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Abstract 

Dark conglomerates of domains with opposite handedness, which are designated as dark 
conglomerate phases (DC phases), have attracted much attention. After designing an 
achiral liquid crystal trimer, 
4,4’-bis{7-[4-(5-octyloxypyrimidin-2-yl)phenyloxy]heptyloxy}biphenyl (1), which 
exhibits only a nematic phase, we prepared the binary mixture with some typical 
rod-like nematic liquid crystals, i.e., 4’-hexyloxy-4-cyanobiphenyl (6OCB), 
2-(4-hexyloxyphenyl)-5-pentyloxypyrimidine (PPY), or 4-methyloxyphenyl 
4-hexyloxycyclohexanecarboxylate (PCA), and investigated their phase transition 
behaviour. The binary mixtures containing 55–90 mol% of 6OCB were found to exhibit 
a nematic phase and a DC phase of chiral domains with opposite handedness. However, 
neither PPY nor PCA induced such a chiral conglomerate phase in the mixture with 
trimer 1. We discuss how core–core interactions contribute to produce such a chiral 
conglomerate phase.  
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Introduction 
 
Spontaneous chiral symmetry breaking in soft matter is a well developed field of study. 
Niori et al.1 discovered polar switching and then Sekine et al.2 suggested chirality in a 
fluid smectic B2 phase of achiral bent-core molecule P-n-O-PIMB. These findings 
opened new avenues for the study of polar order and chiral superstructures of liquid 
crystals.3,4 Chirality-dependent properties in the B2 phase were well explained by Link 
et al. in terms of layer chirality.5 Some achiral bent-core liquid crystals are known to 
exhibit optically isotropic phases composed of a conglomerate of domains with opposite 
handedness, which are designated as dark conglomerate phases (DC phases). Depending 
on the local structure of these DC phases, they are classifiable as liquid-crystalline 
sponge phases,6-13 formed by strongly deformed fluid layers, or as helical nanofilament 
phases (HNF phases, also assigned as B4 phases).3,14-18 The sponge phases, usually 
formed during cooling of the isotropic liquid, have little or no birefringence. The texture 
under crossed polarizers is nearly dark. Such phases are macroscopically isotropic 
sponge-like soft solids. The application of high voltage transforms some of such phases 
to B2 phase.13,19 The B4 phase is apparently a solid phase, with in-plane hexatic 
positional ordering in the layers17 and short-range layer order.17 The blue phases often 
exhibit a transparent blue colour. Although no electro-optical switching can be found in 
the B4 phase, it is SHG active,4 indicating the existence of polar order in the phase. 
Results of earlier studies have demonstrated that the smectic layers in both the sponge 
phases and B4 phases of bent-core liquid crystals tend to have saddle splay 
curvature.13,17 The optical activity in the DC phases has been investigated extensively, 
revealing that it is attributable to the layer chirality6 or the coupling of molecular 
conformational chirality to the layer chirality.18 Aside from the sponge phases and B4 
phases, new types of DC phases including modifications of the B4 phase have been 
observed.20–24 Helical structures arise not only in the layered phases but also in some 
nematic phases.25–37 Chiral domains with opposite handedness have been observed in 
the nematic phase of some achiral bent-core mesogens.25–27 The twist-bend nematic 
phase (Ntb) showing domains of opposite handedness was observed for members of 
achiral α,ω-bis-4-(4’-cyanobiphenyl)alkanes with flexible odd-numbered methylene 
spacers.28 The molecules form a helix. The director is tilted with respect to the helical 
axis in the Ntb phase.29,30 Dozov proposed that inducing some twist can produce a 
spontaneous bend. Furthermore, he predicted that the Ntb phase can exist for 
bent-shaped molecules.31 Actually the Ntb phase has been observed for liquid crystal 
dimers with an odd-numbered methylene spacer32–34 and a bent-core liquid crystal.35,36 
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Most recently, Ntb phase driven by hydrogen bonding has been observed for 
4-[6-(4’-cyanobiphenyl-4-yl)pentyloxy]benzoic acid.37 That evidence reinforces the 
notion that shape is a key factor stabilizing the Ntb phase. Furthermore, symmetry 
breaking has been reported to occur in nonpolar SmC phases of a 4-cyanoresorcinol 
bent-core38 and in liquid phases of polycatenar molecules.39 Chiral symmetry breaking 
in mesophases has been observed for bent-shaped molecules, i.e., bent-core LCs and 
dimers with an odd-numbered spacer.40–42 A primary factor in the spontaneous 
symmetry breaking in mesophases is the inherent gross molecular shape of a compound. 
Fundamental interest in the unusual phenomena of the DC phases persists. Materials 
exhibiting the DC phase can support important applications, such as organic 
semiconductors and organic photovoltaics.43 Actually, material design for the DC phase 
is an attractive issue. 
     Recently, we found an equimolecular mixture of achiral liquid crystal trimers 
exhibiting the HNF phase, suggesting that dipole–dipole interactions between adjacent 
cores plays an important role in the appearance of HNF phase.44 This report describes 
that binary mixtures of an achiral nematic liquid crystal trimer and 
4’-hexyloxy-4-cyanobiphenyl (6OCB) exhibit a DC phase. This report also presents 
discussion of how core–core interactions produce such a chiral conglomerate.  
 
