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Charge Transportation and Chirality in Liquid Crystalline 
Helical Network Phases of Achiral BTBT-Derived 
Polycatenar Molecules
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Moon Jong Han, Dong Ki Yoon,* Silvio Poppe, and Carsten Tschierske*

First examples of multichain (polycatenar) compounds, based on the 
π-conjugated [1]benzothieno[3,2-b]benzothiophene unit are designed, synthe-
sized, and their soft self-assembly and charge carrier mobility are investigated. 
These compounds, terminated by the new fan-shaped 2-brominated 3,4,5-tri-
alkoxybenzoate moiety, form bicontinuous cubic liquid crystalline (LC) phases 
with helical network structure over extremely wide temperature ranges (>200 K), 
including ambient temperature. Compounds with short chains show an achiral 
cubic phase with the double network, which upon increasing the chain length, 
is at first replaced by a tetragonal 3D phase and then by a mirror symmetry is 
broken triple network cubic phase. In the networks, the capability of bypassing 
defects provides enhanced charge carrier mobility compared to imperfectly 
aligned columnar phases, and the charge transportation is non-dispersive, 
as only rarely observed for LC materials. At the transition to a semicrystalline 
helical network phase, the conductivity is further enhanced by almost one order 
of magnitude. In addition, a mirror symmetry broken isotropic liquid phase is 
formed beside the 3D phases, which upon chain elongation is removed and 
replaced by a hexagonal columnar LC phase.

DOI: 10.1002/adfm.202102271

the most common being in display tech-
nology.[1] But also for steerable antennas in 
satellite and 5G communication system,[2] 
as responsive materials for biosensor 
applications,[3] as active matter,[3] and for 
photonic applications[4] the LCs are of great 
importance.[5] In the recent decades, special 
interest arose in their use as charge carrier 
materials with adjustable and switchable 
conduction pathways for ions, electrons, 
and holes.[6,7] Bicontinuous cubic (Cubbi) 
LC phases, representing nanosegregated 
network structures, can form continuous 
conduction channels in all three spatial 
directions, thus minimizing distortions 
induced by structural defects, as demon-
strated for ion carrying ionic amphiphiles.[6] 
For electron/hole carriers, the conduction 
pathways in all three spatial dimensions are 
expected to provide an additional entropic 
advantage for charge separation.[8] How-
ever, electron/hole carrier systems require 
extended (rod-like or disc-like) π-conjugated 

molecules for which the organization in lamellar or columnar 
geometries can be more easily achieved[5,9,10,14] than the forma-
tion of Cubbi phases with 3D curved structures. Therefore, self-
assembled network structures, namely, the double gyroid, were 
only in rare cases considered,[15,16] usually for polymer systems,[17] 
forming one or two orders of magnitude larger structures than 
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1. Introduction

Soft self-assembly of small molecules into stimuli-responsive 
soft matter structures provides an important route to materials 
with new functionalities. Liquid crystals (LCs), for example, are 
important for numerous applications, the best investigated, and 
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LCs. This lack of smaller network structures involving efficient 
charge carrier units is mainly due to the difficulties associated 
with the design of extended π-conjugated compounds being 
capable of forming the required curved saddle-splay interfaces in 
the Cubbi phases.[5,9,18,19]

We have recently introduced a general concept for the 
design of Cubbi phases based on non-symmetric tri- and tet-
racatenar compounds involving a semirigid 5,5′-diphenyl-2,2′-
dithiophene core unit and three out-fanning alkyl chains at 
one end.[20] The chain volume was adjusted to the lamellar-
columnar cross-over, leading to curvature in all three spatial 
directions with formation of Cubbi phases where the aromatic 
units form the networks and the alkyl chain fill the space 
between them. Due to the organization of these achiral mole-
cules with their long axes almost perpendicular to the networks 
the bulky trisubstituted ends distort the (anti)parallel align-
ment of the rods, as a consequence assuming a helical twist 
along the networks (Figure  1f). The network junctions pro-
vide a synchronization of the helix sense in the networks.[21,22] 
There are two distinct types of Cubbi phases with helical 

network structure as shown in Figure 1b,c. The double gyroid 
type Cubbi/ 3Ia d  phase is composed of two networks which 
are enantiomorphic and have opposite helicity (red and blue 
in Figure 1b,d), and hence, their chirality cancels out and this 
Cubbi phase is achiral.[23] The second one with I23 space group 
(Figure 1c,e) contains three networks, and therefore the helicity 
cannot cancel and mirror symmetry breaking with chiral con-
glomerate formation is observed (Figure 3f).[21,24–26]

