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Research progress on self-assembly of polyphilic liquid
crystal molecules

WANG Ruoyu, CAO Yu, LIU Feng’

(Shaanxt International Research Center for Soft Matter, School of Materials Science and Engineering,
Xi’ an Jiaotong University, Xi’an 710049, China)

Abstract: Liquid crystals, as an ordered fluid, provide an excellent physical environment for the orderly
self-assembly of functional molecules. Traditional research has mainly focused on the one-dimensional
ordered assembly of liquid crystal molecules, such as in Nematic or Smectic phases. This article reviews
the latest progress in the complex assembly and phase behavior of polyphilic liquid crystal molecules. By
regulating the degree and mode of microscopic phase separation, a series of assembly modes have been
achieved, ranging from two-dimensional honeycomb columnar phases to three-dimensional network
structures. The article explores the influence of steric effects and phase separation on the formation
mechanisms of assembled structures, such as superlattices and Frank-Kasper phases, while also analyzing
the role of fundamental mathematical concepts like minimal surfaces and supramolecular chirality in
assembly behavior. Additionally, it systematically discusses the phase transition paths in two-dimensional
tiling of liquid crystals, the control mechanisms of three-dimensional network structures, and the

supramolecular chirality behavior arising from symmetry breaking. These studies provide new insights into

Y75 B HA : 2024-08-24 5 1£1T H # : 2024-09-30.
E& WA [HRK A AP (No.21374086,No.21761132033)

Supported by National Natural Science Foundation of China (No0.21374086,N0.21761132033)
58 {5 6 & A, E-mail : feng.liu@xjtu.edu.cn



514

EE P A R Y T H AT T 129

the understanding of complex supramolecular systems in nature and artificial reticular chemistry.

Key words: liquid crystal; polyphilic molecules; molecular self-assembly; three-dimensional network

structure; supramolecular chirality
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Fig.1 Liquid crystal structure of (a) rod-line shape
(line-rod-line shape) , (b) multi-chain form and

(c¢) dendritic.
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Fig.2 Schematic diagram of four common polyphilic liquid
crystal molecules. (a) Bola T-shaped; (b) Bola
n-shaped; (¢) Bola K-shaped; (d) Bola X-shaped.
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Fig. 3 Sequence of LC phases formed by self-assembly of Bola T-shaped polyphiles as observed on increasing the size of
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Fig. 10 Structures of molecular 4, and summary diagram

of phase sequence during cooling
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tessellation

Delaunay

Duality triangulation
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By 12 8RN 14 T 49 4 (b) &b M 9 3R 2 3 B 8 4t
(V)RS R ZTER AT DU TR A 5 (o) i B i 9%
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Fig.11 Topological duality in Pm3n cell. (a) 12-weight

and 14-weight nodes in the cell; (b) VT of the
cell corresponds to dodecahedron and decahedron;
(¢) DT of the cell corresponds to three different
tetrahedrons, and DT and VT are topological
duals of each other; (d) and (e) show the

topological duality between a single dodecahedron

and a tetrahedron, respectively.
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Fig. 12 (a) SAXS integration diagram and calibration

results; (b) Reconstructed electron density map;
(c¢) Comparison chart of simulated strength and
experimental strength; (d) Schematic diagram of

the structural model used in the simulation.
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B 13(a) i . TPMS &k = 4k J& 1014 A /s ity i
(Triply Periodic Minimal Surface, TPMS) ., &
DP Jy 3 F P-TPMS 19 X W 4% &5 #4 , SP 2k 3 F
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Fig. 13 (a) Comparison of volume dV/dr curves of
different structures, DP is dual network structure
based on P-TPMS, SP is single network structure
based on P-TPMS, Im3m-8 is open octahedral
structure based on I-WP TPMS (the illustration
shows the relationship between dV/dr and
molecular structure) ; (b) Transformation of the
triangular honeycomb structure Col,,/p6mm hexa-
gonal columnar phase to(c) the tetrahedral network
structure  Cub/Pm3n  cubic phase (magenta
represents the polar end group, green represents the
OPE core, for visual comparison of the side chain