Experimental 
 
Materials 
Spectroscopic analysis. Purity of the final compound was confirmed using elemental 
analysis (EA 1110; CE Instruments Ltd.). Infrared (IR) spectroscopy (FTS-30; Bio-Rad 
Laboratories Inc.) and proton nuclear magnetic resonance (1H NMR) spectroscopy 
(JNM-ECA500; JEOL) elucidated the structure of the final product. 
 
Preparation of materials. For use in this study, 
5-hydroxy-2-(4-octyloxyphenyl)pyrimidine was purchased from Midori Kagaku Co. 
Ltd. 1,3-Phenylene bis[4-(4-octyloxyphenyliminomethyl)benzoate] (P-8-O-PIMB) was 
prepared in our laboratory.  
 
4,4’-Bis{7-[4-(5-octyloxypyrimidin-2-yl)phenyloxy]heptyloxy}biphenyl (1). 
Potassium carbonate (1.82 g, 13.2 mmol) was added to a solution of 4,4’-biphenol (1.12 
g, 1.0 mmol) and 1,7-dibromoheptane (4.51 g, 3.0 mmol) in cyclohexanone (20 ml). 
The reaction mixture was stirred at 110 °C for 6 h. After filtration of the precipitate, 
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water was added to the filtrate. The solution was extracted using chloroform. The 
combined organic layers were dried on magnesium sulphate. After filtration of the 
precipitate, the solvent was removed by evaporation. Then the residue was purified 
using column chromatography on silica gel with a toluene : hexane (2:1) mixture as the 
eluent. The obtained solid was recrystallized from hexane to give 
4,4’-(7-bromheptyloxy)biphenyl. Yield: 1.09 g (33.6%). 
     Potassium carbonate (280 mg, 2.2 mmol) was added to a solution of 
4,4’-(7-bromheptyloxy)biphenyl (532 mg, 1.0 mmol) and 
4-(5-octyloxypyrimidin-2-yl)phenol (601 mg, 2.0 mmol) in cyclohexanone (20 ml). The 
reaction mixture was stirred at 130 °C for 7 h. After filtration of the precipitate, water 
was added to the filtrate. The solution was extracted using chloroform. The combined 
organic layers were dried on magnesium sulfate. After filtration of the precipitate, the 
solvent was removed by evaporation. Then the residue was recrystallized from toluene 
to give the desired compound. Yield: 204 mg (20.9%). 
1HNMR (500 MHz, CDCl3, TMS): δ = 8.40(s, 4H, Ar-H), 8.27–8.24 (d, 4H, Ar-H, J = 
8.7 Hz), 7.46–7.43 (d, 4H, Ar-H, J = 8.7 Hz), 6.97–6.92 (d, 8H, Ar-H, J = 8.7 Hz), 

4.08–3.97 (m, 12H, -OCH2-), 1.83–1.79 (m, 12H, aliphatic-H), 1.55–1.29 (m, 32H, 

aliphatic-H), 0.90–0.88 (t, 6H, -CH3-, J = 6.9 Hz). IR (KBr):ν cm-1: 2937, 2866 
(C-Hstr), 1607 (Ar-H str),1248 (C-O str). Elemental analysis: found: C% 76.04; 
H% 8.44, N% 5.72 calc. for C62H82O6N4: C% 76.34; H% 8.31. N% 5.69. 

