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Abstract
The nematic liquid-crystalline phase exhibits average orientational order, with no positional organisation. So-called modulated nematic phases exhibit this same orientational order with an additional spatially periodic modulation of the nematic director, the most common of which is the twist-bend nematic phase. We report a pentaerythritol derived tetrapode which exhibits a nematic-like mesophase at ambient temperature, and we denote this new mesophase ‘NX’ to indicate a nematic phase of unknown structure. X-ray scattering experiments refute the possibility of positional order, yet optical textures are consistent with a periodic structure. We suggest that the mesophase exhibited by this material is new type of nematic-like mesophase with some form of modulated structure. We find the NX phase to exhibit an electrooptic response consistent with a nematic-like phase.
Introduction
The nematic mesophase possesses only an average orientational order without any positional order (e.g. layers). As nematic phases form the cornerstone of the display industry, as such the discovery of new nematic modifications, while rare, sparks much interest. The twist-bend nematic phase (TB or NTB), predicted by Dozov [1] and principally observed in bent liquid crystalline dimers, [2-8] is understood to possess a helical structure with a pitch length of a few nanometers. [9-11] The TB phase is an example of a modulated nematic-like phase in which the average orientational order is also augmented with an additional periodic structure while still lacking positional order. The TB phase exhibits a electrooptic response on a timescale of a few microseconds, [12] and also provides a simple route to materials with defined nanostructures via in situ photopolymerisation [13] which may find use in photonics. [14-17] Other modulated nematic-like phases are known to exist: Mertelj et al recently discovered a nematic-like mesophase with a periodic splay modulated structure (NS), [18] and we recently reported a novel nematic-like phase in binary mixtures of bent-dimers and a high helical twisting power additive. [19]
Typically, modulated nematic phases are found at elevated temperatures and as such they are of minimal practical use. Appending multiple mesogenic units to a central scaffold has been shown to be a useful strategy to give materials with significantly reduced melting points. [20-23] The manner of attachment of the mesogenic units to the central scaffold, e.g. lateral versus terminal, has been shown to control the type of phase exhibited (nematic versus smectic), [24] whereas the chemical makeup of the central scaffold does not appear to influence the mesomorphic behaviour of the resulting materials. [23] We considered that combining this approach with the structural units of a bent LC dimer (in the present case, one half of the dimer CB6OCB) [25] could lead to the first room temperature modulated nematic phases. We observed that one such material exhibits a previously unreported nematic modification, and this is the subject of this present communication. 
Experimental
The intermediate i1 was synthesised in 3 steps as described by Al-Janabi et al. [26] the intermediate i2 [CAS: 35638-19-8] was purchased from Frontier Scientific.  The synthesis of 1 was trivial from i1 and the tetraacid i2 as shown in Scheme 1. Full experimental details are given in the ESI to this article. Quantum chemical calculations were performed using Gaussian G16 rev A03, [27] with select output files rendered in Qutemol. [28]
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Scheme One
Results and Discussion
We studied the liquid-crystalline behaviour of 1 by polarised optical microscopy (POM), differential scanning calorimetry (DSC) and small angle X-ray scattering (SAXS). Phase identification was made by POM and SAXS, transition temperatures were determined by POM and DSC, and associated enthalpies of transition were measured by DSC (Table 1).
	No.
	
	Tg
	NX-I

	1
	T
	-6.6
	43.6

	
	ΔH
	-
	7.8


Table 1:	Transition temperatures (T, °C) and associated enthalpies of transition (ΔH, kJ mol-1) for 1 as determined by DSC at a heat/cool rate of 10 °C min-1. MP = melting point, Tg = glass transition, NX -I = clearing point

