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Abstract: Bi- and multi-continuous network phases are among nature’s most complex 

structures in soft matter systems. Here a chiral bicontinuous tetragonal phase is reported 

as a new stable liquid crystalline intermediate phase at the transition between two cubic 

phases, the achiral double gyroid and the chiral triple network cubic phase with I23 space 

group, both formed by dynamic networks of helices. The mirror symmetry of the double 

gyroid, representing a meso-structure of two enantiomorphic networks, is broken at the 

transition to this tetragonal phase by retaining uniform helicity only along one network 

while losing it along the other one. This leads to a conglomerate of enantiomorphic 

tetragonal space groups, P41212 and P43212. Phase structures and chirality were analyzed 

by small-angle X-ray scattering (SAXS), grazing-incidence small-angle X-ray scattering 

(GISAXS), resonant soft X-ray scattering (RSoXS) at the carbon K-edge and model-

dependent SAXS/RSoXS simulation. Our findings not only lead to a new bicontinuous 
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network-type 3D mesophase but also reveals a mechanism of mirror symmetry breaking 

in soft matter by partial meso-structure racemization at the transition from enantiophilic 

to enantiophobic interhelical self-assembly. 
 
1. Introduction 

Complex nanostructured supermolecular systems build the basis of biological evolution 

as well as new materials.1 Therefore, the fundamental understanding of the formation of 

such systems by simple molecules, especially the development of structural complexity2-

4 and emergence of chirality5-14 are of importance. Emergence of chirality and 

amplification of asymmetry15 by spontaneous helix formation were well investigated in 

the crystalline and solution aggregated states of chiral and achiral C3 symmetric benzene-

1,3,5-tricarboxamides16-19 and related compounds.6-9,20-25 However, for achiral molecules, 

at the transition to the liquid crystalline (LC) state supermolecular chirality is typically 

lost in the one-dimensional (1D) columnar assemblies due to emerging helix inversion 

defects.20-23 Network formation by 3D branching the columns can remove these defects 

and synchronize the chirality in these network phases with cubic symmetry (bicontinuous 

cubic phases, Cubbi), and even in some cases in the isotropic liquid mesophases occurring 

adjacent to them.24-26 The Cubbi phases have also attracted significant attention due to 

their structural complexity and importance in biological structures,27-36 as well as for 

various applications, including ion transportation, catalysis, drug delivery, organic 

electronic devices and energy conversion.33,37-41 The double network Cubbi phase with 

𝐼𝑎3$𝑑 space group, known as double gyroid, and a second one with I23 space group and 

triple network structure (Figs. 1 and S1) are often observed for achiral rod-like p-

conjugated molecules with at least two or more terminally attached flexible chains 

(polycatenar molecules).42-46 The 𝐼𝑎3$𝑑  phase is achiral, whereas the I23 phase was 

recently found to spontaneously form chiral conglomerates as observed by polarized 

optical microscopy (POM) and confirmed by circular dichroism (CD), thus indicating 

ambidextrous mirror symmetry breaking.25,43-44,47-48 According to present knowledge, the 

chirality is a result of the organization of the rod-like molecules in short column segments, 

interconnected by three-way junctions with an orientation of the rods being on average 
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perpendicular to the local column directions. In this configuration, the clashing of the 

bulky alkyl chains leads to helicity of the molecular packing along these networks. The 

helix sense is synchronized along the individual networks by the junctions and obviously 

also communicated between the networks, leading to conglomerate formation. Such 

dynamic networks of self-assembled helical p-systems can assume uniform chirality 

under the directing influence of weak chirality sources or dopants due to their huge 

asymmetry amplification power.26 Uniform chirality can also develop spontaneously in a 

stochastic way, if slow seed formation is coupled with fast growth of the chiral domain.49 

This is not only of potential technological interest for circular polarized emission50 and 

other applications, but also offers a possible pathway of the development of homochirality 

in fluid systems26,49, being of significance for the earliest stages of development of 

life.49,51 On the other hand, the 𝐼𝑎3$𝑑 phase of polycatenar molecules is achiral, though 

there is helicity along the networks, too (Fig. 1a).25,52 In this case the chirality of the 

networks themselves and also the helix sense of the supramolecular helices in these 

networks are opposite and therefore cancel out, leading to an overall achiral meso-

structure composed of two inseparably interwoven enantiomorphous networks. However, 

how mirror symmetry is broken at the transition from the achiral 𝐼𝑎3$𝑑 to the chiral I23 

phase (Fig. 1b) still remains unknown and their relationship is an open question. 