 

Liquid-crystalline and physical properties 
The initial phase assignments and corresponding transition temperatures for each final 
compound were determined using a polarizing optical microscope (POM, BX-51; 
Olympus Optical Co. Ltd.) equipped with a temperature control unit (LK-600PM; Japan 
High Tech). The temperatures and enthalpies of transition were investigated using 
differential scanning calorimetry (DSC, DSC 6200; Seiko Instruments Inc.). The X-ray 
diffraction patterns of the homeotropically aligned sample during cooling were obtained 
using a real-time X-ray diffractometer (MicroMax–007HF; Rigaku Corp.) equipped 
with a hot stage and a temperature-control processor. A sample was put on a convex 
lens, which was then placed in a custom-made temperature-stabilized holder (stability 
within ±0.1 °C). The phase transition of the sample under the X-ray beam was 
monitored by observing the texture simultaneously using polarized light microscopy 
with a CCD camera. The X-ray apparatus was equipped with a platform arrangement 
and a two-dimensional detector (Image intensifier and CCD C9299–01; Hamamatsu 
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Photonics KK) for small-angle X-ray scattering (SAXS), and an imaging plate (BAS–
SR 127; Fujifilm Corp.) for wide-angle X-ray scattering (WAXS). Then X-rays were 
generated at 40 kV and 20 mA; the sample was irradiated with a Cu-Kα X-ray beam  
with confocal mirrors to correlate the incident X-ray beam and increase its intensity. 
Camera distances from samples to the detectors were ca. 730 mm for SAXS and 40 mm 
for WAXS. 
     Electro-optical properties were measured using standard electro-optical 
techniques. The ITO-coated glass sandwich cells purchased from EHC Corp. were 
constructed with 2 µm spacers. The unidirectionally buffed inner surfaces had been 
coated with a polyimide aligning agent. 
 
Results and discussion 
The molecular structure and the phase transition temperatures of trimer 1 determined 
using POM and DSC are presented in Fig. 1. The compound exhibited only a nematic 
phase.  
 
 
 
 

 
                  
 
Fig. 1 Molecular structure, transition temperatures (°C) and enthalpies (kJ mol–1, in 
parentheses) of transition for trimer 1.  
 
Compound 1 was mixed with a typical rod-like nematic liquid crystal. Molecular 
structures and phase transition temperatures of nematic liquid crystals under 
investigation are presented in Fig.2. 
 

Fig. 2 Molecular structures and transition temperatures (°C) of rod-like nematic liquid 
crystals under investigation. 
 
We investigated the phase transition behaviour of binary mixtures existing between 
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Page 5 of 17 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



 6 

trimer 1 and each rod-like nematic liquid crystal. Figure 3 portrays a phase diagram on 
cooling between trimer 1 and 4’-hexyloxy-4-cyanobiphenyl (6OCB). A dark 
conglomerate phase (DC) was found to be induced for binary mixtures containing 55–
90 mol% of 6OCB. However, neither 2-(4-hexyloxyphenyl)-5-pentyloxypyrimidine 
(PPY) nor 4-methyloxyphenyl 4-hexyloxycyclohexanecarboxylate (PCA) induced such 
a DC phase in the mixture with trimer 1. Phase diagrams of trimer 1 and PPY or PCA 
are shown respectively in Fig. S1 and Fig. S2 (Electronic Supporting Information). The 
N phase of trimer 1 was not miscible with that of PPY nor that of PBA. The mixture 
with 75 mol% of PPY showed a phase transition of Iso 122.8 °C Cry on cooling. The 
mixture with 75 mol% of PCA showed a phase transition of Iso 122.3 °C Cry on 
cooling.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 Phase diagram of trimer 1 and 6OCB. Blue diamond: Iso–N transition; red 
square: N–DC transition; green triangle: recrystallization. 
 
