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Abstract
Herein we report a comprehensive study on novel carbonyl- and ethenyl- linked symmetric dimers that combine synthesis, mesomorphic properties and molecular modelling. The study has been focused on the impact of geometry imposed by the linkage group on the incidence of the twist-bend nematic (NTB) phase. Comparison of the mesomorphic properties of these two series complemented with computational studies of conformational space around the linkage group points molecular curvature and intramolecular torsion plays important role in the appearance of the NTB phase and can be regarded as the basic structural requirements for design of new twist-bend nematogen materials.
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1. Introduction

For many years liquid crystalline dimers have been studied because of their rich and unusual smectic and columnar mesomorphism, which differs from that of the corresponding monomers.[1]The recent discovery of additional low temperature nematic phase found in odd-membered dimers has vivified interest in this class of materials. In 2001 a twist-bend nematic phase (NTB) was predicted[2] for bent-shaped molecules. In the NTB phase, the molecules form a conical helix: the director n is tilted with respect to the helix axis and is precessing around it. This chiral structure is obtained even when the molecules are achiral. Its chirality is doubly degenerated – the left- and right-handed domains have the same energy. Ten years after its prediction, Cestari et al.[3] identified the lower temperature nematic mesophase exhibited by 1,7-bis-4-(4'-cyanobiphenyl) heptane (CB7CB) as being a twist-bend nematic phase. Later on, a series of studies reported the evidence of chiral molecular organization within the twist-bend nematic phase, which is consistent with an oblique helicoidal structure.[4–13] In addition to fundamental studies aiming to understand the structural characteristics and macroscopic properties of the NTB phase, there is significant interest in the molecular features that give rise to this unique phase of matter. In the last few years the number of compounds displaying the NTB phase has increased. Although predominantly exhibited by liquid crystal dimers possessing odd-membered spacers,[14] the NTB phase has also been reported for trimers and tetramers[14–17] including a semi-flexible bent core liquid crystal.[18] The relationship between the chemical structure and formation of the NTB phase has been investigated largely on dimers with methylene linkage group[3,14,16,19–24] but also a significant number of ether[14,24–28] and imino-linked[29–32] dimers have been examined. Despite an effort to determine how variations in molecular structure, such as the linkage group, the length of the spacer, the structures of the mesogenic units and the terminal groups attached to them affect incidence of the NTB phase, a general and comprehensive relationship between molecular structure and the formation of the NTB phase is still in early stage of development. Currently, it is generally accepted that the NTB phase is associated with a bent molecular shape. A molecular field theory based on symmetric V-shaped molecules predicts a strong sensitivity of the NTB phase formation to the molecular bending defined as the angle between the two mesogenic arms.[33]. Combined experimental and computational studies showed that a bend angle in the region of 125° is the optimum for a material to exhibit the twist-bend nematic phase.[34] Several recent reports implied that the value of TNTBN does not depend simply on the bending angle, but also other factors must be taken into account, such as conformational distribution,[35,36] the bend angle fluctuation,[37] effect of free volume[20,38,39] and intramolecular torsion[12,29,40] .
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Figure 1. Schematic presentation of symmetric ethenyl BBE_m-n and carbonyl linked BBC_m-n dimers. (a) The molecular structure where m represents the number of methylene units in the spacer, n the number of methylene units in the terminal chain and LG the linkage group. (b) Schematic presentation of the plausible twisted and planar geometries