Revealing such relationship could not only be beneficial to the understanding of chirality 

generation during self-assembly in soft matter systems but also offer a new mode for self-

assembly involving superstructural chirality. 

 

Fig. 1 (a) The achiral bicontinuous 𝐼𝑎3$𝑑 phase contains two networks with opposite 

chirality25. Molecules along distinct networks (red & blue) have opposite sense of twist. 
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(b) The triple network model proposed for the ambidextrous chiral I23 phase.47 Molecules 

along all networks share the same sense of twist; see Fig. S1 for alternative presentations; 

a) and b) were reproduced with permission from Refs. 25 and 47 with permission of 

Wiley-VCH (copyright 2014) and Royal Society of Chemistry (copyright 2020), 

respectively. 

 

Here, a new chiral tetragonal LC phase (Tetbi) is reported with chiral P41212/P43212 space 

group occurring as intermediate structure at the transition from the achiral 𝐼𝑎3$𝑑 to the 

chiral I23 phase and a pathway of symmetry breaking at this transition is proposed. The 

cubic 𝐼𝑎3$𝑑 and I23 phases themselves have been investigated previously47,52 and are not 

subject of this work. A combination of small-angle X-ray scattering (SAXS), grazing-

incidence small-angle X-ray scattering (GISAXS), resonant soft X-ray scattering (RSoXS) 

and model-dependent scattering simulation validates not only the morphology, but also 

the molecular packing in the enantiomorphic tetragonal LC phases with P41212/P43212 

space groups. Based on these investigations, a model of the Cubbi/𝐼𝑎3$𝑑 -Tetbi phase 

transition is proposed, involving racemization of every second helix of the double gyroid 

meso-structure of the 𝐼𝑎3$𝑑 phase, due to a change of the dominating interhelical self-

assembly from enantiophilic to enantiophobic. 

 

2. Results 

2.1 The material and its phase sequence 

The material we studied is a polycatenar compound with a long anisotropic aromatic core 

containing five aromatic rings and in total four aliphatic tails distributed in a ratio 3:1 to 

both ends. Utilizing compound 1-18, we systematically studied the phase behavior and 

raised the phase transition sequence shown in Fig. 2. 
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Fig. 2 (a) The molecular structure of compound 1-18 studied with phase sequence and 
transition temperatures; the Cr→X transition in the second heating is at 55 °C [23.0]; 
enthalpy values (kJ mol-1) are listed in the brackets. (b) DSC curves (first heating and 
cooling, recorded at 10 K∙min-1. Abbreviations: Cr, Cr’ = crystalline solids; Colhex = 
hexagonal columnar LC phase; 𝐼𝑎3$𝑑 and I23 are bicontinuous cubic LC phases (Cubbi) 
with 𝐼𝑎3$𝑑 and I23 space group, respectively; P41212/P43212 indicates a bicontinuous 
tetragonal LC phase (Tetbi), representing a conglomerate of these two chiral space groups; 
Iso = isotropic liquid state and Iso1 is a percolated isotropic liquid with local network 
structure; X is an unknown mesophase. I23 and P41212/P43212 are chiral, whereas the 
other phases are achiral. 
 

The synthesis of compound 1-18 has been reported in a previous work which was focused 

on the confirmation of the helical superstructure in the 𝐼𝑎3$𝑑 phase occurring between 

135 and 157 °C on heating, whereas the other mesophases were not analysed in detail52 

and those are reported herein. Upon cooling from the isotropic liquid, at 150 °C, a typical 

spherulitic texture of a columnar phase is observed by polarizing optical microscopy 

(POM). Investigation with additional l-plate, shows that this columnar phase is optically 

negative, i.e., the molecular long axis is supposed to be perpendicular or only slightly 

tilted to the columnar long axis (Fig. S2a, b). GISAXS confirms the columnar phase and 

indicates a hexagonal lattice (Colhex), see Fig. S3 and Table S1. The lattice parameter ahex 

= 5.07 nm in this columnar phase is 0.77 ´ Lmol (Lmol = molecular lengths = 6.6 nm in the 

most stretched conformation) which is in the typical range considering the chain folding 
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around the columns. In this columnar phase the molecules are organized in strata of about 