Phase transition temperatures and enthalpies of a mixture containing 60 mol% of 6OCB 
on cooling were the following: Iso 136.1 °C (1.3 kJ mol–1) N 125.1 °C (12.2 kJ mol–1) 
DC 8.6 °C (4.9 kJ mol–1) Cry. When heated, the crystal began to melt at 126.8 °C. It 
changed to an isotropic liquid without the N phase. The melting temperature range was 
from 126.8–140.3 °C. The cooling DSC thermogram is portrayed in Fig 4.  
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Fig. 4 DSC thermogram of a mixture of trimer 1 (40 mol%) and 6OCB (60 mol%) on 
cooling. The cooling rate was 2 °C min-1. 
 
Fig. 5 shows optical textures of a binary mixture of trimer 1 (40 mol%) and 6OCB (60 
mol%) in the DC phase at 114.9 °C under crossed and uncrossed polarizers. The texture 
of the DC phase under crossed polarizers is nearly dark, suggesting that it is optically 
isotropic. By observing the sample in the DC phase under slightly uncrossed polarizers 
(10°), the texture splits into darker and brighter domains. By uncrossing the polarizers 
in opposite directions by the same angle, the darker and brighter domains exchange. The 
domain brightness does not change by rotation of the sample between the polarizers. 
These results indicate that they have optical activity with opposite senses. With respect 
to the N phase above the DC phase, no chiral nature was detected. Chiral aggregation 
occurs at the N to DC phase transition. 
 

 
Fig. 5 Polarized optical textures of a binary mixture of trimer 1 (40 mol%) and 6OCB 
(60 mol%) on a glass slide with a cover glass in the DC phase at 80 °C with uncrossed 
and crossed polarizers. 
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Reportedly, mixtures of P-8-O-PIMB and 4’-pentyl-4-cyanobiphenyl (5CB) exhibit 
DC phases in a wide range of concentrations of 5CB.45 This is explained in terms of 
chirality transfer from the nanofilaments composed of the bent-shaped molecules to the 
nematic LCs. The dilution of the HNF phase of P-8-O-PIMB by 5CB without loss of 
chirality is a direct consequence of the helical nano-filament structure of the DC phases 
observed for the mixtures. In the binary mixtures of trimer 1 and 6OCB, the DC phase 
was observed even in the mixture possessing 90 mol% of 6OCB, indicating that the DC 
phase has a HNF structure. However, trimer 1 does not exhibit a HNF phase. Therefore, 
the appearance of the DC phase does not result from the dilution of the HNF phase as 
observed for P-8-O-PIMB. The driving force for the HNF structure of the mixture 
differs significantly from that for the classical HNF phase of P-8-O-PIMB. 
Intermolecular interactions between trimer 1 and 6OCB might produce the HNF phase.    
 
We investigated electro-optical response in the DC phase by application of an AC field 
to the sample in a homogeneously aligned cell with a gap of 2 µm using a triangle wave 
with an AC field of ±15 V µm-1 at a frequency of 10 Hz. Electro-optical switching was 
not observed in the DC phase. 
 
To elucidate the phase structure, X-ray measurements were conducted. Alignment was 
performed by the slow cooling of a small drop of the sample on a convex lens. The N to 
DC phase transition was confirmed by the texture change. A peak around 2θ = 1.76° 
was observed in the small angle region in the DC phase at 85.4 °C of a binary mixture 
of trimer 1 (40 mol%) and 6OCB (60 mol%), revealing that the DC phase has a layer 
structure with periodicity length of 49.6 Å. X-ray diffraction pattern and profile in the 
small angle region in the DC phase are listed in Fig. S3. With respect to the wide-angle 
region, three peaks 2θ = 10.8°, 11.7°, and 14.6° were observed as portrayed in Fig. 6, 
indicating that it has positional order within the layer as HNF phases for bent-core LCs. 
This pattern excludes fluid sponge phases, which would show exclusively one 
completely diffuse wide angle scattering besides the layer reflection. 
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Fig. 6 X-ray diffraction profile in the wide angle region in the DC phase at 85.4 °C of a 
mixture consisting of trimer 1 (40 mol%) and 6OCB (60 mol%). 
 