The [1]benzothieno[3,2-b]benzothiophene (BTBT) unit 
(green in Figure  1a) is known as a highly stable π-conjugated 
system with the capability of high charge carrier mobility and 
remarkable performance in photovoltaic devices[27–30] even in 
smectic[31–33] and columnar LC states.[34,35] However, the BTBT 
unit is more rigid than the previously used 2,2′-dithiophenes 
and the organization of these rigid polycyclic π-conjugated 
BTBTs into Cubbi phases with 3D-curved interfaces is a chal-
lenge and has not yet been achieved.

Herein, we report the very first BTBT derived LC compounds 
Cn (Figure  1a) with helical network structures and predictable 
morphology ( 3Ia d  vs I23). This was achieved by using the 2-bro-
minated 3,4,5-trialkoxybenzoyloxy moiety which is introduced 
as a new general building block for polycatenar molecules,[36] 
providing wide Cubbi phase ranges including ambient tempera-
ture.[37,38] It is shown that the 3D conduction pathway, bypassing 

Figure 1.  a) Structure of compounds Cn, and model showing b,c) the 
networks and d,e) the helical twist of molecules along the helical net-
works in the b,d) Cubbi/Ia d3  phase and the c,e) Cubbi/I23 phase; d) the 
saddle-splay minimal surface between the networks is shown in yellow; 
f) the helical twist Φ of the molecules developing along the networks; in 
fact about 3–4 molecules are arranged side-by-side in the lateral cross 
sections of the network segments, forming rafts which are packed face-
to-face along the networks, for clarity only one molecule of adjacent rafts 
is shown. b–e) Reproduced with permission.[24] Copyright 2020, The Royal 
Society of Chemistry.

Figure 2.  LC phases and phase transitions of compounds Cn as 
observed on cooling (DSC, rate 10 K min−1); abbreviations: CrIso

[*] = opti-
cally isotropic crystalline mesophase with chiral conglomerate texture; 
Cubbi/ Ia d3   = bicontinuous cubic phase with double gyroid structure; 
Cubbi

[*]/I23 = mirror symmetry broken tricontinuous cubic phase with 
I23 space group; Tet = tetragonal phase, Colhex = hexagonal columnar LC 
phase; Iso1

[*] = mirror symmetry broken isotropic liquid; and M = meta-
stable highly birefringent 3D mesophase (for C10 either Cubbi/ Ia d3  
or M is formed depending on the conditions; for data on heating, see  
Figure S2, Supporting Information, and for numerical data with transition 
enthalpies, see Table S1, Supporting Information), DSC traces are shown 
in Figure 3a and Figure S1 (Supporting Information).
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defects, allows nondispersive charge transport which is further 
enhanced at the transition to a crystalline network phase.

2. Results and Discussions

The compounds Cn were synthesized as outlined in Scheme 1 
and described in the Supporting Information. The investiga-
tion methods are described in the Experimental Section and 
the Supporting Information. The mesophases and phase tran-
sitions of the series of compounds Cn on cooling are shown 
in Figure 2; the transitions on heating are shown in Figure S2 
(Supporting Information) and numerical data with associated 
enthalpy values are collated in Table S1 (Supporting Informa-
tion). In the following, the soft self-assembly of compounds Cn, 
with a focus on their ability of network formation, is described 
first. Then the charge transportation properties are reported.

2.1. Two Types of Bicontinuous Cubic Network Phases

Depending on the chain length two different Cubbi phases, sepa-
rated by a tetragonal phase (Tet), can be observed as the domi-
nating mesophases (Figure 2). The small angle X-ray scattering 
(SAXS) pattern of the Cubbi phase of the short-chain compounds 
C6–C9 is typical for a cubic lattice with 3Ia d  space group (the 
double gyroid, Cubbi/ 3Ia d  (Figure  3d, Figures S3–S5 and 
Tables S2–S4 and S6, Supporting Information). For C6 the lattice 
parameter is acub  = 10.1  nm at 190  °C (for numerical data, see 
Table S2, Supporting Information) and about 700 molecules are 
organized in each unit cell (ncell) with 3–4 molecules are arranged 
in the cross section of the networks (nraft, see Table 1). On cooling 

C6 and C8 with the shortest chains, the double gyroid phase 
is retained from 244/238  °C down to 0  °C (Figures  2 and  3a, 
Figure S1a–c and Table S1, Supporting Information), thus 
leading to a wide Cubbi phase range of about 240 K. No melting is 
observed in the second and all following heating scans, meaning 
that the samples do not crystallize. Only after two years storage 
at room temperature the sample of C6 has partly crystallized and 
a melting of the crystallized parts of the sample of C6 can be 
observed at 87 °C (Figure S1a, Supporting Information).