5 molecules which pack on top of each other, thus forming the column cores embedded 

in the continuum of the alkyl chains. The texture becomes completely dark upon cooling 

to 145 °C as the cubic 𝐼𝑎3$𝑑 phase is generated. At this transition the columns involving 

the p-conjugated rods become branched and the resulting interpenetrated networks are 

separated by the gyroid infinite periodic minimal surfaces located in the aliphatic 

continuum, half way between the networks. A relatively weak birefringence returns below 

135 °C as a sign of a transition to a non-cubic mesophase. No significant change, except 

for a slight continuous increase of birefringence, can be observed upon further cooling 

down to 40 °C when the sample crystallizes (Fig. S2c, d). Upon heating, the crystals melt 

at 64 °C and the birefringence decreases slowly in the temperature range of the X-phase 

until the texture becomes optically isotropic at 78 °C, indicating the transition to another 

Cubbi phase which was identified as I23 phase by SAXS (see Fig. 3c,f and discussions 

further below). Upon further heating, a weak birefringence occurs again at 95 °C and 

disappears at 135 °C at the transition to the 𝐼𝑎3$𝑑 phase which at 157 °C transforms 

without intermediate formation of a Colhex phase to the isotropic liquid, i.e. the columnar 

phase is only metastable. Though it takes time to recrystallize upon cooling and different 

crystalline modifications can form, the heating and cooling cycles are reproducible for 

the LC phases of the same sample, verified by POM observations and SAXS patterns. 

This also indicates that the compound is (thermal and photochemical) stable under the 

experimental conditions. Serving as metastable phases, the formation of the X and 

adjacent Cubbi/I23 phase relies on the conditions and the environment. Based on SAXS 

temperature scans, the X phase can be proved coexisting with the crystalline and 

continuously transferring between 78 and 95 °C to the Cubbi/I23 phase which above this 

temperature range becomes birefringent (see Fig. S4). In DSC only melting, 

crystallization, the Cubbi-Iso transitions and transitions involving the Colhex phase are 

associated with sharp transition peaks, whereas the other phase transitions in the LC range 

are not visible (see Fig. 2). This might be because these transitions are continuous or slow. 

There is an additional broad feature in the isotropic liquid state (see inset in Fig. 2b, DH 
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~2.7 kJ mol-1) which indicates a transition between an ordinary liquid (Iso) and an achiral 

percolated liquid with local network structure (Iso1).53-55 The wide-angle X-ray scattering 

(WAXS) has only one diffuse maximum around d = 0.42-0.43 nm in all mesophases 

occurring between the crystalline and the isotropic liquid state (the insets of Fig. 3a-c), 

i.e. these are liquid crystalline phases without fixed positions of the individual molecules. 

 

2.2 The tetragonal phase - a stretched double gyroid network with chiral space group 

SAXS was applied to probe the phase transitions, to identify the space groups (for SAXS 

data and indexation of the Cubbi phases, see Tables S2 and S4), and to solve the unknown 

birefringent mesophase between the two Cubbi phases, I23 and 𝐼𝑎3$𝑑. Temperature scans 

of heating and cooling in steps of 5 oC suggested that the phase transition between the I23 

phase and the birefringent mesophase is discontinuous while the transition to 𝐼𝑎3$𝑑 is 

continuous (Fig. S5, S8a). Being an intermediate phase between the I23 and 𝐼𝑎3$𝑑 phase, 

both involving continuous networks, the birefringent mesophase should have one of the 

Sohncke space groups with non-cubic symmetry. Taking the crystallographic group 

theory as a facile method, the symmetry of the birefringent mesophase is supposed to 

share the same super group with I23 and also serve as a subgroup of 𝐼𝑎3$𝑑 .56 This 

suggests that the symmetry could potentially be one with 422 point group, which involves 

I4122, a SmQ phase discovered before.57 Fortunately, we found that the scattering signals 

merged as the Tetbi phase turned into the 𝐼𝑎3$𝑑 Cubbi phase (Fig. S5a). Similarly, the 

signals split at the 𝐼𝑎3$𝑑 → Tetbi transition during cooling, as shown in Fig. S5b. This 

allows us to index the SAXS pattern of the Tetbi phase in a similar way as 𝐼𝑎3$𝑑 , 

considering the deviation of lattice parameter. Such indexation is further supported by 

GISAXS patterns of orientated thin films. The scattering patterns match nicely with 

simulations containing two film orientations, see Fig. S7. The allowed space group with 

the highest symmetry is P43212 and P41212, a pair of chiral space groups with opposite 

chirality, see details in Table S3. Following such indexation, we obtained the lattice 

parameter and lattice volume of all three phases and their development depending on 

temperature (Fig. S8). By comparison between heating and cooling routines, we found 
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that the phase transition between the tetragonal and 𝐼𝑎3$𝑑  phase is reversible and 

reproducible. 

