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Feng,a John W. Goodby,c Chenhui Zhu*a 

 

The mesogenic dimer displaing nematic and NTB phases was 
investigated by resonant x-ray scattering at both C and S 
absorption K-edges and supported by the single x-ray 
crystallography. In the crystal the resonant studies revealed the 
forbidden reflection in non-resonant diffraction similar to that 
found in the NTB phase. The lack of a second harmonic in both C 
and S resonant X-ray scattering supports the double helical 
structure of the twist-bend nematic phase. 

Soft-matter systems, such as polymers or liquid crystals, are 
multi-tasking materials used in a growing number of 
applications. These fluid systems can exhibit periodic 
structures on the scale of a few nanometers to hundreds of 
nanometers, and as such this requires the development of new 
techniques for studying their structure in situ. There are two 
main types of molecular ordering in liquid crystals: positional 
and orientational. The presence of only orientational order is 
characteristic of the nematic phase. In lamellar and columnar 
phases both positional and orientational orders of molecules 
are observed. The degree of orientational order of molecules 
in liquid crystal phase is typically determined by NMR,1 EPR2 or 
optical methods,3–5 while the presence and range of the 
positional order can be readily investigated using x-ray 
diffraction methods. In general, the molecular orientation can 
be deduced by analysing the azimuthal distribution of x-ray 
signals,6,7 but the results are strongly influenced by the macro 
alignment of the sample. If the molecular orientation is 
modulated on the meso scale of nanometers then using 
mentioned above conventional methods to probe such 
orientational modulation becomes more problematic. 
Examples of such phases with meso range - orientational order 

are helical nanofilament phase (HNF),8,9 twist grain boundary 
smectics,10 blue phases11 or the recently discovered twist-bend 
nematic phase, NTB.12 In 2013 two groups13,14 independently 
suggested helical structure of NTB phase despite the fact that 
the phase is formed by achiral molecules. In this phase, there 
is lack of positional ordering but the molecules form a very 
short pitch heliconical structure. The hint regarding the 
periodic structure of this phase came from freeze fracture 
transmission electron microscopy (FFTEM); this technique 
allows the nanoscale structure to be seen in a replica taken 
from the frozen organic material. However, the main limitation 
of FFTEM is complicated sample preparation, which does not 
exclude the possibility of sample crystallization. Another 
technique to visualize such periodic structure, even more 
limited, is atomic force microscopy (AFM), which can only 
probe the sample surface.15 The unambiguous proof of the 
helical structure of the NTB phase was obtained by means of 
soft resonant x-rays (RSoXS).16 Resonant technic relies on 
tuning beam energy to the absorption edge of a specific 
element, which leads to a tensorial scattering form factor of 
the resonant atoms. One advantage of RSoXS is that virtually 
all liquid crystal materials can be tested without special 
chemical modifications, because the soft x-ray energy covers 
the absorption range of the light elements present in organic 
materials (C, N, O). The disadvantage of using soft x-ray 
radiation is that it requires a high vacuum thus making in situ 
measurements challenging. An alternative way to get the same 
information as with soft x-ray is to use higher energy x-rays, 
such as tender or hard17 x-rays which do not required a high 
vacuum and the experiments are less time consuming. Tender 
resonance scattering has been successfully applied to 
determine the helical structure of chiral smectic phases,18,19 

Figure 1 Molecular structure of studied dimer and phase sequences with their 
temperatures on heating and on cooling taken from differential scanning 
calorimetry. 
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giving information about interlayer molecular orientation by 
revealing peaks forbidden for non-resonant x-ray techniques. 
This was possible because resonance scattering is sensitive to 
the local environment of the molecule. Given the wavelength 
difference (~4.4 nm at C K-edge vs. ~0.5 nm at S K-edge) and 
practical limitations of instrumental capabilities, RSoXS and 
TReXS are complementary to each other in accessible q range. 
 In this communication we combine RSoXS (carbon K-edge) 
and TReXS (sulfur K-edge) to gain more comprehensive 
understanding of the twist-bend nematic phase (NTB). The 
subject of this research is a mesogenic dimer RM1058,20 
incorporating thiocyanate terminal groups (Figure 1), meaning 
that the element sulfur is only a minority element in the 
molecular structure at ca. 10 % of total mass. The molecular 
length (L) of the all trans conformer was estimated to be ~3.6 
nm using the Avogadro software. This material shows 
monotropic twist-bend nematic phase within ~30-degree 
temperature window and enantiotropic nematic phase above. 
On cooling the NTB phase material crystalizes at around 72 °C. 
Such a phase sequence is common for most NTB mesogens, i.e. 
it is very rare that the other phases (e.g. smectics) appear 
below the twist-bend nematic.21–24  