The layer spacing is almost constant as a function of temperature in the DC phase. 
Figure 7(a) shows that an extended molecular length for trimer 1 with all trans 
conformation of the spacers is estimated using MOPAC to be 64 Å. The layer spacing is 
much shorter than the molecular length. The tilt angle based on the XRD measurements 
is estimated as 40° if the trimer is tilted with the layer normal. This large difference 
between layer spacing and molecular length is found similarly for the DC phases of the 
4-iodo and 4-methylresorcinols derivatives.23,24 Layer spacing in the previously reported 
HNF phases is usually close to the molecular length. The shorter layer spacing observed 
for some resorcinol bent-core LCs are explained in terms of twist conformation of the 
bent-core molecule.24 Structure-property relations of the resorcinol bent-core mesogens 
reveal that conformation chirality attributable to the rigid twist structure plays an 
important role in the appearance of the DC phase.24 The molecular length is estimated 
as 49 Å if trimer 1 has a twisted conformation as portrayed in Fig. 7 (b). The layer 
spacing in the DC phase of the binary system supports the inference that trimer 1 adopts 
such a twisted conformation. 
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(a)                                        (b) 
 

 
                                       
 
 
 
 
 
 
 
 

Fig. 7 MOPAC models for trimer 1 with (a) extended conformation and (b) twisted 
conformation. 
 
To identify the structure, a miscibility study was conducted between the DC phase of 
the present binary system and the classical HNF phase of a bent-core molecule. We 
prepared a mixture consisting of trimer 1 (25 mol%) and 6OCB (75 mol%) for the 
miscibility study. Figure 8 presents a phase diagram between the DC phase of the 
binary mixture and B4 (HNF) phase of phenylene 
bis(octyloxyphenyliminomethyl)benzoate (P-8-O-PIMB). The B4 phase of 
P-8-O-PIMB is diluted by the binary mixture up to 50 wt%. However, the DC phase of 
the binary mixture appears below the B4 phase of P-8-O-PIMB. A mixture containing 
50 wt% of P-8-O-PIMB exhibited the follwoing phase transition: Iso 143.4 °C (11.5 kJ 
mol-1) B4 111.7 °C (4.9 kJ mol-1) DC –0.5 °C (3.1 kJ mol-1) Cr. Optical textures of the 
mixture in the B4 and DC phases are listed in Fig. S4. Some dimers with an 
odd-numbered spacer reportedly exhibit a B4–B4’ phase transition42; however, the 
phase structure of the B4’ phase is not clear. 
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Fig. 8 Phase diagram between P-8-O-PIMB and a mixture of compound 1 (25 mol%) 
and 6OCB (75 mol%). Purple cross: Iso–B2 transition; yellow cross: B2–B3 transition; 
purple circle: B3–B4 transition, B2–B4 transition or Iso–B4 transition; green diamond: 
Iso–N transition; Red squeare: B4–DC transition, Iso–DC transition or N–DC 
transition; green triangle: recrystallization.  
 
X-ray measurements were conducted on a mixture of P-8-O-PIMB (50 wt%) and the 
trimer 1–6OCB mixture (50 wt%). Periodicity lengths from SAXS measurements in the 
B4 and DC phases were, respectively, 48 Å and 46 Å. X-ray diffraction profiles in the 
small angle region in the those phases are shown in Fig. S5. With respect to the wide 
angle region, two peaks at 2θ = 11.8° and 14.2° were observed in the B4 phase (Fig. 
9(a)). Cooling to the DC phase (Fig. 9(b)), a peak at 2θ = 10.8° characteristic to the DC 
phase appeared in addition to those peaks (2θ = 12.1° and 14.3°) observed in the B4. 
The peak at 2θ = 10.8° suggests that the longer periodicity appears at the B4 to DC 
transition. 
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(a)                                     (b) 

Fig. 9 X-ray diffraction profile in the wide angle region in (a) the B4 phase at 135.4 °C 
and (b) the DC phase at 85.4 °C of a mixture of P-8-O-PIMB (50 wt%) and the trimer 
1–6OCB mixture (50 wt%). 
 