To reconstruct the electron density (ED) map of the tetragonal phase, the phase 

problem is first to be solved. P41212 is a non-centrosymmetric space group, whose phase 

angle is not restricted to 0 or p as in the 𝐼𝑎3$𝑑 Cubbi phase. The continuous transition 

between the Tetbi and 𝐼𝑎3$𝑑 phase indicates the structural similarity of the two phases. 

To determine the phase angle of the P41212 tetragonal phase, we raised a model by 

distorting the bicontinuous network of the 𝐼𝑎3$𝑑 phase. The 𝐼𝑎3$𝑑 phase is well known 

to contain two continuous networks separated by a Gyroid (G) minimal surface. 

Accordingly, we assumed that the P41212 phase is a distorted 𝐼𝑎3$𝑑 phase, which is 

separated by a distorted G minimal surface stretched along the c axis. Mathematically, the 

G minimal surface can be represented by the following equation. 

 

sin 𝑋 cos 𝑌 + sin 𝑍 cos𝑋 + sin 𝑌 cos 𝑍 = 𝑐; 𝑐 = 0          (1) 

 

The two networks are constructed by subsurfaces of the G minimal surface, i.e. |𝑐| > 0. 

Here, we applied a pure mathematical model to estimate the phase angle of the tetragonal 

phase. First, bicontinuous networks were constructed based on the symmetry requirement 

of the 𝐼𝑎3$𝑑 and P41212 space groups as shown in Fig. 4a and 4c. The coordinates of 

junctions are listed in Table 1, in which we could derive that the networks of the 𝐼𝑎3$𝑑 

phase was shifted by a/4 and 3c/8 to obtain ones of P41212 phase. Moreover, the extension 

of the constructed networks could reveal the fact that the P41212 phase is actually an 

𝐼𝑎3$𝑑 phase elongated along the c axis. 
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Fig. 3 (a-c) The SAXS diffractograms, lattice parameters and (d-f) reconstructed electron 
density (ED) maps of (a, d) 𝐼𝑎3$𝑑 Cubbi phase at 150 °C; (b, e) P41212/P43212 tetragonal 
phase at 135 °C and (c, f) I23 Cubbi phase at 85 °C obtained by the phase combination 
reported before47, for more details, see Fig. S6 and Tables S2-S4. The insets in (a-c) are 
the WAXS curves. High electron density is in purple, green are surfaces with intermediate 
density, low electron density regions in red are omitted for clarity, the complete electron 
density maps are shown in Fig. S9. 
 

Table 1 Coordinates of the junctions of the 𝐼𝑎3$𝑑 and P41212 phases. 

𝐼𝑎3$𝑑 
red (1,1,1)/8 (1,7,3)/8 (3,7,5)/8 (5,5,5)/8 (5,3,7)/8 (3,1,7)/8 (7,5,3)/8 (7,3,1)/8 

blue (7,7,7)/8 (1,5,7)/8 (1,3,5)/8 (3,3,3)/8 (3,5,1)/8 (5,1,3)/8 (5,7,1)/8 (7,1,5)/8 

P41212 
red (3,1,4)/8 (3,7,6)/8 (5,7,8)/8 (7,5,8)/8 (7,3,2)/8 (5,1,2)/8 (1,5,6)/8 (1,3,4)/8 

blue (1,7,2)/8 (3,5,2)/8 (3,3,8)/8 (5,3,6)/8 (5,5,4)/8 (7,1,6)/8 (7,7,4)/8 (1,1,8)/8 
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Fig. 4 (a, c) Bicontinuous networks in space group of 𝐼𝑎3$𝑑 and P41212 respectively; 
gray spheres, indicating the junctions, are located at the coordinates in Table 1. Networks 
with distinct color represent opposite chirality. The P41212 phase is an elongation of the 
𝐼𝑎3$𝑑 phase along c direction after shifting a/4 and 3c/8. Unlike the achiral 𝐼𝑎3$𝑑 phase, 
the blue network is different from the red network, which breaks the symmetry and makes 
P41212 a chiral phase; (b, d) G minimal surface (in yellow), separating two interwoven 
networks and subsurfaces enclosing the aromatic regions (in the same color as the 
networks in a, c), is constructed by Equation 1 for both phases. 
 