The Cubbi/ 3Ia d  phase is observed for compounds C8–C10 
with slightly decreasing lattice parameter upon chain elongation 
from acub  = 10.1  nm for C6 to 9.85  nm for C10 (Table  1). 
This inverted chain length dependence of acub is in line with 

Figure 3.  Characterization of the mesophases of compounds Cn. a) DSC 
heating and cooling traces (10 K min−1) of C8. SAXS patterns of b) C14,  
c) C10 (the inset shows the diffuse WAXS), and d) C6 in the distinct 
phases at the given temperatures with indexation. Representative textures:  
e) chiral domains of the Iso1

[*] phase of C6 at 262 °C; f) chiral domains 
of the Cubbi

[*]/I23 phase of C14 at 150  °C; g) Iso1
[*]-M-Tet transition of 

C10 at 220 °C; h) fully developed Tet phase of C10 at 180 °C; i) Iso1
[*]-M-

Cubbi/ Ia d3  transition of C9 at 221 °C; j) Colhex phase of C22 at 203 °C;  
k) conglomerate of the CrIso

[*] phase of C22 at 20 °C as observed between 
slightly uncrossed polarizers (see also Figure S11, Supporting Information).

Scheme 1.  Synthesis of compounds C6–C22. Reagents and conditions: i) 
SOCl2, dry pyridine, RT; ii) Br2, DCM, RT; iii) THF, sat. NaHCO3 solution, 
[Pd(PPh3)4], reflux; iv) dry 2-butanone, K2CO3; TBAI; reflux.
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an increasing helical twist Φ with growing chain volume 
(8.8°–9.1°). As the helical twist between two adjacent junc-
tions of the network is fixed to 70.5° an increasing intermo-
lecular twist reduces the distance between the junctions, thus 
shrinking the cubic lattice.[20,24] A similar shrinkage of acub is 
also observed by rising temperature (for C8, as example, from 
10.2  nm at 100  °C to 9.9  nm at 240  °C, see Figure S3b, Sup-
porting Information), in this case due to the increasing helical 
twist caused by thermal alkyl chain expansion. At a certain pitch 
length, the double gyroid structure becomes instable and is 
replaced by other LC phases, as follows. For all compounds with 
n = 11–22 the SAXS pattern of the Cubbi phase can be indexed to 
the I23 space group (Figures S6 and S7a and Tables S7–S9, Sup-
porting Information). The SAXS pattern of compound C14 is 
shown as example in Figure 3b. Representative examples of the 
reconstructed electron density maps of the Cubbi/ 3Ia d  phase 
of C9 and the Cubbi/I23 phase of C22 are shown in Figure 4. In 
accordance with a transition from a double network to a triple 
network the lattice parameter for the Cubbi

[*]/I23 phase is about 
50% larger than that in the Cubbi/ 3Ia d  phase (Table S10, Sup-
porting Information). This Cubbi phase is mirror symmetry 
broken and forms a conglomerate composed of chiral domains, 
as identified by investigations between polarizers being rotated 
by a few (1°–5°) degrees out of the exactly 90° orientation 
(Figure  3f). Inverting the direction of the rotation inverts the 
brightness of the domains, thus indicating an optical rotation 
being in line with the chiral I23 lattice.[21,24] In the 3Ia d  phase 
range the effect of elongation of the relatively short chains is 
mainly a chain volume effect, increasing the steric distortion 
at the molecular ends and thus increasing the helical twist Φ 
(Figure 1f). In contrast, in the I23 phases, formed by long chain 

compounds, chain elongation reduces the helical twist (from 
9.4° for C11 to 8.6° for C22, see Table 1). Besides the steric effect, 
chain elongation simultaneously elongates the molecules, espe-
cially if the contribution of all-trans segments increases. The 
elongation of the molecule (at constant chain volume) reduces 
the twist. For the long-chain compounds Cn the contribution 
of chain elongation on the molecular length has obviously a 
stronger twist-reducing effect than the twist-increasing effect 
provided by the simultaneously growing chain volume.[40]