omitted to fill the remaining volume).
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Fig. 14 Structure of molecular 5
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Fig. 15 (a) Synchrotron radiation SAXS diffraction pattern and (c¢) corresponding electron density map; (d) Geometric

model diagram used to simulate the cubic Cub/Im3m phase SAXS results and (b) the simulation results; (e) GISAXS

results of thin-film oriented samples and (f) corresponding structural models.
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He Ay 20, HEAT AT 9 5 B 0 A48 DL KA A 3T
B ST HEA LT AR R R R
A RL B ST O X RR M T AL Y S T
Cub/Im3m # " 4 2 % B FF /8 3C 1 3% (Kelvin
Foam) (% 2 4~ f /\ T 8 A4~ B AT 44, L i
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2\ I M 48 458 5 T-WP B TPMS ¥
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N TR I 25 (1 16 i (L I 266 ) 5 o — i (L 550K
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AT, 21 (5 FIE €5 190 2% AU 3R B TPMS 3 B T () 1 58
7325 1) 1R s P 5
Fig. 16 [-WP TPMS schematic, in which transparent cyan

represents a minimal surface, red and blue
networks represent a central network of two spaces
separated by TPMS.

B F 547 F FU R DU 5 AR AR PRI P o
AR AR SR AT R\ T AR A I 2% 14 T ke
SRR o BB T 0 i H 5O P R R L T
W A, AR AR 4> F | OPE B0 | C=C N
TR S T OPE B0 & AR iRk LA (B

T o3 F A BB SR 1 me-m EHERL N o FUE 1
FEL 250 IO B {8 AR ) R 92 T O I e e e
HEAT B 2 (] o 3 b s () BH 4 5 2 R R O v T
WK, o 1 LR R S oy R A o TR IR
W UL B HE B 7 3 T A R A% /) TR = 4ESr
Jite

P17 25 3 AH I 45 R 64 1A BRUAR 1) A it £k
(dV/dr), BUEE T S A5 #3524 00 1 I8 il 4t
F I, o3 00 5% BT Xk B B AR, dV/dor il 26T R
2O X R 14 7 BRIV A AR A0 73— 000 e A 4 Ak 4 07
T o A TP O BE IS ST R S AR, dV/ dr i
LRI OBy ORI/ B AR5 09 J7 B AR B 26
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Fig. 17 Comparison of dV/dr curves of the volume radial
distribution of the relevant structures, DP is double
network structure based on P-TPMS, SP is single
network structure based on P-TPMS, Oct is 8-
node network, that is, the structure formed by
molecular 5;, Squ is quadrilateral column phase
(the illustration shows the relationship between

dV/dr and molecular structure).
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PERY TMPS 26 % . Primitive (P-) % (& 18(a))'™ |
Diamond (D-) % (& 18(b) )" Fll Gyroid (G-)"" Y
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Fig. 18 Schematic diagram of common in the cubic phase
(a) P-, (b) D- and (¢) G-TPMS, in which

transparent cyan represents a minimal surface,

D(Fd3m/Pn3m)

red and blue networks represent the central net-
work of a two-part space separated by TPMS,
and symmetries in parentheses represent symme-

tries when one/two networks are included.
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Fig. 19 Structures of molecular 6, 7 and the molecular

arrangement model of the SP structure formed by

their self-assembly.
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Fig. 20 Radial distribution of volume functions dV/dr for
DG, SG, DD, SD, DP and SP phases.
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Fig. 21 (a) Structures of molecular 8,; (b) Phase structure

models of DG and SD formed by 8,, according to
different chain lengths.
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Fig. 22 Molecular arrangement models of a single conti-

nuous double network DD structure consisting of
(a) two and (b) one molecular bundle to form a

network segment
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Fig.23 Molecular structures of the 9, series and the struc-

tural model and node change process of each
phase during the phase transition. (a~d) Struc-
tural diagrams of DD, Fmmm, P6,/m and DG
phases, respectively; (e) Change process of
node shape and angle; (f) Change process of mo-