Second, based on the elongation and shift of the junctions, a distorted G minimal surface 

was constructed for the P41212 space group (yellow in Fig. 4d). Third, a series of 

subsurfaces was constructed to form the distorted bicontinuous network. A higher 

constant value was set for the volume enclosed by the networks and, in contrast, lower 

constant is elsewhere. By assuming |𝑐| = 1.01, we obtained mathematical models of 

both phases, 𝐼𝑎3$𝑑 and P41212, whose volume ratio between networks and lattice (33.4%) 

are similar to the aromatic ratio in the single molecule (36.5%, see Table S5), i.e. the 

subsurface is the boundary between the aromatic/aliphatic region, as shown in Fig. 4b, d. 

Finally, we conducted Fourier transform to the mathematical models to compute the phase 

angles and simulated scattering intensity of the four strongest signals (112), (211), (202) 

and (220), see details in Section 4 of the SI, Fig. S11 and Table S6. The phase angle of 

(112) is p, which is in line with symmetry requirement as (hhl) should be either 0 or p 
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when l is even. The ED maps of all three phases were reconstructed and are shown in Fig. 

3. Moreover, the dV/dr curves were computed based on the constructed networks and 

minimal surfaces for I23, Tetbi, 𝐼𝑎3$𝑑 and Colhex phases. Both peak and tail of the curves 

suggest a phase transition sequence of I23-Tetbi-𝐼𝑎3$𝑑-Colhex upon heating, which is in 

line with experimental observation, see details in Fig. S13 and accompanied explanations 

in Section 5 of the SI. 

 

2.3 Deciphering the helical nature of the tetragonal phase by resonant soft X-ray 

scattering 

The enantiomorphic space groups P41212/P43212 suggests that chirality is generated upon 

phase transition from 𝐼𝑎3$𝑑 to Tetbi, but what breaks the symmetry of the 𝐼𝑎3$𝑑 phase 

in the Tetbi phase and how to further prove the validity of the enantiomorphic space groups 

determined by SAXS? Due to the linear birefringence of the Tetbi phase, which is much 

larger than the optical effects due to rotation of the plane of the polarized light, chiroptical 

methods cannot be applied in this case. To solve this problem and to answer these 

questions, we utilized RSoXS, representing a powerful tool probing molecular 

orientational order and helical self-assembly58 in birefringent systems52,59-68 with element 

sensitivity69. The temperature scan upon heating was recorded (Tables S7-S8); the phase 

transition between I23 and Tetbi and the tetragonal lattice parameter variation are all in 

line with the non-resonant SAXS data and all signals can be properly indexed in all three 

phases. Normally, the ‘forbidden peaks’, which are not allowed by symmetry and absent 

in conventional SAXS, help in space group determination. In our system, the I23 phase 

didn’t show any ‘forbidden peak’ but all observed signals are allowed by symmetry and 

resonant enhanced as shown in Fig. S14. The resonant enhancement is from the 

orientational order, i.e. the presence of uniform helicity along the networks of the I23 

phase. Without this helicity, the intensity of the scattering signal is supposed to decrease 

due to absorption. The 𝐼𝑎3$𝑑 phase exhibits the ‘forbidden peaks’ (110) and (200), as 

deciphered elsewhere.52 Interestingly, several peaks can be observed in the Tetbi phase, 

including two ‘forbidden peaks’ (100), (002) and several resonant enhanced peaks, the 
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2D image of a thick film at 120 °C is shown in Fig. 5(a) and a comparison between RSoXS 

and SAXS curves is shown in Fig. 5d-e. The black solid arcs cover 55 pixels, which 

indicates an error bar of maximum 0.5 nm, small enough for low-Miller indices in the 

figure to be reliable. The small deviation of the lattice parameters between RSoXS and 

SAXS could result from distinct thermal environment and sample states in the vacuum 

chamber of RSoXS investigations. 

 
Fig. 5 (a) 2D RSoXS pattern of compound 1-18 near carbon K-edge (283.5 eV) at 120 °C 
upon heating. Six resonant signals can be indexed as a Tetbi phase with two as ‘forbidden 
peaks’ in red. Black arrow indicates the direction of linear polarized X-ray. The horizontal 
shadow near beam stop, which is irrelevant with temperature, is a reflection from the 
substrate. Two distinct molecular packing models with (b) randomized and (c) 
synchronized twist along the networks. Only synchronized twist could generate the (200) 
resonant enhanced signal. (d) 1D diffractogram of (a), two ‘forbidden peaks’ (100) and 
(002) as well as a series of resonant enhanced peaks can be observed. (e) SAXS 
diffractogram in lower-q range of the Tetbi phase at 120 °C. Only the (200) peak can be 
observed. The baseline fluctuations are severely due to the extremely low intensity of 
(200). 
 