The tetrapode 1 is a viscous liquid crystal at ambient temperature (21 °C, see Figure SI-1 in ESI and the graphical abstract) and undergoes a glass transition at – 6.6 °C. The material clears into the isotropic liquid at 43.6 °C and this is accompanied by an associated enthalpy of 7.8 kJ mol-1. Typically, as is common with high molecular weight liquid-crystalline materials, cooling into the liquid-crystalline phase from the isotropic liquid gave small domains from which no phase assignment could be made. To obtain informative optical textures we annealed samples of 1 between untreated glass for a period of one week at 41 °C. The optical textures of 1 are reminiscent of the TB phase, being comprised of block-like regions, focal-conics, rope-like textures and parabolic defects, with additional homeotropic regions (Figure 1). The optical textures are sufficiently distinct from those of the nematic phase that we can discount the possibility of 1 exhibiting this phase – at no point do we observe the schlieren texture which is characteristic of the nematic state. The formation of focal-conic and parabolic defects is associated with structural periodicity, either through a spatially modulated structure (e.g. TB phase) or positional order (e.g. SmA phase). We note that it is not possible for these optical textures to exist without a periodic structure. The optical textures are different to those of the smectic A phase exhibited by structurally similar materials reported previously, see compound 4 in ref [24] and compound “T-CN” in ref [21]. Similarly, the optical textures – while similar to - are distinct from those of the TB phase formed on cooling from the isotropic liquid; we do not observe the blocky texture of the TB phase for example. Shearing the NX phase of 1 leads to a uniformly birefringent texture whereas shearing generally gives a homeotropic texture in the TB phase. We studied 1 by DSC (DSC traces for 1 are given in the SI), finding the enthalpy associated with the NX-iso phase transition (ΔHNx-I = 7.8 kJ mol-1) to be larger than that reported previously for the TB-Iso transition; values of ΔHTB-I range from 0.8 kJ mol-1 [29] to 2.2 kJ mol-1. [30] 
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Figure 1:	Photomicrographs of 1 in the NX phase: (a) rope like texture; (b) blocky texture and homeotropic regions; (c) fan texture, rope texture and parabolic defects; (d) fan texture and rope texture. The scale bar is 100 μm; all photographs were taken at ambient temperature (21 °C).
SAXS was employed to confirm the nematic-like (i.e. lack of positional order) nature of the mesophase exhibited by 1. Data was collected as a function of temperature, the scattering pattern of an empty capillary was used as a background. As shown in Figure 2, the lack of Bragg scattering refutes the possibility of 1 exhibiting a smectic phase at the temperatures studied (25 – 50 °C, Figure 2). Instead, we observed only diffuse scattering peaks at small and wide angles corresponding to d-spacings of 12.7 Å and 4.8 Å, respectively. Note, that the scattering at small angles is weak (Figure 2e). At the Iso-NX transition there is a small change in the position of the wide-angle scattering peak (ΔQ ≈ 0.04 Å-1), whereas the small-angle peak is unchanged in both intensity and position (see also Figure SI-3 in the ESI). We did not observe scattering at smaller angles, down to a lower Q value of 0.05 Å-1; this corresponds to a lower limit for any possible layer spacing of around 125 Å.  The fully extended, end-to-end molecular length of 1 is 50 Å (B3LYP/6-311G(dp) level of DFT) which suggests that the spacing of a hypothetical layered structure would be well within the Q range accessible to us, even if it were a bilayer type system with a spacing of c.a. 2x the molecular length.Lamellar nematic and isotropic phases (LamN and Lamiso respectively) both exhibit Bragg scattering and can be excluded as possibilities. [31] We considered the possibility that potential smectic layers may be in a homeotropic orientation relative to the incident beam (Figure 2a), and that this could lead to a lack of Bragg scattering. Rotating the sample capillary 90 ° would therefore give planar orientation (Figure 2b), however we note that there was no change in scattering pattern upon rotation of the sample (Fig SI-4). SAXS studies on structurally related tetrapodes that exhibit smectic A phases do show Bragg scattering, [21, 32] therefore absence in 1 is not due to some behavioural peculiarity of tetrapodes but rather indicative of a nematic or nematic-like phase. We also considered that a layered structure may evolve slowly and therefore be absent in SAXS experiments; the capillary containing compound 1 was annealed at ambient temperature (19±2 °C) for a period of six months and periodically examined by X-ray scattering and optical microscopy. We did not observe Bragg scattering at any point and we therefore conclude there is no positional organisation in the NX phase of 1. Studies by SAXS therefore support the identification of a phase with no positional molecular organisation (i.e. a nematic or nematic-like phase) and rule out the possibility of 1 exhibiting a smectic or lamellar phase. 
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Figure 2:	Sketches of layer orientation relative to incident X-ray beam in: (A) a homeotropic sample, (B) a planar sample. Unaligned 2D SAXS patterns for 1 at 42 °C; (C) raw 2D SAXS pattern, and (D) background subtracted 2D SAXS pattern. Plot of integrated intensity as a function of the scattering vector Q (Å-1) for 1 at 44 °C (blue dots) and 42 °C (red dots) (E).