The phase diagram reveals the following. The B4 phase of P-8-O-PIMB is probably 
diluted by 6OCB. Although the DC phase below the B4 phase also has a helical 
nanofilament structure, a longer periodicity length observed for a peak at 2θ = 10.8° 
exists within a layer in the DC phase in comparison to the classical B4 phase. The B4 to 
DC phase transition can be driven by another factor that is responsible for the peak. 
 
We next discuss how chirality arises in the DC phase of the binary mixture of trimer 1 
and 6OCB. As described above, the DC phase might have a helical nanofilament 
structure, but the driving force for the DC phase is thought to differ from that for the 
classical HNF phase. Bent-core molecules exhibiting DC phases tend to form layer 
structures. Therefore, they do not show a nematic phase. With respect to the present 
binary system of trimer 1 and 6OCB, both nematic phases are miscible. The binary 
mixtures show the conventional nematic phase. The molecular organization has no 
chiral origin in the N phase. Intermolecular interactions between trimer 1 and 6OCB 
produce the chiral nature in the DC phase. It is noteworthy that neither 
phenylpyrimidine derivative nor phenyl cyclohexanecarboxylate derivative induces 
such a DC phase in the mixture with trimer 1. A cyanobiphenyl unit is known to interact 
with a phenylpyrimidine unit via a specific core–core interaction to induce a smectic A 
phase.46 Core–core interaction might play an important role in the appearance of the DC 
phase. The layer spacing is much shorter than the molecular length of trimer 1, which 
was also observed for a new type of DC phases of some 4-substituted resorcinol derived 
bent-core mesogens possessing azobenzene wings.23,24 The phase formation is explained 
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as follows.24 Because azobenzene wings are completely flat, the only source of 
conformation chirality is the central part of the molecules, i.e. the connections between 
the resorcinol core and azobenzene wings. The substituent produces the twist of 
between the planes of the azobenzene wings. The difficulty in the parallel packing of 
the highly twisted molecular species is favourable for chiral segregation and layer 
distortion. Figure 10 presents a molecular organization model for the origin of chirality 
for the binary mixture of achiral trimer 1 and 6OCB. The trimer is thought to combine 
two bent-shaped dimers. We assume that core–core interactions between cyanobiphenyl 
and phenylpyrimidine units induce the twist orientation between the pseudodimers 
within trimer 1, which can cause twisting of the central biphenyl. This twist 
conformation chirality is regarded as the origin of the appearance of the DC phase. The 
twisted trimer 1 might induce the greater periodicity length within each layer in the DC 
phase. According to a report by Tschierske et al.,24 the twisted trimer packing is in 
competition with the formation of extended flat layers to lead layer deformation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Molecular organization model for the origin of chirality for the binary mixture 
of achiral trimer 1 and 6OCB. 
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Conclusions 
The dark conglomerate of domains with opposite handedness was induced in binary 
mixtures of achiral nematic liquid crystal trimer 1 and 6OCB. The DC phase is thought 
to have a helical nanofilament structure. It is a low-temperature phase of a classical 
HNF (B4) phase. Interaction between a phenylpyrimidine unit of trimer 1 and a 
cyanobiphenyl unit of 6OCB can produce a twist conformation of the central biphenyl 
of the trimer, which induces chiral segregation and layer deformation to drive the chiral 
conglomerate. These findings provide important information indicating how chirality 
arises in soft matter. 
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Graphical Abstract 

 

Interaction between a phenylpyrimidine unit of trimer 1 and a cyanobiphenyl unit of 

6OCB can produce a twist conformation of the central biphenyl of the trimer, which 

induces chiral segregation and layer deformation to drive the chiral conglomerate. 
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