To investigate the implication of the intramolecular twist in design of twist-bend nematogen materials generally, we prepared two new families of symmetric carbonyl-linked and ethenyl-linked dimers as schematically presented in Fig. 1a. The new sets of dimers primary differ in the nature of the linkage group. Due to the sp2 character of the carbon atoms in the linking groups and π-conjugation, the plane of the linkage group is aligned with the plane of the mesogen. Conformational analysis showed that the most stable conformation of 1-butene adopts a skew whereas 2-butanone eclipsed geometry.[41,42] Based on these results it is reasonable to assume that ethenyl-linked dimers will adopt twisted geometry, whereas carbonyl-linked materials will adopt a planar geometry as shown in Fig.1b. Thus, comparison of mesogenic properties of these two sets will provide information about the implication of intramolecular torsion on the incidence of the NTB phase. Since the effective bending of the dimer increases with decreasing number of methylene units in the spacer,[43] altering the length of the spacer allowed for examination of small variation in bending angle in conjunction with different torsion geometry. The experimental data complemented with conformational analysis will demonstrate that molecular curvature and intramolecular torsion plays important role in the appearance of the NTB phase and can be regarded as the basic structural requirements for design of new twist-bend nematogen material.

2. Experimental
2.1. General Information
All the solvents were either puriss p.a. quality or distilled over appropriate drying reagents. Reagents were used directly as supplied by Aldrich, Alfa Aesar or Acros. NMR spectra were recorded on Bruker AV 600 MHz and 300 MHz spectrometers, operating at 150.92 or 75.47 MHz for 13C and 600.13 or 300.13 MHz for 1H nuclei. CHN analyses were done on Perkin Elmer 2400 Series II CHNS analyser. Melting points were determined using an Electrothermal 9100 apparatus in open capillaries and are uncorrected. Phase transition temperatures and textures were determined using an Olympus BX51 polarizing microscope equipped with a Linkam TH600 hot stage and PR600 temperature controller. Enthalpies of transition were determined from thermograms recorded on Perkin-Elmer Diamond DSC, operated at scanning rates of 5 °C min–1. Powder X-ray patterns were obtained with a Guinier film camera (HUBER Diffraktionstechnik, Germany) using quartz-monochromatized CuK radiation from samples in glass capillaries (diameter 1 mm) mounted in a temperature-controlled heating stage. Two-dimensional patterns of aligned samples (surface aligned on a glass plate on a temperature-controlled heating stage or aligned in the capillary in a magnetic field in a temperature controlled oven) were obtained using Ni filtered CuK radiation recorded by an area detector (HISTAR, Siemens/Bruker). Computational chemistry was performed using density functional theory with the B3LYP functional and the 6-31G basis set within Gaussian 09 program package.[44] Full experimental details, including synthetic procedures and chemical characterisation, are given in the accompanying Supporting Information.
All data generated or analysed during this study are included in this published article (and its Supplementary Information files) and also available from the corresponding author on reasonable request.

2.1. Synthesis
Synthesis of target molecules as outlined in Fig.2 started with Grignard reaction of 4-[(tert-butyldimethylsilyl)oxy]benzaldehyde and suitable 1, k-dibromoalkane (k = 5, 7, 9). The product diols 1-3 were obtained in 76-78% yield; these were then used as precursors for both carbonyl-and ethenyl- series of compounds. Jones oxidation of diols 1-3 gave diketones 4-6 in 70-88%; subsequent desilylation using tetra-n-butylammonium fluoride (TBAF) afforded the phenols 7 – 9 in quantitative yield. Dehydration reaction of diols 1-3 with p-toluenesulfonic acid in benzene gave the dienes 10-11 in 70-80 % yield. Again, deprotection of the TBS groups with TBAF afforded products 12-13in 90-100% yield. Esterification of 7-9 and 12-13 with appropriate benzoyl chlorides using 4-dimethylaminopyridine (DMAP) and triethylamine (Et3N) provided for target molecules in 50-87% yield. Full experimental details, including synthetic procedures and chemical characterisation, are given in the accompanying Supporting Information













Figure 2. Synthesis of target carbonyl- and ethenyl-linked dimers; (i) Mg, Et2O, reflux, 2h, (ii) 4-OTBS-benzaldehyde, Et2O, -70 °C, 5 min, (iii) Jones reagent, acetone, rt, 1h, (iv) TBAF, THF, H2O, rt, (v) p-TsOH·H2O, benzene, 10 min, (vi) DMAP, Et3N, CH2Cl2, 24 h, 0°C to rt.