The RSoXS experiment was carried out with energy tuned 
to the absorption K-edge of carbon. Below 103 oC Bragg 
diffraction peak appears signifying the N-NTB transition (Figure 
2a). The energy scan obtained at 100 oC shows resonant at ER = 
283.6 eV. Near N-NTB transition phase, the scattering peak 
splits into multiple signals. Such behavior was previously 
observed for other NTB materials.16,25,26 In the NTB phase, 
several degrees below the nematic phase, the single, well 

developed peak with qNTB = 0.70 nm-1 was found, 
corresponding to a pitch ~9 nm. As temperature lowers, the 
pitch decreases. In the presently studied material the helical 
pitch increases on heating from ~9 to ~12.5 nm. Taking into 
account recent studies on heliconical tilt angle26,27 and 
assuming that the molecular length does not change 
significantly with temperature, each period of the helix 
consists of ~3-4 molecules per turn. On cooling at ~72 oC the 
sudden jump of the signal to q1 = 0.88 nm-1 occurs that is 
associated with the 1st order phase transition, NTB-Cry. It has to 
be pointed out that different cooling rates or/and different 
measured spots in the sample may show a weak 1st order 
phase transition, like seen for the N-NTB phase transition 
(Figures S6, S7) due to experimental conditions. As expected in 
the crystal phase the wave vector q1 is temperature-
independent. In both phases the signal is energy dependent 
and disappears when the energy departs from resonance 
conditions by +/-10 eV. 
The TReXS experiment was carried out with energy tuned 
around the sulfur absorption K-edge, in the range 2450 – 2490 
eV at 82 oC in the NTB (Figure 2b) and at room temperature in 
the crystal phase (Figure 2d). In both phases resonant appears 
at ER = 2471.2 eV, the absorption K-edge of sulfur. In the NTB 
phase single strong Bragg peak is present at qNTB = 0.70 nm-1 
which moves to 0.49 nm-1 with increasing temperature (Figure 
2c), the overall increase of helical pitch in the NTB phase is from 
~8.9 to ~12.8 nm and is consistent with pitch length 
measurements made by RSoXS. Based on theoretical 
calculations25 the intensity ratio of 2qNTB/qNTB ~ 1 so, the 
expected 2qNTB should be easily detectable at ~1.13 nm-1 (at 95 
oC). The TReXS experiment shows signal/background intensity 
ratio > 10, which is sufficient to detect the 2q0 peak (Figure 
1S). In both resonant X-ray scattering experiments this second 
harmonic signal is absent in the twist-bend nematic phase, in 
accordance with the recent studies.25  
 In the crystal phase two Bragg peaks were found at q1 = 
0.82 nm-1 and q2 = 2q1 = 1.65 nm-1 both being temperature-
independent. The signals show different resonant effect: while 
q1 is resonant, q2 is non-resonant (Figure 2d, 5S) as it is also 
present at off resonant energy but with somewhat weaker 
intensity. Periodicity obtained from q2, d2 = 3.8 nm, equals to 
the molecular length L and this means that the crystal is 
lamellar type and the layers are identical in term of electron 
density. The resonant q1 peak corresponds to d1 = 7.6 nm 
indicates that the repeated unit is actually equal two molecular 
lengths. This suggests presence of translational symmetry 
operations, e.g. a glide plane with the translation vector along 
the molecular long axis, i.e. a mirror reflection and a 
translation along the molecular axis. Possible schematic 
arrangement of molecules in the crystalline phase is shown in 
Figure 3a.  