2.2. Noncubic 3D Phases

At the transition between the two cubic phases two additional 
birefringent mesophases were observed. For the compounds 
C9–C11 a small range of a highly birefringent mesophase (M) 
with mosaic texture develops on cooling at the transition from 
the Iso1

[*] phase and disappears together with the developing 
Cubbi phase (Figure  3g,i). However, due to metastability, its 
investigation was not possible. In addition, a weakly birefrin-
gent mesophase with unique texture is observed (Figure 3g,h); 
for C9 it appears on cooling below the Cub/ 3Ia d  phase at 
150 °C and for the next homologue C10 it replaces the Cub/ 3Ia d  
phase almost completely. For C11 it interrupts the Cubbi

[*]/I23 
phase between 160 and 180  °C upon heating whereas on 
cooling exclusively the Cubbi

[*]/I23 phase is found. The forma-
tion of birefringent mesophases with noncubic 3D lattice[41] is 
obviously associated with the 3Ia d -I23 transition and com-
pound C10, located in the middle of this transition forms the 
broadest region. The SAXS pattern of C10 can be indexed to a 
tetragonal lattice with the lattice parameters asqu = 17.74 nm and 

Table 1.  Structural data of the mesophases of the investigated compounds.

Compd. Phase T [°C] a,c [nm] Vcell [nm3] Vmol [nm3] ncell dnet [nm] Lnet [nm] nraft Φ [°]

C6 Cub/Ia d3 210 10.10 1030 1.284 717 4.37 85.70 3.76 8.87

C8 Cub/ Ia d3 200 10.00 1000 1.334 670 4.33 84.85 3.55 8.96

C9 Cub/Ia d3 190 9.98 994 1.358 653 4.32 84.68 3.47 8.98

C9 Tet 180 17.80 20.12 6375 1.358 4191 – – – –

C10 Cub/Ia d3 230 9.85 956 1.383 617 4.27 83.58 3.32 9.10

C10 Tet 130 17.74 20.32 6395 1.383 4129 – – – –

C11 Tet 170 17.80 20.12 6361 1.408 4034 – – – –

C11 Cub[*]/I23 200 14.87 3288 1.408 2085 – 307.51 3.05 9.39

C14 Cub[*]/I23 150 15.20 3512 1.482 2116 – 314.34 3.03 9.19

C22 Cub[*]/I23 150 16.28 4315 1.681 2292 – 336.67 3.06 8.58

C22 Colhex/p6mm 205 4.65 8.43 1.681 4.5 – – 4.5 –

Abbreviations: Vcell = acub
3 = volume of the unit cell; for the tetragonal phase Vcell = a2 × c, for Colhex phases a height h of 0.45 nm is assumed: Vcell = h(√3ahex

2/2); Vmol = 
volume of the molecule as calculated with the crystal volume increments of Immirzi;[39] ncell = number of molecules per unit cell, calculated according to 0.893 Vcell/Vmol, 
where the factor 0.893 is a correction for the different packing density in the crystalline and the LC state; dnet = lateral distance between the nets in the Ia d3  phase, calcu-
lated according to: dnet = √3(acub/4), this value is in good agreement with the molecular length, shown in Figure S9 (Supporting Information) for C10 and considering the 
conformational disorder of the alkyl chains; Lnet = total length of the netwoks per unit cell (Lnet = 8.485aIa3d and Lnet = 20.68aI23, respectively);[24] cnraft = number molecules 
organized in each 0.45  nm tick raft of the networks or columns, calculated according to nraft  = ncell/(Lnet/0.45); for Colhex: nraft  = ncell; Φ  = twist angle between adja-
cent molecules (or rafts of molecules) in the networks of the Cubbi phases; Φ(Ia d3 ) = 70.5°/[0.354acub/0.45 nm], Φ(I23) = 90°/[0.290acub/0.45 nm];[24] for XRD data, see 
Tables S2–S10 (Supporting Information).
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b  = 20.32  nm based on the possible highest symmetry space 
group P42/nnm (Figure  3c, for numerical data, see Table S5, 
Supporting Information). Similar values were found for the 
related phase of compounds C9 and C11 (Table 1). Both lattice 
parameters are even larger than those of the I23 phase and the 
number of molecules per unit cell (ncell) is approximately dou-
bled from about 2100–2300 in I23 to 4050–4650 in Tet (Table 1). 
As also observed in the adjacent 3Ia d  phase ncell decreases 
with growing chain length, suggesting that this tetragonal 
phase is likely to be a helical network phase, too, but assuming 
a distorted noncubic lattice. Further investigations are required 
to fully understand these intermediate phases.