3. Results and discussion
The liquid-crystalline behaviour of the new compounds was investigated by polarising optical microscopy, differential scanning calorimetry and X-ray diffraction. The phase transition temperatures and the corresponding enthalpy and entropy changes are collected in Tables 1 and 2.

Table 1. Transition temperatures (°C), enthalpies (kJ mol-1) in italics and the dimensionless value of S/R in [] for the homologues of the series BBE
	Dimer
	Cr
	
	SmCA
	
	NTB
	
	N
	
	Iso

	BBE_5-2
	
	127
37.45[11.26]
	
	
	
	143
0.08[0.02]
	
	170
0.72[0.19]
	

	BBE_5-3
	
	128
46.78[14.02]
	
	
	(
	120)
0.28[0,08]
	
	140
0.23[0.06]
	

	BBE_5-4
	
	130
51.52[15.37]
	
	
	(
	125
0.47[0.14]
	
	142
0.30[0.09]
	

	BBE_7-2
	
	104
48.49[14.47]
	
	
	
	145
0.02[0.01]
	
	183
1.15[0.30]
	

	BBE_7-3
	
	123
42.35[a][12.57]
	
	
	
	124
0.06[b][0.02]
	
	155
0.62[0.17]
	

	BBE_7-4
	
	121
44.34[a][13.53]
	
	
	
	123
0.10[b][0.03]
	
	151
0.68[0.19]
	

	BBE_7-5
	
	112
43.00[a][13.12]
	
	
	
	114
0.14[b][0.04]
	
	142
0.57[0.16]
	

	BBE_7-6
	
	110
41.81[13.12]
	
	114
4.63[1.44]
	
	121
0.28[0.08]
	
	140
0.61[0.18]
	


[a] combined enthalpies; [b]obtained on cooling; Cr, crystalline phases; SmCA, anticlinic smectic C phase; NTB, twist-bend nematic phase; N, nematic phase; Iso: isotropic liquid; (): monotropic phase.

Transition properties for ethenyl-linked dimers presented in Table 1 show that all compounds display both, the uniaxial nematic and the twist-bend nematic phase. The uniaxial nematic phase was identified according to its typical schlieren and marbled textures (Fig. 3a). On cooling transition from N to NTB showed characteristic blocky texture (Fig. 3b) from which polygon and rope texture developed (Fig. 3c). When studied by X-ray scattering both the nematic and NTB mesophases exhibit only diffuse scattering at both small and wide angles, as is typical for these phases. Whilst the nematic mesophases were well aligned by the external magnetic field the NTB phase was generally unaligned. Representative two dimensional diffraction patterns are given in Fig.3d.
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Figure 3. POM textures obtained on cooling. a) The marbled textures of the N phase of BBE_5-4at 130 °C. b) The blocky texture with parabolic defects of the NTB phase of BBE_5-4at125 °C. c) The rope texture of the NTB phase of BBE_7-2at98 °C. d) 2D XRD patterns for a sample of BBE_7-2 aligned in the magnetic field obtained on cooling from the isotropic liquid at 150 °C and 110 °C

It is interesting to note that the NTB phase persists even in homologues with comparable lengths of chain and spacer. Although the NTB phase was mainly observed for dimers having a chain length significantly smaller than the spacer,[19,21] a similar behaviour was reported for imino-linked dimers comprising salicyl mesogenic unit.[29,45] Among ethenyl series only the highest homologue BBE_7-6 display smectic phase. On cooling, from the NTB to smectic phase a very small focal-conic texture developed (Fig.4a). Shearing the sample led to a schlieren-like texture with two and four brushes (Fig.4b) which have also been observed in intercalated SmC phases of mesogenic twins[1,21,46]
[image: ]
Figure 4. Photomicrographs of the intercalated smectic phase of BBE_7-6. a) A small focal-conic texture at 112 °C. b) The schlieren texture after shearing the sample at 111°C.