‘Forbidden peaks’, as a result of combining molecular orientations and particular space 

group, offer additional structural information as a complementary of SAXS. The 

coexistence of two ‘forbidden peaks’ (100) and (002) further supports our space group 

determination as the enantiomorphic space groups P41212/P43212 are the only pair of 
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tetragonal space groups allowing these two ‘forbidden peaks’ simultaneously.70 Then, on 

the basis of the indexations from resonant signals, model-dependent resonant scattering 

simulations were carried out to illustrate the signal-structure relationship. Similar to our 

previous work on the 𝐼𝑎3$𝑑  phase52, by using the concept of ‘resonant atom’ and 

‘polarizability axis’, we first considered two situations: one is the molecular strata form 

randomized twist, leading to a mismatch at the three-way junctions; another is the widely 

accepted continuous model with synchronized twist. The first one is actually composed 

of chirality randomized networks (Fig. 5b), which can be modeled by three resonant 

atoms at the junction with the polarizability axis direction pointing to three different 

directions along the segments. In contrast, the second is more complex, each stratum 

should be regarded as one resonant atom with polarizability axis pointing to specific 

directions to coincide with each other at the junction (Fig. 5c), see details of model 

construction in Section 6 of the SI. The Fourier transform of the models would give us a 

primary concept on resonant scattering signal. For the two models presented in Fig. 5b 

and 5c, randomized twist would not exhibit the (200) resonant enhanced signal. On 

contrary, (200) is allowed for synchronized twist as shown in Fig. 5c, see simulated results 

in Table S9. Thus, RSoXS suggests the Tetbi phase contains synchronized twist in along 

at least one network. Additionally, the polarization of incident and scattered X-ray was 

taken into consideration to evaluate the scattering intensity and polarization of the 

‘forbidden peaks’ (100) and (002), see Table S10. 

 

3. Discussion 

3.1 Partial network racemization breaks mirror symmetry 

While RSoXS confirms synchronized twist in the Tetbi phase, it can in principle be either 

uniform or opposite in adjacent networks. However, there can’t be opposite twists along 

two networks with opposite chirality, which would cancel the chirality as in the 𝐼𝑎3$𝑑 

phase. Taking the space group chirality and network chirality into consideration, we 

raised an alternative molecular packing model for the Tetbi phase. Transformed from the 

meso-structure of the 𝐼𝑎3$𝑑  phase, the molecules along one network preserve their 
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uniform helical organization, whereas along every second network the helical twist 

correlation along the networks becomes short range and gradually their helicity is lost, 

which breaks the symmetry, as shown in Fig. 6. 

 
Fig. 6 (a) Schematic representation of 𝐼𝑎3$𝑑 phase with red and blue networks showing 
opposite chirality. (b) P41212 phase with one synchronized-twist network (red) and one 
randomized-twist network (gray). In the Tetbi phase, the distorted networks consist of two 
longer segments (darker) and one shorter segment (lighter) at three-way junctions. The 
racemization of the twist in the gray network induces the formation of chirality in the Tetbi 
phase. 
 

Based on symmetry consideration, the ‘forbidden peaks’ of the Tetbi phase contain (h00) 

when h = 2n+1 and (00l) when l = 2n+1 or 4n+2 (Fig. 5d).70 Those are in line with our 

simulated and experimental results including the ‘forbidden peaks’ (100) and (002), see 

details in Section 6 of the SI. Though alternative models with different twist angles in the 

two networks and those with identical twist sense in all helices would in principle also be 

in line with the SAXS and RSoXS data, these structures would lead to energetically 

unfavorable states which are due to a mismatch of the helical twist at the network 
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junctions. Therefore, these structures are unlikely as outlined in more detail in Figure S17 

and the accompanying explanations in Section 8 of the SI. 

 
Fig. 7 The number of molecules per stratum (N, squares) and rotation angle F circles 
upon (a) heating and (b) cooling. The LC phases are represented by different colors: 
Purple is I23, blue is Tetbi and red is 𝐼𝑎3$𝑑. The dashed line in (b) indicates the I23-Tetbi 
phase transition upon heating. The continuous variation and resemblance between I23 
and Tetbi phases support the phase transition sequence. With rising temperature, N 
decreases while F increases, which is a result of the thermal expansion of the aliphatic 
chains. 