2.3. Columnar Phase of C22

For the compounds with the longest chains (n  = 18, 22) 
the Cubbi/I23 phase occurs below a small range of a hex-
agonal columnar (Colhex) phase (for n  = 22: ahex  = 4.65  nm, 
see Figure  3j, Figures S7b and S8 and Table S10, Supporting 
Information). The formation of a columnar phase is in line 
with the growing interface curvature achieved for compounds 
with longer chains above a certain temperature. However, the 
columnar phase is metastable, as it can only be found in the 
cooling cycles, whereas on heating in all cases a direct Cubbi-
Iso transition is observed. It appears that on cooling the chain 
mobility can be retained at the transition to Colhex, which 
requires alkyl chain disorder to efficiently fill the space around 
the columns. In the Cubbi phase, having less mean curvature, 
a larger reduction of chain disorder is required. This might 
lead to an entropic penalty for the direct Iso-Cubbi transition on 
cooling. On the other hand, a larger fraction of all-trans chain 

conformations can be retained in the Cubbi phase which sta-
bilizes the Cubbi phase energetically by denser intermolecular 
contacts and thus cooperatively inhibits the transition to Colhex 
on heating. This provides hysteresis and pathway complexity.

2.4. Crystalline Network Phase of C22

In addition, for the two long-chain compounds C18 and C22 the 
transition to an optically isotropic crystalline mesophase with 
conglomerate texture (CrIso

[*], see Figure 3k and Figure S11, Sup-
porting Information)[43] is observed on cooling the Cubbi/I23 
phase, associated with a significant transition enthalpy (ΔG  ≈ 
30  kJ mol−1, see Figure S1g,h, Supporting Information). The 
wide-angle X-ray scattering (WAXS) splits into two maxima at 
d = 0.44 and 0.39 nm (Figure 4d), the latter is attributed to π–π 
stacking of the crystallized aromatics, whereas the alkyl chains 
remain in the disordered state; the SAXS becomes diffuse (d = 
3.2 nm) which is interpreted as a loss of the cubic lattice, though, 
chirality synchronization and network structure are retained. 
Though the CrIso

[*] phase is metastable with respect to the bire-
fringent crystalline phase (Cr), once formed it is long time stable 
(>2 years) at ambient temperature. The slow kinetics of the tran-
sition CrIso

[*] to Cr might result from a combination of reduced 
molecular mobility at lower temperature and the coopera-
tivity, provided by the long-range synchronized helical network  
structure, providing a significant energetic barrier for the tran-
sition to the structurally different birefringent crystalline (Cr) 
phase.

2.5. Mirror Symmetry Broken Isotropic Liquid Network Phase

Another interesting feature of compounds Cn is the formation of 
a mirror symmetry broken isotropic liquid (Iso1

[*])[42] between the 
achiral isotropic liquid (Iso) and the Cubbi phases of compounds 
C6–C12 (Figure  2 and Table S1, Supporting Information). For 
compound C10 it is a thermodynamically stable (enantiotropic) 
phase, whereas for the other homologues it is only observed as a 
monotropic phase on cooling before the Cubbi phase is formed. 
The Iso1

[*] phase is considered as a percolated liquid formed by  
a dynamic chirality synchronized helical network without long-
range periodic lattice.[42,43] It results from the ordinary isotropic 
liquid (Iso) by a growing number of network junctions with 
decreasing temperature. After reaching a critical density of the 
junctions, chirality synchronization sets in at the Iso-Iso1

[*] 
transition and mirror symmetry breaking (conglomerate forma-
tion, see Figure  3e,i) is observed.[44] Further cooling then leads 
to the development of a cubic lattice with long-range periodicity, 
either 3Ia d  with loss of mirror symmetry breaking, or I23 by 
retaining mirror symmetry breaking.

2.6. Charge Carrier Mobility Depending on the Phase Type

The charge carrier mobility of selected compounds was deter-
mined by time-of-flight (TOF) measurements as well as in an 
organic field effect transistor (OFET) device, as described in the 
Experimental Section.

