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Abstract: Liquid state self-assembly is important for the
understanding of the complex structures developed in abio-
genesis and biogenesis as well as for numerous potential
technological applications. Herein we report the first body-
centered cubic liquid crystalline phase with 8-connected net-
work topology and open octahedral network structure. It is
formed by dynamic soft self-assembly of X-shaped polyphiles
with oligo(para-phenylene-ethynylene) cores. The m-conju-
gated rods with perfluorinated inner benzene rings form
networks conjoined by eight-way junctions, which are formed
by nano-segregated spheres involving hydrogen-bonded polar
end groups, while the branched aliphatic chains at opposite
sides of the cores fill the continuum. This novel cubic phase is
based on the I-WP minimal surface separating the frameworks
of polyaromatic cores from the most disordered chain seg-
ments. It can also be considered as a dense sphere packing.
Such liquid organic frameworks, representing hybrids of
sphere packings and networks could be of interest for organic
photonics and other technologies.

N anoscale ordered networks are of significant interests as
photonic band gap structures, porous materials, transport
materials of ions and electrons and numerous other applica-
tions."! They provide the basis of structural inorganic crystal
chemistry,” but also play a significant role in soft matter self-
assembly. These soft ordered networks are often related to
some minimal surfaces with long range periodicity in all three
spatial directions (triply periodic minimal surfaces = TPMSs),
among which the common phases are bicontinuous cubic
phases with gyroid (G), diamond (D) and primitive (P) type
periodic surfaces (Figure 1a—c).’! These minimal surfaces
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have a genus of three!” and separate the space into two
equivalent components. Thus, the related structures usually
involve two identical or enantiomorphic networks, like the
double gyroid (DG, Ia3d), the double diamond (DD, Pn3m)
and the double “plumber’s nightmare” (DP, Im3m) phases
with cubic symmetry, as shown in Figure 1a—c. Furthermore,
the two networks can also be different, like the alternating
gyroid (AG, 14,32)"! or only a single network is adopted
leading to the single gyroid (SG, 14,32),"! single diamond (SD,
Fd3m)" and single “plumber’s nightmare” (SP, Pm3m)®
phases (see the blue networks in Figure 1a—c). Double
network cubic phases are common in lyotropic and thermo-
tropic liquid crystals, block copolymers and cubosomes. The
respective building blocks usually contain two or more
different incompatible components (amphiphiles and poly-
philes, respectively) so that at least one of them forms the
ordered network(s) and the other the continuum.

The 6-connected nets, having the highest valence of their
junctions, are related to the P type TPMS (Figure 1c¢). The DP

P(Pm3m/Im3m)

Figure 1. a) G-, b) D-, and c) P-type TPMS in bicontinuous cubic
phases with two equivalent networks (shown in blue and red) and the
corresponding single network phases (only blue); d) I-WP type TPMS
with 8-connected network (blue) and its dual network, corresponding
to the edges of the Voronoi polyhedra around the nodes (spheres) and
forming truncated octahedra (red, see also Figure S10 in the Support-
ing Information).
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structure is known for lyotropic systems and was recently
found for polymer cubosomes.”” In contrast, in the thermo-
tropic phases of low molecular weight systems only the non-
interpenetrating SP has recently been observed for specifi-
cally designed K- and II-shaped bolapolyphiles.”! These
bolapolyphiles consist of a rigid rod-like core which is
terminated by two polar hydrogen bonding glycerol groups
with side-on attached flexible lipophilic alkyl/semiperfluori-
nated chains. This bolaamphiphilic structure favors the net-
work formation by the attractive H-bonding interactions at
both ends. The rods form bundles which are interconnected
by the polar spheres of the glycerols at the junctions, or the
other way around, the rod bundles form a kind of bonds with
fixed length between the polar spheres. The volume, shape
and distribution of the side chains determine the number of
end-to-end arranged bundles between each junction, being
either one!® or two,""! as well as the valence of the network
junctions. The 6-connected networks of the SP and DP phases
have the highest valence known so far for any self-assembled
soft matter system.

Here, we report a novel bicontinuous body-centered cubic
LC phase, the first representing an 8-connected network and
the first being based on the I-WP surface (Figure 1d),1?
which separates the space into two different parts, that is, in
this case the two networks are intrinsically different. The 8-
connected network (blue in Figure 1d) occupies only one side
of the I-WP surface with the flexible side chains fulfilling the
space of the 4-connected network on the other side (red, in
Figures 1d and S10). The I-WP surface is also considered as
more complex as it owns a genus of four instead of only three
of the G, D and P surfaces.**?!