Between any two mesogenic units of 1 there are 25 atoms giving an overall bent shape – framing the molecular structure in this way we can think of 1 as two dimers joined by a single quaternary carbon rather than four independent units appended to a central scaffold. Some conformations are anticlastic, with each dimer pair bending in opposing directions. Using the procedure outlined by Archbold et al [7] we generated a library of conformers for 1 using the AM1 semi-empirical method, before calculating the probability of a given bend angle between two opposing mesogenic units as shown in Figure 3c. The probability weighted bend-angle is 98 °, however the distribution of bend angles is rather broad due to the sheer number of conformers – we find the FWHM of a Gaussian fit to the major peak (Figure 3c) to be 45 °, far larger than that of simple LC dimers such as CB9CB (19 °C) and CB8OCB (31 °C). [8] There is also a significant population of hairpin conformers, defined here as those with a bend-angle of less than 60 °. The flexibility of the material and large number of conformers it can adopt probably contribute significantly to the absence of a crystalline solid (the material forms a glass on cooling) and low clearing point. 
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Figure 3:	(A) The DFT(B3LYP/6-311G(dp)) optimised geometry of 1 viewed from above the plane of the mesogenic units (B) the DFT(B3LYP/6-31G(dp)) optimised geometry 1 viewed side on, with one opposing pair of arms greyed out. (C) Histogram plot of probability of a given bend angle, i.e. the angle between two opposing mesogenic units, with a Gaussian fit to the major peak centered at 98 °.
Many previous examples of tetrapodes and dendrimers – which variously exhibit nematic, smectic A, and smectic C phases -incorporate long alkyl spacers between the central scaffold and/or multiple siloxanes, which exhibit effectively free rotation about the Si-O-Si bond. [33] The ability of materials incorporating these functionalities to be deformed to a more rod-like shape may facilitate the formation of lamellar phases. The use of a relatively short, methylene-linked spacer in 1 prevents the material organising into a rod-like shape and forming conventional nematic and smectic phases, instead leading to the observed NX phase. 
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Figure 4:	Plot of applied voltage (V μm-1, left) and photodiode response (V, right) as a function of time (s) for compound 1 in a 5μm cell with planar alignment layers while under an applied electric field (square waveform, amplitude of 10 Vpp, frequency of 2Hz)
Lastly, we studied the behaviour of 1 under applied electric fields. After filling into a 5 μm cell with ITO electrodes by capillary action, we applied an electric field (square waveform, 10 Vpp, 2 Hz) while holding the temperature at 30 °C. The sample was illuminated under crossed polarisers, and a photodiode was used to measure the optical response as a function of applied voltage. The measured optical response is not particularly fast, with around 40 ms between the application of the electric field and the optical response.  Nevertheless, the observation of a Fréedericksz transition at (relatively) small applied voltage is consistent with the idea of the NX phase lacking positional order, i.e. a nematic or nematic-like phase rather than a smectic phase. 
Conclusions
The pentaerythritol derived tetrapode 1 exhibits a nematic-like phase at room temperature (NX) which undergoes a direct transition to the isotropic liquid without an intervening ‘true’ nematic phase; the observation of optical textures that require a periodic structure strongly suggest this to be a new form of modulated nematic-like phase. X-ray scattering indicates the phase lacks positional order, and as such the phase is “nematic-like”, with no positional organisation. The structure of 1 is a radical departure from that of materials used to generate modulated nematic phases such as the TB or splay nematic phases. For many applications the ability to operate at typical ambient temperatures (i.e. 0 °C to 40 °C) is essential, in that regard 1 (and its mixtures, homologues and analogues) could accelerate the development of technologies utilising modulated nematic mesophases, provided the inherently high viscosity and slow electrooptic response can be overcome. 
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X-Marks the spot:	An X-shaped material comprised of four mutually appended mesogenic units is found to exhibit an unusual liquid crystalline phase at ambient temperatures. The mesophase observed is nematic-like, lacking positional order, but displays properties consistent with a periodic organisation. 
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