Figure 4.  Reconstructed electron density map of the a) Cubbi/ Ia d3  
phase of C9 and b) Cubbi

[*]/I23 phase of C22. The green iso-surfaces 
enclose the high electron density (blue/purple, aromatic cores) regions 
of the 3D electron density map. The low electron density (red/yellow) 
alkyl chain regions are omitted for clarifying the networks (for models, see 
Figure 1b–e); WAXS diffractogram of the c) Cubbi

[*]/I23 phase of C14 and 
d) CrIso

[*] phase of C22 with deconvolution into two scattering maxima.

Adv. Funct. Mater. 2021, 31, 2102271
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2.6.1. Time-of-Flight Experiments in the I23 Phase of C12

The charge carrier mobility in the cubic network phases was 
measured by TOF experiments for the I23 phase of C12 to 
be between 1.7  × 10−5 to 1.3  × 10−4 cm2 V−1 s−1, increasing 
with rising temperature from 110 to 180  °C (Figure  5a). 
Remarkably, the character of hole current versus time is 
nondispersive with very well-defined cutoff (Figure  5d,e), 
such features are only rarely observed for LC materials,[45] 
suggesting a considerably lower number of defects in the 
structure and lower molecular mobility, than in the other 
LC phases, thus allowing propagation of the charge wave 
through the sample without dissipation. Due to the absence 
of long-range π-stacking interaction between the aromatic 
cores (indicated by the diffuse wide-angle X-ray scattering 
with a maximum at 0.45 nm, see Figure 4c as example) and 
the longer path of the channels transporting the holes/elec-
trons between the electrodes in the complex 3D structure 
of the Cubbi phases compared to the linear channels in a 
well-aligned Colhex phase of the same material,[45] the charge 
carrier mobility is still limited, but it can be significantly 
enhanced at the transition to a soft crystalline network phase 
as shown next.

2.6.2. Investigation of OFET Cells of C22

The charge carrier mobility of C22 was measured in modified 
OFET sandwich cells with bottom-gate bottom-contact (BGBC) 
configuration (Figure  6a), which were prepared as described 
in the Experimental Section. The OFETs show highly uniform 
and smooth surface morphology, which improves reproduc-
ibility and reliability of the device performance. The electrical 
properties of the p-type C22-based OFETs were measured as 
shown in Figure  6b and Figure S10 (Supporting Information), 
which allowed the investigation of the relationship between the 
molecular ordering and charge-carrier (hole) mobility. Figure 6b 
shows the transfer characteristics of OFETs in the different 
phases which were simultaneously observed by polarized optical 
microscopy (POM) (Figure  6c). In the columnar phase at T  = 
208  °C the sample appears almost isotropic and therefore the 
dominating alignment of the columns should be perpendicular 
to the substrate surfaces (Figure 6c, left). Only the small brighter 
spots indicate some defects due to a not fully perfectly uniform 
alignment of the columns. With decrease in temperature, the 
hole mobility increases from 5  × 10−3 cm2 V−1 s−1 in Colhex to 
8.2 × 10−2 in the Cubbi phase and to 0.56 cm2 V−1 s−1 in the CrIso

[*] 
phase at lowest temperature (Figure 6b). This shows that the 3D 

Figure 5.  TOF investigation of C12 in Cubbi
[*]/I23 phase at 110 °C. a) Field dependence of hole mobility, b) slope a of the lnμ(E1/2) dependence, and  

c) zero-field hole mobility b and a  = C[(σ/kT) −  Σ]; d,e) TOF transient current of holes at different fields, for details of calculations, see the 
Experimental Section.

Adv. Funct. Mater. 2021, 31, 2102271
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network structure allows an enhanced charge carrier mobility 
compared to (imperfectly aligned) columnar phases. Moreover, 
the charge carrier mobility can be further improved by π-stacking 
of the crystallized BTBT cores along the networks in CrIso

[*].

3. Summary and Conclusions

Overall, it is shown that the functional BTBT unit can be incor-
porated into polycatenar molecules with a tapered 2-bromo-3,4,5-
trialkoxybenzoyloxy end and that these compounds can form 
a wide variety of helical network phases, ranging from soft 
crystalline via bicontinuous cubic and noncubic 3D phases to 
mirror symmetry broken liquids. The Cubbi phases cover amaz-
ingly wide temperature ranges including ambient temperature 
and the phase type ( 3Ia d  or I23) can be controlled by adjusting 
the intermolecular twist along the networks by chain length 
modification. As proof of concept, the investigation of OFET 
cells indicates that the capability of the Cubbi phase for charge 
transport in all three spatial directions can be advantageous over 
the 1D transport in the columnar phases and that it can be fur-
ther enhanced at the transition from LC to crystalline network 
phases. We expect that further tuning of the molecular structure 
and blending will improve the charge transport properties in 
these bicontinuous networks. This provides a new concept for 
(semi)conducting LCs, complementing the previously known 