lecular arrangement at the node.
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Bl 24 7R [ V& A B B9 %% 25 # o () Cub/Pn3m; (b)
Cub/Ia3d; (¢) Ortho/Fmmm; (d) Hex/P6,/m.
(a~d) ik 55 (21 35 B~ TR O A 25 A 39 K 10
R, Bk RN 2T, £0 6 | 6 2 (0 R R
A TR =FML% . (e, ) Ortho/
Fmmm Ffl Hex/ P6./m A 38 & F % HE 10 (49 55 5k 43
A, B 00 e AU R ERTE T N A G ) 75 7 % 4k
Fig.24 Network structures of different liquid crystal
phases. (a) Cub/Pn3m; (b) Cub/Ia3d; (¢) Or-
tho/Fmmm; (d) Hex/P6;/m. The blue-purple
semi-transparent plane in (a~d) is a close-packed
plane containing polar node balls, the dotted line
represents the layer plane, and the red, blue and
green balls and columns represent double or
triple networks. (e, ) Node ball distribution of
Ortho/Fmmm and Hex/P6,/m phases perpen-
dicular to the close-packed plane, and the yellow
dotted line represents the (near) hexagonal close-

packed node balls in the plane.
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Fig.25 DG structure molecular arrangement models.
(a) Rod-shaped core is arranged parallel to the
network, and the polar groups at both ends gather
to form network nodes; (b) Rod-shaped core is
arranged parallel to the network, and two coaxial
rod bundles form a network segment; (c¢) Rod-
shaped aromatic core is arranged vertically along
the minimal surface, and the polar groups at both

ends form a network structure.

A /AN HA T, 24 0 DO B A A

Y A0 P i i SR AR R 2% 1 A B T 2 R 2%
SER R HY R AR AR IR TR A TS KA LA
TR, 8 S5 14 3 25 1 Rt v 43 1 3 2l fil
S5 AR AT DR T U Bk o ek b Ui
AR EL A T B P9 2R RE il 25 A AR E 1 B2 [ 1 05
R0 VR O W RCBR 4G A o 1 s BE 2 B A LA
2ONE R T e SN R U NER G 27 N A - o
B 5 8 19 53 A1 000 S 1 1A FR 2 A 3 R ok E
W 1 e T A7 80P R Y S B
THT P 5 4 2% 37 304 O, 8L 2 mT DA MG A /0 il TR B
WINE e n) A AU A . [ERHE R TR
He A2 B B8 A 57 T R RLAR A, BT A B TN A
HESfE ) 1 PEAL A
2.3 E TR F = %M %

TE 00 B, A5 45 T 4R X — I R R AL
i, 1k w RLR] i B A 22 R 2 R PR A %
Wt F LR A R Ry T TR A
AL 2 B TR T — D E S R

DG 52— B Ak #5150 N eSS # L P Ak T
P AR S B SR e R 6% ek HL g X AR B A AR T
A 2o X R A R e ) 5 K o 7 2 MR I 2% T 1
LT BE L RO AT QY )t DG 258 i TR S . X

ol 25 R A T IR R — R S rh — SR R
TE 190 2% 52 42 0 %, B SG 254 B2 i1 T SG 451
P 25 A PR R G, TR 1 38 H R R Ik iR I A A
BB E 4R R kX — 45, B —Fh
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(a) HO, OR 4
OO

10 O(CH,),-R; OH
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E 26 (a) o+ 10 &R E B (D) FEFHE DG(Cub/
Ta3d) 55 ¥ X FRPE W A (¢) T AG(Cub/I4,32)

45K
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Fig. 26 (a) Structure of molecular 10; Symmetry of the
structure is broken from (b) achiral DG (Cub/
Ia3d) to (¢) chiral AG(Cub/I4,32).
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TR AZ O Y 2 A/ TSP AT R 00 B AL )

A
Fig.27 Molecular arrangement model of molecule 10
assembled into an AG structure, in which the
molecular rod-shaped core is arranged in parallel
along the minimal surface, and the side chains

form a network structure.
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Oy T2 50012 Z 18] T R 57 7 s 2 Ak
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Fig. 28 Structure of molecular 11

TEFAR AT ik X2k vl LRSI 4 F
ol 43 6] R A P T AR e %) ] 0 A Al ] DLAE
1 RSoXS W5 5k, 424650 )2 R L 25 #4915
B 5 B 3k Rl v DL R JE A X AR R R
AT b % BT 6 (110) 5 (200) 177 4 04 .
WE 29 s, XX AT OGAR 5 AT X P2 he
FHE, N 270 eV #1290 eV, £ K K 0.5 eV, Al LU
RIAF 5 0 R ZUHCR T X A 2 e i AR Ak .