This structure is reported here for a X-shaped polyphile
1F (Table 1) composed of a conjugated oligo(phenylene-
ethynylene) (OPE) core with two perfluorinated inner
benzene rings, bearing two polar glycerol groups at each
end and two identical branched aliphatic side-chains at
opposite sides.

Compound 1F was synthesized by a sequence of Sonoga-
shira cross couplings'™ as shown in Scheme 1. Analysis of the

Table 1: Phases and phase transition temperatures of compounds TH' and 1F.
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Scheme 1. Synthesis of compound 1F; Reagents and conditions: j) Pd-

[PPh;],, Cul, Et;N, reflux; i) PA[PPh,],Cl,, Cul, Et;N, reflux; iii) K,COs;,
CH,Cl,/MeOH (2/1), 20°C; iv) PPTS, MeOH/THF (1:1), 20°C.

self-assembly was performed by differential scanning calo-
rimetry (DSC), polarizing optical microscopy (POM) and
powder wide angle X-ray scattering (WAXS). Furthermore,
synchrotron-based small angle X-ray scattering (SAXS) and
grazing incident small angle X-ray scattering (GISAXS) were
carried out to elucidate the detailed self-assembled structures
formed by this compound. For details of the synthesis, the
analytical data and experimental setup, please see SI.

The previously reported analogous non-fluorinated com-
pound 1H (Table 1) has two LC phases, a square honey-
comb with pdmm lattice and a lattice parameter a,,, =4.09 nm
which is in the range of the length of
the molecule between the two ends
of the two glycerol groups (L=
42+0.2nm, see Figure S8). This
indicates a square honeycomb in
which the rod-like cores form the
square cylinders and the side chains

HO X X X X ) - - >
X =H:1H fill the resulting prismatic cells. In
CooHas X =F:1F .

CaoHat this square honeycomb the rods are
Comp. X T/°C [AH/Kjmol ] a o] (TTC) arranged' on average perpendlcullar
to the prismatic cell long axes (Fig-
H H H:Cr47[21.7] Coly,” 89 [1.1] Col,, 1T30 [9.3] Iso Squ74 09 (100) yre 2b) and at the transition to the
C: 150 128 [10.5] Col,,, 88 [1.0] Col,,,” 31 [30.0] Cr 0.0,/=3.90 80)  (oond low temperature square

F F H:Cr101[79.2] M 150 [11.8] Col,,, 157 [6.6] Cub/Im3m 166 [2.0] Iso  a,,,=>5.40 (160)

C: Iso 161 [1.9] Cub/Im3m 150 [4.4] Col,,, 126 [11.2] M 29 [39.6] Cr

6,0y =4.12 (150) phase with a smaller a,, =3.9 nm

[a] Determined by DSC (second heating/cooling, 10 Kmin™'

honeycomb structure and p4mm plane group; Col,,'=

DSCs see Figure STe.
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, peak temperatures); Abbreviations:
Cr=crystalline solid; Iso =isotropic liquid state; Col,, =square columnar LC phase with square
Col,,, phase with tilted organization of the rod-
like units; Cub/Im3m = bicontinuous cubic phase with Im3m space group and 8-connected network
structure, see explanations in the text for details; M =unknown phase. H=heating,

© 2020 The Authors. Published by Wiley-VCH GmbH

these rods assume a tilt (Figure 2a).
Due to the emerging tilt the pris-
matic cell volume is adjusted to the
reduced space required by the side
C=cooling, for chains at lower temperature as
studied in previous work.' The

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

20821


http://www.angewandte.org

GDCh
~~—~

20822 www.angewandte.org

+T

1H

Communications

Angewandte

intemationaldition’y) Chemie

Col.,, ' Ipdmm Col,./p4mm

Cub/Im3m

Figure 2. a)—c) Time and space averaged models of the molecular organization in the LC phase structures of compounds TH and 1F and their
development depending on temperature; d) shows the “open octahedron” where only the edges of the square plane (dotted lines) are not

connected by the OPE cores.

fluorination of the two inner benzene rings of the OPE core
leads to a significant stabilization of the LC phases by more
than 30 K, despite of the steric effect of perfluorination,
usually leading to a strongly reduced LC phase stability
(Table 1).1'%) This is a first hint on donor-acceptor core-core
interactions contributing to the stabilization of the LC phases.
However, the phase sequence is also affected by fluorination.
The fluorinated compound 1F shows three enantiotropic
liquid crystalline phases: an approximately 10 K broad region
of an optically isotropic mesophase at the highest temper-
ature, followed by a short range of a birefringent columnar
phase with p4mm square lattice and a,, =4.12 nm which is
the same as observed for 1H (Tables 1 and S1, Figures 2b and
S2). The transition to the mesophase M at the lowest
temperature is anyhow associated with the onset of a tilt of
the molecules in the honeycomb walls and in this case leads to
a more complex phase which is not yet solved.