2D conducting lamellar and 1D conducting columnar systems 
by the new concept of 3D networks.[15]

In addition, the mirror symmetry broken helical arrays 
of achiral π-conjugated molecules in the I23 phase, initially 
formed as conglomerate, can assume uniform chirality, either 
induced by external chirality sources[42] or even spontane-
ously,[44] and thus can provide uniformly helical soft matter 
structures and chiral liquids from achiral BTBT derived func-
tional molecules. These spontaneously chiral systems, formed 
by small molecules and comprising well-organized functional 
π-conjugated units, provide additional applications going 
beyond their use as charge carrier materials, for example, as 
soft and stimuli-responsive materials for photophysical appli-
cations like aggregation-induced polarized emission and light 
harvesting.[4a,46]

4. Experimental Section
Synthesis: The compounds Cn were synthesized as outlined in 

Scheme 1 and described in detail in the Supporting Information, where 
also the analytical data are collated. The crude products Cn were purified 
by column chromatography with (chloroform/n-hexane 2/1) and then 
repeatedly crystallized from THF/EtOH to give colorless solids.

Optical Investigation: Phase transitions were observed by polarizing 
microscopy (Leica DMR XP) in conjunction with a heating stage (FP 82 
HT, Mettler) and controller (FP 90, Mettler). Optical investigation was 
carried out under equilibrium conditions between glass slides which 

Figure 6.  Electrical properties of C22-based organic field effect transistors (OFETs) prepared by sandwich cell. a) Bottom-gate bottom-contact OFETs 
configuration, b) transfer (VDS = −50 V) curves in the different phases, c) POM images and numerical data shown at the bottom, including the average 
charge carrier mobility, ION/IOFF, the threshold voltage (Vth), and the subthreshold slope (V/dec) which are average values from ten devices.
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were used without further treatment, sample thickness was ≈15  µm. 
Optical microscopy images were taken using a Leica MC120HD camera.

Calorimetric Investigation: Phase transitions were determined by 
differential scanning calorimetry (DSC-7 and DSC-8000, Perkin Elmer) at 
heating/cooling rates of 10 K min−1 (peak temperatures). If not otherwise 
noted transition temperatures and enthalpies were taken from the 
second heating and cooling curve (Figure 3a and Figure S1, Supporting 
Information).

X-Ray Scattering: In-house X-ray diffraction (XRD) investigations 
were conducted at Cu Kα line (λ  = 1.54 Å) using a standard Coolidge 
tube source with Ni-filter on powder-like samples. The samples were 
prepared on a glass plate and were heated to the isotropic state. The 
powder-like samples were obtained upon fast cooling in the LC phase 
and were measured in a temperature-controlled heating stage. The 
distance between sample and the detector was 9 cm (WAXS) or 26.8 cm 
(SAXS) and the exposure time was 15  min for WAXS and 30  min for 
SAXS. The diffraction patterns were recorded with a 2D detector (Vantec 
500, Bruker), transformation to θ-scan was performed using GADDS.

High-resolution small/wide-angle powder diffraction experiments 
were recorded on Beamline BL16B1 at Shanghai Synchrotron Radiation 
Facility (SSRF). Experiments were carried out on solid samples in 1 mm 
glass capillaries under the control of modified Linkam hot stage with a 
thermal stability within 0.2 °C. The Pilatus 2M detector was applied in 
the experiments. q calibration and linearization were testified by using 
several orders of layer reflections from silver behenate and a series of 
n-alkanes. The electron density calculation procedure is explained in the 
Supporting Information.