 

According to this model, we can derive a series of data based on lattice parameters and 

molecular organization, including number of molecules per stratum (N) and average 

rotation angle along the strata (F) for all three LC phases, see Fig. 7 and Tables S11-S12. 

Upon heating, N keeps decreasing, combined with an increasing F (decreasing helical 

pitch, see Fig. 7a) due to thermal chain expansion. Only in the Cubbi phases (especially in 

I23) there is a marginally larger helical twist (Fig. 7a). The I23 phase once formed on 

heating is metastable and slowly (within 20-40 min) transforms into the more stable 

birefringent Tetbi phase, which is then retained until crystallization takes place on cooling 

or to the transition to the 𝐼𝑎3$𝑑 phase on heating. Hence, it appears that the Tetbi phase 

allows a smaller twist F along the helical networks (Fig. 7b) than the competing I23 phase. 

As shown in Fig 7b, the slope of the F = f(T) curve increases below ~95 °C, indicating 

an even growing driving force for lattice expansion by reduction of F  at lower 

temperature (see also Fig. S8c, d). 
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3.2 Transition between enantiophilic and enantiophobic network coupling 

All these observations suggest that the Tetbi phase is a stable intermediate phase at the 

transition between Cubbi phases with	𝐼𝑎3$𝑑 and I23 space group, as a result of the network 

transformation. It is postulated that this is mainly due to a change of the through-space 

interhelical interaction between adjacent networks. The 𝐼𝑎3$𝑑 phase is composed of two 

enantiomorphic chiral networks (due to the 70.5° twist between the trigonal planes of the 

network junctions, see Fig. 6a). The combination of network chirality and helix sense 

leads to two energetically different (diastereomeric) states. As shown in Fig. 8a, the 

preferred energy minimum structure has opposite chirality of the networks and opposite 

helix sense of the supermolecular twist along these networks. Helices along two networks 

with opposite chirality exhibit exact opposite helical sense. This requires opposite helicity 

in adjacent networks, i.e. the mode of interhelix self-assembly is enantiophilic 

(heterochiral self-assembly), and the 𝐼𝑎3$𝑑  phase thus represents an overall achiral 

meso-structure. However, this enantiophilic mode of self-assembly does not necessarily 

represent the preferred mode of the through-space helix-helix interaction, which is very 

sensitive to helical pitch, helix orientation and specific inter-helix interactions.71-77 The 

𝐼𝑎3$𝑑 phase is stable as long as there is no helical superstructure, or the preferred helix-

helix interaction remains more or less enantiophilic. As the c-parameter expands with 

decreasing temperature, some helix segments become longer and others shorter which 

modifies the helix-helix interactions (Fig. 8b). If the inter-helix interaction becomes 

enantiophobic, i.e., the side-by-side packing of networks with identical helix sense 

becomes the preferred one (homochiral self-assembly), then a competition between the 

intrinsic enantiophilic network packing and the emerging enantiophobic helix-helix 

interaction arises. If the enantiophobic contribution of through-space helix-helix 

interactions becomes dominating (for 1-18 with lowering temperature) the chirality 

synchronization in one of the networks is given up, leading to ambidextrous mirror 

symmetry breaking with formation of a conglomerate of P41212 and P43212 domains. 

Racemization of one helix leads to P41212, whereas racemization of the other one gives 
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P43212. The size of the uniformly chiral domains of the conglomerate was estimated on 

the basis of the width of the peaks in the chirality sensitive RSoXS experiments. The full 

width at half maximum (FWHM) of the (200) peak is estimated to be < 0.02 nm-1, so that 

the estimated size of the enantiomorphic P41212 and P43212 domains is at least in the 

range of 300-500 nm, corresponding to about 700-2000 times the area of 𝑎9:9; , see Table 

S13 for details. Thus, a key feature is that the 𝐼𝑎3$𝑑-to-Tetbi transition takes place by 

racemization of every second network of the supramolecular meso-structure with 𝐼𝑎3$𝑑 

space group, leading to desymmetrization of the phase and emergence of chirality.  