The focus here is concentrated on the high-temperature
cubic phase of 1F. The texture under crossed polarizers turns
out to be completely dark while the compound showed high
viscosity, which is a typical feature of cubic phases (Fig-
ure Sla). There exist six sharp peaks in the small angle region
of the SAXS pattern whose ratio corresponds to 1:2'2:3"%:
412:512:61 indicating either a cubic Pm3m phase or a body-
centered cubic Im3m phase (Figure 3a). Furthermore, the
diffused peak in the wide-angle region supports the liquid
crystalline nature, that is, the lack of the individual molecular
order (Figure S3b). To confirm the space group of the cubic
phase, in situ synchrotron GISAXS experiment was applied to
surface aligned samples. The sharp dots are in well accordance
with a body-centered cubic phase with /m3m symmetry with
its closed packed crystal plane (110) parallel to the surface
(Figure 3¢). Then the powder SAXS diffractogram is indexed
with a lattice parameter a.,=>5.40 nm. Since the lattice
parameter is much larger than the molecular length (L .=
4.2+0.2 nm, Figure S8), it is unlikely to form the bundles

© 2020 The Authors. Published by Wiley-VCH GmbH

along the edges of the cubic lattice as recently reported for the
single Plumber’s nightmare phase with Pm3m lattice.’
Because a.,, is also much smaller than twice the molecular
length, a related structure formed by end-to-end arranged
molecular pairs!!!! can also be excluded. The length of the
body diagonal is Ly, =5.40%3"*=9.35 nm, which is only
slightly larger than twice the molecular length. The distance
between center and apexes of the unit cell is L, /2 =4.67 nm.
That would be in the range of the length of a hypothetical
donor-acceptor pair Ly ,=4.8+0.2 nm having the perfluori-
nated ring of one compound arranged besides the dialkoxy-
lated middle ring of the adjacent molecule (Figure S8c,d).
This longitudinal shift of the molecules in the bundles allows
attractive electrostatic interactions between donor and
acceptor sites of the cores, and simultaneously it avoids the
accumulation of the side chains in the middle (Figure S8).
Thus, a bundled model with “longitudinally diffused” molec-
ular bundles along the body diagonals is proposed (Fig-
ure 3¢).

The electron density map was reconstructed using
inversed Fourier Transform (iFT) to reveal the self-assembled
structure. As shown in Figures 3¢ and S5a, the high-electron
density regions corresponding to the volume fraction of the
core parts form the octahedral-type network with 8-con-
nected conjunctions (blue, Figures 1d and S10b), while the
dual network with 4-fold junctions shown in red (Figures 1d
and S10c) is filled by the low-electron density alkyls (Fig-
ure S5b). Furthermore, the simulation of the SAXS results
were conducted by the Fourier Transform of the proposed
model (see Figure 3d. For detailed simulation, see Section 5
of SI), which compares well with those observed (Figure 3a,b
and Table S4).

The length of the side chain in all-trans conformation is
~ 2.8 nm, which is sufficient to easily reach the center of the
octahedral cells. The number of molecules in each unit cell is
estimated to be &~ 47, since the number of bundles in a unit

Angew. Chem. Int. Ed. 2020, 59, 2082020825
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Figure 3. Cub/Im3m phase: Experimental (a) and simulated (b) SAXS powder diffractograms at the indicated temperatures; c) Reconstructed ED
map from (a), blue-purple =high-density. Inset: schematic molecules. The full ED map is shown in Figure S5b; d) Geometric model used to
calculate diffraction intensities shown in (b) and in Table S4, mathematical details are in Section 5 of Supporting Information; e) Experimental
GISAXS pattern (sharp spots are from well-oriented domains, with [110] axis perpendicular to the substrate); f) Model of the infinite networks in

an Im3m unit cell intersected by horizontal (110) planes.

cell is 8, leading to ~ 6 molecules in each bundle (Table S3).
This is a nearly half of the number of molecules previously
reported for the bundles in the cubic phases of T-shaped
bolapolyphiles having only one side-chain.”!!! The reason is
obvious, as the X-shaped molecules bear two bulky chains at
opposite sides. The molecules cannot easily pack with their
non-substituted sides back-to-back. Therefore the cross-sec-
tional shape of the bundles is likely to be elliptically
deformed, while being averaged to be circular by time and
space averaging (see inset in Figure 4).1'"]