TOF Measurements: The TOF experiments were performed in a 
conventional setup, similar to those described in ref. [47]. The 10 µm 
thick cell was used with ITO electrodes covered with homogeneously 
aligning surfactant, the cells were filled using capillary forces, the applied 
voltage was in the range of 11–117 V. All wire connections had grounded 
screens. The transient photocurrent was measured over 50 kΩ  resistor 
and recorded with 300 MHz digitizing oscilloscope (Agilent Technologies 
DSO6034A) triggered by the laser pulse. The estimated response time of 
the whole setup was less than 2.5 µs. The charges (holes and electrons) 
were generated by a short light pulse (355  nm wavelength, ≈8  ns pulse 
width) coming from a solid-state laser EKSPLA NL202. The sample was 
illuminated by a single pulse manually triggered to give the sample 
enough time for relaxation. To reduce a noise the data were collected 
over 16 runs and averaged. For the studied material the hole current 
was stronger, more stable and reproducible than the electron current. 
The registered hole photocurrent curves were nondispersive, with clear 
cutoff enabling precise determination the transient time, τ. The transient 
time τ was determined as the intersection of two lines tangential to the 
plateau and “current tail.” Form the transient time τ the charge (hole) 
mobility was calculated according to formula: μ = d/(τE), where d is the 
sample thickness (cm), E is the strength of electric field (V cm−1), and 
τ is the time of flight (τ/s). The charge mobility generally follows the 
linear relation, logμ ∼ aE1/2, with the slope a decreasing with increasing 
temperature.[45b,48] The hole mobility μ was further analyzed assuming 
1D charge carrier hopping transport, using the formula with temperature  
(in K) and field (V cm−1) dependence

∑µ µ σ σ( ) { }= −








 −



kT

C
kT

Eexp 0.9 exp0

2

	 (1)

where prefactor μ0 is charge mobility at T→∞, E = 0, k is the Boltzmann 
constant (8.617  × 10−3  eV K−1); σ is a standard deviation of Gaussian 
distribution of energy levels (“diagonal disorder”) that are available 
as hopping sites in holes transport process. The parameter Σ 
(“off-diagonal disorder”) reflects a coupling between transport sites. 
The parameter μ0 and σ (standard deviation of energy levels) were 
obtained by extrapolating the linear dependence lnμ(E1/2) to E  = 0 at 
each temperature and using for lnμ(E = 0) the formula

µ µ σ( )( )= = = −b E kTln 0 ln 0.9 /0
2 	 (2)

with

µ σ( )′ = ′ = −b a kln ; 0.9 /0
2

	 (3)

The parameter b as a function of T−2 is plotted below and b′ and a′ 
parameter of this function are taken from linear fitting. The values of 
μ0 and σ parameters are given in Figure 5. Similarly, other coefficients 
C and Σ describing the charge transport process are calculated from 
the slopes a of the lines lnμ ≈ aE1/2. Writing a = C[(σ/kT) − Σ] (formula 
(1)) and drawing a as a function of T−1 the fitted linear parameters are 
a″ = C(σ/k) and b″ = −CΣ. The found C and Σ are shown in Figure 5.

OFET Cells: The OFETs with a bottom-gate bottom-contact configuration 
were fabricated on a heavily n-doped silicon wafer as the gate electrode. 
A 300 nm thick layer of thermally grown SiO2 served as the gate dielectric 
layer. The device substrates were cleaned in an ultrasound cleaning bath 
and sequential rinsing with acetone, ethanol, and deionized water for 
15 min each. The 50 nm Au source and drain electrodes with 3 nm Ti as the 
adhesion layer were both deposited via thermal evaporation using a shadow 
mask. For a uniform cell gap, the silicon particle with a 1 µm diameter was 
deposited on the edges of the bottom substrates using UV-curable polymer 
(NOA 63, Norland Products). The prepared top substrates which are coated 
with polyimide (PI) were combined with the bottom substrates following 
UV exposure. The C22 crystalline powder was prepared on the entrance of 
the gap, and then heated to around the isotropic phase temperature of C22 
(Tiso = 220 °C) to fill the sandwich cell by capillary action.

The transfer characteristics of bottom-gate bottom-contact FETs 
based on the semiconductor were studied with a Keithley 4200A-SCS 
semiconductor parameter analyzer. The charge carrier mobility (µ) was 
calculated by using the following equation from the saturated region in 
the transfer curve

µ( ) ( )= −I WC L V V/2DS i GS th
2

	 (4)

where W and L refer to the channel width (500 µm) and length (50 µm), 
respectively. Ci is the areal capacitance of the SiO2 gate dielectric 
(1.04 × 10−8 F cm−2), and Vth is threshold voltage. Vth was extracted via 
a linear fitting of versus VG, which is based on the linear transfer data. To 
avoid mobility attenuation depending on VG, a sufficient VG was selected 
to ensure that the saturation region VGS  ≤ Vth and VDS  ≤ VGS  − Vth is 
satisfied.[49]
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Supporting Information is available from the Wiley Online Library or 
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