Due to the lack of alignment it was not possible to determine tilt angles for BBE_7-6 from X-ray scattering experiments, however the lack of sharp scattering at wide-angles indicates the mesophase lacks long-range positional organisation within the layers and is therefore indicative of a SmA or SmC type mesophase (see Fig. S1, Tables S1 and S2). The layer spacing was found to have values of 22.56 Å and 22.48 Å at temperatures of 110 °C and 100°C respectively. When expressed as a d/l ratio, i.e. the ratio between the layer spacing and the molecular length obtained at the B3LYP/6-31G level of DFT, the values are 0.50 and 0.49 at these temperatures. These are ½ of the dimer length, indicating that the smectic mesophase is intercalated, while optical microscopy supports the identification as a tilted, anticlinic smectic phase. Thus we can conclude the mesophase is a SmCA.
Mesomorphic behaviour of carbonyl series presented in Table 2 show that all the compounds display enantiotropic nematic phase.

Table 2. Transition temperatures (°C), enthalpies (kJ mol-1) in italics and the dimensionless value of S/R in [] for the homologues of the series BBC.
	Dimer
	Cr
	
	SmCA
	
	NTB
	
	N
	
	Iso

	BBC_5-2
	
	152
45.83[12.96]
	
	
	(
	132)
0.01
	
	169
1.06[0.29]
	

	BBC_5-3
	
	152
58.87[a][16.54]
	
	
	
	
	
	153
1.02[b][0.28]
	

	BBC_7-2
	
	130
42.55[12.69]
	
	
	
	132
0.01
	
	174
1.42[0.38]
	

	BBC_7-3
	
	130
48.49[14.47]
	
	
	(
	116)
0.01
	
	154
1.11[0.31]
	

	BBC_7-4
	
	132
42.35[12.57]
	(
	130)
6.28[1.87]
	
	
	
	155
1.50[0.42]
	

	BBC_9-2
	
	136
54.57[16.04]
	
	
	(
	127)
0.01
	
	169
1.88[0.51]
	

	BBC_9-3[c]
	
	139
6.52[1.90]
	
	
	
	
	
	147
1.53[0.43]
	

	BBC_9-4
	
	136
53.12[a][15.62]
	
	138
5.51[b][1.61]
	
	
	
	155
2.23[0.63]
	


[a] combined enthalpies; [b]obtained on cooling; [c] Cr-Cr transition at 134 °C (H = 56.86 kJmol-1);
Cr, crystalline phases; SmCA, anticlinic smectic C phase; NTB, twist-bend nematic phase; N, nematic phase; Iso: isotropic liquid; (): monotropic phase.

In contrast to ethenyl series, the NTB phase was observed only in the homologues with the shortest terminal chains. Both nematic phases were determined according to their characteristic textures (Figure S3). The tiny nematic to NTB transition enthalpies indicate that the extent of change in local structure is quite small at the N-NTB transition. Indeed, the X-ray investigation showed that the pattern of the NTB phase differs from that of the N phase mainly by a certain loss of orientation as frequently found at the N – NTB transition (Figure S4).[9,11,31]
[image: ]Elongation of the terminal chains to C4 facilitates smectic organization. On cooling, from the nematic to smectic phase a fan-shaped texture developed (Fig.5a). The smectic mesophase exhibited by BBC_9-4 was studied by X-ray scattering. Due to the direct N-Sm phase transition the smectic mesophase is well aligned by the external field (Fig.5b) The layer spacing was found to have values of 21.56 Å, 21.50 Å and 21.41 Å at temperatures of 130 °C, 125 °C, and 120°C respectively. Expressed as a d/l ratio the layer spacings remain the same, taking values of 0.51 at these temperatures. As shown in Figure 5b there is sharp Bragg scattering at small angles, which corresponds to the layer periodicity, whilst at wider angles the scattering is only diffuse (see Tables S3 and S4). This indicates that there is no long-range positional ordering within the layers, and thus restricts the Sm mesophase exhibited by BBC_9-4 to being either SmA or SmC type. Given that the mesophase exhibits a schlieren texture with both 2- and 4- brush defects it is concluded that it is an anticlinic smectic C phase (SmCA).