0.16 oP

00 01 02 03 04 05 06 07 038

r

Figure 4. The dV/dr curves of the square columnar phase and different
cubic phases, the calculations were performed as explained in Sec-
tion 7 of the Supporting Information. The inset shows the envelope of
aromatic cores viewed along the rod-like cores; the number of
molecules is estimated by the ratio of V,y/V, (Table S3); for

a diagram also involving the G and D phases, see Figure S11.
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The fluorination of the inner benzene rings plays a dom-
inant role in the formation of such an ordered octahedral-type
network, since the molecule without fluorines only shows
square columnar phases' As indicated by the WAXS
patterns (Figure S3), in the temperature range of the honey-
comb phases there are two diffuse scatterings, one at 0.49 nm
attributed to the averaged alkyl chain distances and the other
one around 0.35 nm is attributed to a face-to-face m-stacking
between the cores. This leads to a denser packing of the
aromatics in the walls of the honeycomb phase and supports
the staggered alternating donor-acceptor packing, supporting
a tilted organization of the molecules (Figure S8c,d). Both,
the tilt as well as the denser core packing in the walls reduce
the space available for the alkyl chains in the square
honeycomb cells. This steric frustration increases with rising
temperature. Retaining the honeycomb structure by switch-
ing to larger pentagonal cells is not possible, because the alkyl
chains would not be able to reach the centers of these
pentagons without becoming almost completely stretched
which is entropically unfavorable (see Section 8 and Fig-
ure S12). The alternative option is the disruption of the square
honeycomb into a 3D network while the self-assembly in
squares is retained. The fused square frames of rod-bundles
form the meshes of the developing 3D network (Figure 2b—
c). There are three possible structures for networks formed by
square or slightly deformed square meshes. The non-inter-
penetrated SP phase with 6-fold junctions formed by cubic
frames, the related interpenetrated DP structure (Figure 1c¢)
and the net with 8-fold junction formed by (open) octahedral
frames (Figure 2c¢). Which of them is chosen depends on the
capability of the side chains to fill the space between the nets.
The development of the available space for the alkyl chains
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depending on the distance from the rod-bundles is shown in
Figure 4. Since the mobility of the side chains is higher at
elevated temperature, the point of the dV/dr curves™
dropping to zero should be smaller than in the Coly,, phase,
where only the DP lattice and 8-connected networks meet this
requirement. The 8-connected network structure shows a dis-
tribution closer to the square phase than the DP structure.
Consequently, the “open octahedral” networks structure
(Figure 2c¢,d) is preferably adopted.

The shift of the rods in the bundles is unavoidably
connected with a shift of the glycerols (Figures S7 and S8c,d),
thus allowing the formation of larger spheres by supporting
a larger valence of the junctions, going beyond only 3-6 as
previously found. This increases the impact of the sphere
packing on the self-assembly, which is optimized by max-
imizing the packing density and minimizing the area of the
polyhedral Voronoi cells separating the soft spheres.'”) Both
favor the body centered Im3m lattice over the simple cubic
Pm3m lattice of the SP phase, whereas the chain volume does
not allow the interpenetration of the networks to give the
body centered DP structure. Thus, the formation of 8-
connected network with open octahedral cells remains the
only option. It is suggested that both effects together, the
optimization of the space filling between the nets and
optimizing the sphere packing, determine the actually
chosen cubic phase structure. In the classical bicontinuous
cubic phases formed by flexible binary amphiphiles, the
TPMS separating the nets determines the valence of the
junctions, leading to the DG, DD and DP phases with low
connectivity. For the polyphiles, where the nodes of the
network form distinct spheres, the optimized packing of these
sphere becomes more important and this allows the single
network phases to be observed (SD, SP)"#! and, in addition,
favors higher valences, thus leading to new bicontinuous cubic
network phases, representing combinations of networks and
spheres.

In conclusion, an 8-connected network with open octahe-
dral cells (Figure 2d) and body-centered cubic lattice, the first
one being based on the I-WP minimal surface (Figure 1d), is
formed by a star-shaped polyphile with a semiperfluorinated
core. The novel structure further develops the complexity of
cubic LC phases®®! and provides a transition between the
previously separate classes of bicontinuous and micellar cubic
phases, that is, between the networks and the sphere packings.
The dual nature and modular structure of these LCs
composed of rods (bonds) and spheres (nodes) is related to
reticular covalent chemistry approaches in the design of solid
state materials including COFs and MOFs.”!! This new class
of cubic phases can therefore be considered as a showcase for
liquid organic frameworks (LOFs)® formed in the liquid state
by dynamic self-assembly under thermodynamic control.
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