Figure 2 Temperature evolution of wave vector q, measured by RSoXS at C K-edge 
(283.6 eV), (a) and TReXS at S K-edge (2471.2 eV), (c). Scattering intensity in (a) 
and (c) is reflected in colours: increases from blue, through green, yellow to red. 
Intensity vs. wave vector (q) at three different energies (from bottom to top: 
2461.2 eV, 2471.2 eV, and 2481.2 eV) registered at 82 oC in the NTB phase (b) and 
at room temperature in the crystalline phase (d). 
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As both resonant x-ray experiments reviled resonant and 
resonantly enhanced Bragg reflections the elastic x-ray 
diffraction of the crystal phase is needed to fully understand 
the twist-bend nematic and the crystal phase similarities. The 
powder x-ray diffraction (PXRD) at room temperature (Figure 
9S) as well single crystal x-ray crystallography (Figure 3) were 
performed to determine actual symmetry of the crystal form 
of the studied material and consequently to check the 
character of q1 and q2 signals. The resulting space group is 
most likely Pca21 in orthorhombic system, with the unit cell 
parameters a = 0.90536(14) nm, b = 0.94491(17) nm, c = 
7.633(2) nm, and the total of eight molecules in 
crystallographic unit cell (Table 1S). The symmetry operations 
of Pca21, namely c[100] and a[010] glide planes, allow only the 
presence of hkl reflections with even h and l indices in h0l and 
0kl reciprocal layers accordingly (Figure 3b,d) while the signals 
with odd h, l are forbidden and absent in those layers (for 
comparison see Figure 3c,e with h1l and 1kl layers). 
The presence of c[100] glide plane is responsible for the length 
of the unit cell being twice that of the molecular length. The c-

glide plane produces a copy of the first molecule, translated by 
the length of the molecule (Figure 3). 
 Based on the data from PXRD and single crystal x-ray 
diffraction the peak q2 observed by RSoXS and TReXS can be 
indexed as 002 and the q1 peak 001 is forbidden for non-
resonant x-ray because it fulfils the l=2n+1 extinction condition 
(Figure 3S). 

Conclusions 
In crystal phase in both resonant x-ray experiments the 
forbidden reflections were revealed. Both soft and tender 
resonant experiments show that at the transition from NTB 
phase to crystal the position of the resonant signal changes 
only slightly. The single crystal x-ray diffraction allowed to 
index the resonant signal as 001 which is forbidden in non-
resonant diffraction due to the presence of c[100] glide plane. 
Unfortunately, the quality of crystal did not allow 
determination of the exact distribution of molecules in the 
crystallographic unit cell. However we can assume that at low 
temperature range of NTB phase the local structure is similar to 
the crystal phase and the simple heliconical structure with 
three molecules per turn is formed with a pitch p = 8.5 nm.  
While in crystal phase two signals were found by TReXS 
corresponding to full (double molecular distance) and half 
pitch (single molecular distance), resonant and non-resonant, 
respectively, in the twist-bend nematic phase only resonant 
peak was found (qNTB), corresponding to a full helical pitch. The 
absence of the second harmonic (2qNTB) in the NTB phase 
shows that the structure has to be either (1) perfectly 
assembled helices (compare with smectic phases28), or (2) 
unperfect with significantly shifted helices.25 As known from a 
numerous elastic x-ray scattering experiments15,17,29 the NTB 
phase does not have positional order which automatically 
rejects option (1). When the helices are shifted by p/4 the 
2qNTB is cancelled out. This finding suggest that the NTB 
structure is double-helical with two helices being interlocked 
and shifted against each other, that agrees with the model 
recently proposed.25,30 On heating the helical pitch increases to 
~4 molecules per turn with the pitch value ~12.5 nm. The 
spreading of the resonant signal near N-NTB transition is 
caused by thermal heterogeneity instead of asymmetric elastic 
energy as reported previously.16 The environmental conditions 
required by the TReXS beamline (i.e. a helium atmosphere)  
allow better temperature control than at RSoXS, where ultra-
high vacuum is applied. TReXS experiments show narrow 
distribution of the heliconical pitch than RSoXS, presumably 
due to improved temperature homogeneity in the sample.  
Summarizing the resonant x-ray techniques of tender and soft 
energy were shown to be powerful and complementary 
techniques for investigations of orientational order in soft 
matter in nanoscale. 
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Figure 3 Schematic drawing of molecular packing in layers in the crystal along c 
direction which is twice the molecular long axis (a). The fragments of experimental 
reciprocal layers (b) h0l, (c) h1l, (d) 0kl and (e) 1kl, reconstructed from diffraction 
on a single crystal of studied compound up to resolution of 1.3Å. Indices for 
selected reflections marked in white. Indices for families of reflections marked in 
brackets. The reflections with odd h indices are uniformly missing on h0l layer, as 
compared with h1l, thus fulfilling the h=2n+1 extinction condition for the 
crystallographic a[100] glide plane. Similarly, reflections with odd l indices are 
missing from the family of 0kl reflections in the 0kl layer, a contrasted with 1kl 
layer, fulfilling the l=2n+1 extinction rule for c[100] crystallographic glide plane. The 
extinction patterns are consistent with Pca21 crystallographic space group. 
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