Figure 5. a) A fan-shaped texture of the smectic phase of BBC_9-4 at 131 °C. b) 2D XRD patterns for a sample of BBC_9-4 aligned in the magnetic field obtained on cooling from the isotropic liquid at 125 °C.
It is broadly accepted that molecular curvature is essential for the formation of the twist-bend nematic phase and its stabilization has been predicted to increase with decreasing molecular bending angle.[33,34] Thermodynamic data listed in Table 1 and 2 show a small value of the isotropization entropies in accordance with their overall bent shape. However, the extent of molecular curvature can be affected not only by the linkage group but also by the parity of the terminal chains[47] and by the length of the spacer.[43] All the compounds of BBE series exhibit the NTB phase. This suggests that fluctuation in molecular curvature caused by the parity of the terminal chains or by the length of the spacer has little effect on the formation of the NTB phase. The highest value of TN-NTB (143 °C for BBE_5-2 and 145 °C for BBE_7-2) and the widest temperature range (16 °C for BBE_5-2 and 41 °C for BBE_7-2) were observed for the ethoxy terminated materials. From these results, it appears that stabilization of the NTB phase in the BBE series is mainly determined by geometry imposed by ethenyl linkage group which dictates the extent of bending and makes molecule inherently twisted. 
Replacement of ethenyl by more polar carbonyl linkage group resulted in surprisingly similar clearing temperatures. Slightly higher isotropization entropies of the carbonyl dimers suggest their more pronounced molecular anisotropy. The similar differences were observed for methylene and ether-linked odd dimers.[24,48] It has been attributed to a change in the molecular geometry.[47,49] The odd-membered ether-linked dimer, being less bent, show higher isotropization entropies than that the corresponding methylene linked dimers. The presence of the NTB phase in methylene- but not in ether-linked dimers, was attributed to the more pronounced molecular bending[48,50] and intramolecular twist.[29]
Although considered planar, a limited number carbonyl-linked dimers unexpectedly exhibit the NTB phase. All ethoxy terminated dimers exhibit the NTB phase. Both, the Iso-N and N-NTB transition temperatures for three ethoxy terminated materials show very small variation suggesting similar gross molecular geometry. In addition to ethoxy terminated dimers, the monotropic NTB phase was observed for BBC_7-3. The TNTBN for BBC_7-3 is significantly lower than those observed for ethoxy terminated materials resembling the trend reported for methylene linked phenyl-(4-alkoxybenzoate) dimers.[19] 
In an attempt to explain these results, we examined how these two different linking groups might affect molecular curvature and overall shape of the dimeric molecule. Investigation of the conformational distribution of the achiral symmetric dimers in the nematic and NTB phases revealed high probability of all-trans conformation of the alkylene spacer.[51] Some recent studies demonstrated the wider conformational distribution of the alkyl spacer.[37,52–54] For comparative study, we chose compounds containing the same number of methylene units BBE_7-4 and BBC_7-4. The contribution of conformational diversity of the alkylene spacer to molecular curvature and overall molecular shape is expected to be similar for both compounds. It is reasonable to assume that the main difference in mesomorphic properties of two series rises from different geometry imposed by the linking group. Thus, we focused our computational study on conformational space around the linkage group defined by a dihedral angle () between the first methylene carbon in the spacer and corresponding functional group (Fig.6). 
The eclipsed conformation defined by C1=C2-C3-C4 torsion angle  of approximately 0° corresponds to the geometry in which the plane of the mesogenic unit is in the plane common to the carbon atoms in the spacer. The symmetry of ethenyl group provides for a conformational degeneracy in the molecule and gives rise to the skew conformation in which the torsional angle may adopt two distinct values of the same magnitude (120°), but opposite sign. According to the energy content the skew conformation was found to be more stable than the eclipsed what is in accord with data reported for 1-butene.[41] The torsional scan of the carbonyl moiety resulted also in three minima characterized by the O1=C2-C3-C4 dihedral angle of approximately 0° and 90° and can be attributed to eclipsed and skew conformations, respectively. 
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Figure 6. a) Definition of dihedral rotation ().b) Torsional energy profile for single ethenyl and carbonyl linking group. c) Newman projection structures of the corresponding stable conformations.