The hypothesized combination of different modes of self-assembly (helical + 

randomized) in a uniform phase structure is unusual, but not impossible if required by an 

emerging frustration force. For example, geometric frustration occurring at the transition 

from hard to soft spheres is known to force the combination of different spheres in the 

complex Frank Kasper type soft matter phases, including quasicrystalline.78-79 Similarly, 

froth structures and clathrates combine different types of polyhedra to minimize 

interfacial area while retaining a periodic packing.80 In the case reported here, the double 

gyroid is the most stable network structure intrinsically requiring enantiophilic helix-helix 

interactions, if formed by two helical networks. On the other hand, any emerging 

enantiophobic helix-helix interaction is incompatible with the double gyroid structure and 

thus requires either helix-randomization (leading to a helix free gyroid as known for 

flexible amphiphiles28-30,52) or a removal of the gyroid structure. However, the random 

packing of the transiently chiral molecules 1-18 (with twisted conformations24,26) in the 

networks is disfavored with respect to the denser helical organization, especially at lower 

temperature. In this competing situation, retaining only one helical network allows 

retention of a gyroid-like structure, while avoiding enantiophilic helix-helix interactions. 

However, at a certain strength of the enantiophobic interhelical interaction it becomes 

dominating and the lattice type is forced to change to an alternative phase structure, which 

is the Cubbi phase with I23 lattice (Fig. 8c), being composed of three networks with 

identical helix sense (Fig. 1b).25,47 In the case reported herein the driving force of 

enantiophobic interhelical through-space interaction appears to be not sufficiently strong 
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to permanently remove the double-gyroid-like structure and lead to a stable I23 phase, 

and in this case the Tetbi phase with a stretched double gyroid becomes the stable mode 

of LC self-assembly. 

 
 
Fig. 8 Schematic representations of three-way junctions and molecular packing in (a) 
𝐼𝑎3$𝑑 phase, (b) P41212 phase and (c) I23 phase, induced by the competition between 
enantiophobic/enantiophilic self-assembly. The domination of enantiophobic helix-helix 
interaction results in the ambidextrous chiral I23 phase. On the other hand, enantiophilic 
network-network interaction favors enantiomorphous networks in 𝐼𝑎3$𝑑 . Being an 
intermediate phase, the Tetbi phase contains one racemic network while the other 
preserves helicity. 
 

4. Conclusions 

To conclude, we have comprehensively studied a new bicontinuous LC phase with 

tetragonal P41212/P43212 space group (Tetbi) formed by polycatenar molecules, 

representing an intermediate LC phase between the chiral I23 and the achiral 𝐼𝑎3$𝑑 Cubbi 

phases. We raised a local molecular packing model verified by combination of RSoXS, 

SAXS, and model-dependent scattering simulations. Accordingly, the racemization of 

half of the networks breaks the symmetry and generates ambidextrous chirality during the 

transition from the supramolecular meso-structure of the 𝐼𝑎3$𝑑 phase to the chiral Tetbi 

phase. This provides a new mode of mirror symmetry breaking in soft self-assembled 

systems. This process is considered as a liquid state analogue to recently developed 

spontaneous deracemization techniques by crystallization of achiral or rapidly racemizing 

chiral molecules of solid crystalline materials81-83, and could be used to produce chiral 
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soft materials from achiral molecules for use in various applications, for example, circular 

polarized emission and as soft chiral templates after fixation of a uniform macroscale 

chirality by further spontaneous (stochastic) or induced (directed) asymmetry 

amplification.49-50,84 

 

5. Experimental Section 

The synthesis and analytical data of compound 1-18 have been reported in ref. 37. 

DSCs were recorded with a Perkin Elmer DSC-7 at a rate of 10 K min and optical 

investigations were conducted using a Leica DMRP-XP polarizing microscope in 

conjunction with a Mettler FP-82 HT hot stage. 

Synchrotron small-angle X-ray scattering experiments were conducted at beamline 7.3.3 

at Advanced Light Source (ALS) and beamline BL16B1 at Shanghai Synchrotron 

Radiation Facility (SSRF) with transmission mode. Samples were held in evacuated 1mm 

diameter capillaries. The exposure time used was 10-120 s. See SI for detailed facility 

parameters, calibration method and data processing software. 

Resonant Soft X-ray Scattering (RSoXS) was recorded on BL11.1.0.2, Advanced Light 

Source, ALS with transmission mode. Sample film was prepared by a drop-casting 

between two pieces of silicon nitride glass. The exposure time used was 30-120s. 

Full details of the used experimental methods and conditions are collated in the electronic 

supporting information. 
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