11 energy scan
@145 °C,270~290 eV
Red thick line@C K-edge

=) 270

E29 4+ 11 M 270 eV £] 290 eV fig i 49 25 21, (110)
5 (2005 5 ¥ N ARME 5 . 20 @M 802 R ik

JER WML RERE D 284 eV,
Fig. 29 Energy scan results of molecule 11 from 270 eV to
290 eV. Both (110) and (200) signals are reso-
nance signals. The thick red solid line indicates the

absorption edge energy of carbon element is 284 eV.

T RN B OGRS 5 00 1 HE A Z Ak
A s RS as i E S, |4 &0 TR,
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P EAT LT, I A A BN A 2R S S 5 2R 5

@) Experimental = Compound 1
s ) =
B g
1q*
(©) Simulation S Model 1
s aQ
< 3
07 08 09 10 11 12 13 14

K30 (a, ¢) ZHE4rF 1119 RS0XS 52 4 45 5 K T
A LB A BRI TS 45285 (b, d) 2821 11

FY 1 22 45 4 B HL T A S A AL
Fig. 30 (a, ¢) RSoXS experimental results of molecule
11 and theoretical calculation results based on a
simplified model; (b, d) Self-assembly structure

of molecule 11 and its simplified structural model.
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Fig. 31 Molecular arrangement model of molecule 11
assembled into a DG structure, in which the
molecular rod-shaped core is arranged perpendi-
cular to the network helix and the side chains fill

the remaining volume.
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Fig.32 (a~c) SAXS and WAXS results and calibration

of the self-assembled structure of molecule 11 at

different temperatures; (d~f) Electron density

distribution diagram obtained by inverse Fourier

transform based on the SAXS intensity, where

purple is the high electron density area, red is the

low electron density area, and green is the medium

electron density area.
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Fig. 33

resonance enhancement signal; (b,

¢) Two different molecular arrangement models:

g/mm™*

SELANIFOEE S BN RIEIRE 55 (b, o) P

P 2% ] i) WRE o 4 ELAN > 45 4 vh A 78 7 IR, A RE R 2 (200) 3%

(a) 2D RSoXS scattering spectrum of molecule 11 at 283.5 ¢V at 120 °C, red is the extinction signal, black is the

(b) randomization and

(¢) helical in the same direction along the network. The (200) resonance enhancement signal can only be seen if

and only if there is a molecular helix in the structure; (d, e) Comparison of RS0oXS and SAXS results.
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Fig. 34 Simplified molecular arrangement models of

(a) 1a3d, (b) P4,2,2 and (¢) 123 structures.
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Fig. 35 Structure of molecular 12
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Fig. 36 (a) SAXS diffraction results of variable temperature (cooling at 2 K/min), from Iso to Gyr to 123 phase; (b) SAXS

diffraction results at 122 °C isothermal after cooling from Iso; (¢) SAXS zoomed in image after cooling from Iso to

122 °C isothermal for 1 min, at this time it is the new intermediate phase Gyr.
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Fig. 37 (a) CD spectra of 12, and 12 films at different temperatures; (b) Temperature-dependent ellipticity of CD at 355 nm

when heating and cooling12, and 125 at 2 K/min.
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Chiral gyroid segments

N N

Ia3d gyroid

K38 (a,c)la3d Gyroid #1(b,d) Chiral Gyroid fj 43 T- 12
JEHE A2

Fig. 38 Molecular helical arrangement models of (a, c¢)

Ia3d Gyroid and (b,d) Chiral Gyroid.
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