based mesogen
Content of mesogen, 

w (wt%)

Thermal 
conductivity, 
k (W·m-1·K-1)

k/w 
(W·m-1·K-1)

Test method Ref.

36.81 0.218 0.592 Laser flash
This work 

(LCE-SchB0.500)

37.27 0.329 0.883 Laser flash
This work 

(ILLCE0.500/0.6-3)

38.66 0.255 0.66 Laser flash
This work 

(LCE-DA0.6)
75.06 0.27 0.36 AC calorimetric method S9

70.62 0.34 0.481
Hot disk transient plane 

source (TPS)
S10

100.00* 0.48 0.480 Hot disk (TPS) S10
70.62 0.337 0.477 Hot disk (TPS) S11

OOO O

75.06 0.3 0.400 AC calorimetric method S12
O O CH2CH2O O

nO O 85.80 0.51 0.594 Hot disk (TPS) S13

OO
O O

79.42 0.31 0.390 Transient hot wire method S14

O

O
O

O
O

O
60.43 0.33 0.546 Hot disk (TPS) S6
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N O CH2 O

O
O

O
OO

O

O CH2 O Nn n 89.16 (n = 6) 0.46 0.516 Hot disk (TPS) S15

74.06 0.314 0.424 Hot disk (TPS) S11
74.06 0.27 0.365 Laser flash S16O OO O

86.76 0.33 0.380 Hot disk (TPS) S17
87.32 (n = 8) 0.85 0.973 AC calorimetric method S12
86.85 (n = 6) 0.89 1.025 AC calorimetric method S12O CH2 O

n
O

O
OO O

O
O O

86.34 (n = 4) 0.96 1.112 AC calorimetric method S12
81.71 (n =1) 0.292 0.357 Transient hot wire method S18

O O O

O
OH2C O

O CH2
OnO n

83.73 (n = 4) 0.269 0.321 Transient hot wire method S18
76.07 (n = 1) 0.22 0.289 Transient hot wire method S19
84.36 (n = 1) 0.25 0.296 Transient hot wire method S19
85.63 (n = 5) 0.29 0.339 Transient hot wire method S19

O

O

O

O
OO

O
O
CH2

O O

CH3n 86.71 (n = 9) 0.26 0.300 Transient hot wire method S19

O

O

O

O
OOH2C CH2

O n On 100.00** (n = 9) 0.31 0.310 Laser flash S20

O

O
O

OH2C

CH2

O n

OnO

O
100.00** (n = 9) 0.43 0.430 Laser flash S20

ON
OO N

O O 80.75 0.30 0.372 Laser flash S16

N
OO N

O O 77.54 0.35 0.451 Laser flash S16
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*The involved curing reaction followed cationic polymerization initiated by the lab-prepared cationic initiator. Therefore, the content of mesogen 

was 100 wt%. 
**The involved curing reaction followed UV photo-polymerization so that the content of mesogen was 100 wt%. 

NOO N O O 77.54 0.45 0.580 Laser flash S16

ON NO

O O

O
O O 82.29 0.35 0.425 Laser flash S16

SN NO

O O

O
O OO

O
83.42 0.39 0.468 Laser flash S16

CH2N NO

O O

O
O O 82.23 0.39 0.474 Laser flash S16

89.41 0.38 0.425 Laser flash S21NOO N O O
81.14 0.43 0.530 Laser flash S22

OO

O
O O 75.30 0.34 0.452 Hot disk (TPS) S23

OO O O
83.16 0.29 0.349 Laser flash S24

O CH2 O

O
O

O
OO

O

O CH2 On n

94.40 
(n = 4, 8)

0.4 0.424 Hot disk (TPS) S17
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