In contrast to ethenyl derivative, eclipsed conformation of carbonyl material represents the lowest energy conformational state. Rotation around C2-C3 bond resulted in energetically flat region between 90.0° and 100° which was found to be 1.1 kcal mol-1 higher in energy than the eclipsed geometry. The energy difference between the eclipsed and skew forms and the preference of the eclipsed conformation are in good agreement with computational results for 2-butanone.[41,42]
The effect of stable linking group conformations on molecular shape is examined on the conformer in which methylene units adopt the anti position. The most stable conformer of ethenyl dimer involves two skew forms which resulted in the mutual twisted arrangement of mesogenic cores (Fig.7a) and the overall shape can be described as bent-propeller. The small values of SNI/R implicate high population of highly bent conformer what is accord with the geometry of the most stable conformer. In contrast to ethenyl, conformational states around carbonyl group led to the conformers of various shape, with the rather small difference in energy; the planar, the twisted hockey-stick, the bent-propeller and the hair-pin conformers (Fig.7b). It has been demonstrated that orientational order influences conformational probability, favouring more extended conformation despite energetic preference in the gaseous phase.[36,53] Among four identified conformations the largest inter-mesogen angle was estimated for the higher energy bent-propeller conformer. Comparison of the bent-propeller conformers of ethenyl and carbonyl dimers revealed smaller molecular curvature and greater intramolecular torsion for the later. The Vanakaras theory predicts second order phase transition from nematic to NTB phase for relatively small curvature and large torsion.[40] According to the peak shape observed for ethoxy carbonyl compounds the nematic to NTB transition is pseudo second-order what can be attributed to rather large intramolecular torsion. Unlike ethenyl materials which possess inherently twisted geometry and all of them exhibit the NTB phase, the intramolecular torsion is feasible only for carbonyl dimers with very short terminal chains. This is in agreement with the recently developed model proposed by Stevenson et al. the molecules adopt a high energy conformation in which the arms are less bent but twisted about the spacer axis.[12] Elongation of the terminal chains in carbonyl series disrupts reorientation of the promesogenic phenyl benzoate moiety promoting planar conformation and destabilizes the NTB phase.
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Figure 7. Geometries and selected geometry parameters at the DTF(B3LYP/6-31G) level for low energy conformers of a) BBE_7-4and b)BBC_7-4 obtained by merging skew and eclipsed conformations of particular linking group. 



4. Conclusion
[bookmark: _GoBack]In conclusion, two new families of symmetric carbonyl- and ethenyl-linked dimers were prepared in order to expand the knowledge on geometric aspects imposed by the linkage group influencing the stability of the NTB phase. Investigation of mesomorphic properties showed that all the members of ethenyl series and only the shortest homologues of the carbonyl-linked dimers exhibit the NTB phase. Computational study of conformational space around the linkage group revealed bent-propeller geometry for the most stable ethenyl and bent-planar for the most stable carbonyl conformer. The appearance of the NTB phase in the carbonyl materials with ethoxy chains is attributed to their ability to adopt higher energy bent-propeller conformation. This highlights a profound effect of intramolecular torsion but also that conformational diversity has to be included in the assessment of the geometric factors influencing formation of the NTB phase. Overall our studies demonstrate that intramolecular torsion in conjunction with molecular curvature plays essential role in stabilization of the NTB phase. Consequently, both can be regarded as the basic structural requirements for design of new twist-bend nematogen material.
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