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Abstract: Bent-core liquid crystals showing a nematic phase stable at low temperatures are very
attractive for applicative purposes in view of the inherent biaxial nature of the nematic phase. In this
work, a typical five-ring bent-core mesogen was investigated by means of 2H NMR spectroscopy
and X-ray diffraction (XRD) methods. These techniques provide complementary information on
the structural properties of the nematic phase and the average mesogen conformation: small-angle
XRD reveals the presence of short-range positional order in the form of skewed cybotaxis, while a
comparison of the orientational order parameters measured by wide-angle XRD and NMR provides
an estimate of the molecule bend angle. In addition, 2H NMR puts in evidence the occurrence of an
unexpected transition to a low-temperature tilted phase, having a crystalline or smectic-like character.
The results were compared with those of previous 13C NMR investigations.
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1. Introduction

Bent-core liquid crystals (BLCs) were first discovered in 1996 [1], and they are still very attractive
for fundamental scientific reasons and for their potential applications, as demonstrated by very recent
works [2–4]. Several reviews have been published describing the peculiar smectic phases formed
by BLCs, such as the typical B2 phase, characterized by ferro- and anti-ferroelectric, synclinic and
anticlinic behaviours, or the B7 phase, showing a helical supramolecular structure [5–7]. However, in
the last twenty years, BLCs have attracted increasing attention also in view of the unusual properties
of their nematic phase [8]. For instance, since 2004, several groups tried to demonstrate the inherent
mesophase biaxiality of nematic phases formed by bent-core mesogens [9–11]. To this purpose,
several experimental methods have been used, including polarizing optical microscopy and conoscopy,
Deuterium Nuclear Magnetic Resonance (2H NMR) spectroscopy and X-ray diffraction (XRD). In some
cases, the biaxial symmetry of the molecular arrangement of nematic phases formed by BLCs was
induced by the presence of electric fields; in others, an extraordinary phase sensitivity to magnetic
fields was observed [12–14]. In any case, there is a lot of evidence that the unconventional properties of
BLCs’ nematic phase are related to the short-range organization of bent molecules and to the presence
of smectic-like nanodomains [15–18]. This behaviour has been associated to the ‘cybotactic’ feature of
the nematic phases formed by bent-core liquid crystals. The term ‘cybotactic nematic’, introduced for
the first time in 1970 by Adrian de Vries [19], indicates the occurrence of a a stratified supramolecular
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structure in nematic domains, which, in BLCs, is not due to pre-transitional local fluctuations in the
vicinity of a nematic-smectic phase transitions. Indeed, the accepted model of the biaxial ‘cybotactic
nematic’ phase assumes the existence of a peculiar short-range ordering in the form of nanometer-sized
clusters having a layered supramolecular structure (usually tilted, i.e., smectic C-like) with intrinsic
biaxial orientational order [15]. The main evidence of this ‘cybotactic’ local arrangement is given by the
characteristic four-spot small-angle (SA) X-ray XRD feature [15–18], which is sensibly different from
the two-spot pattern exhibited by conventional calamitic nematics.

The occurrence of nano-sized aligned domains or local clusters in the nematic phase of bent-core
LCs was also supported by independent studies based on Dynamic Light Scattering (DLS) [20] and on
a combination of NMR experiments performed on similar five-rings banana-shaped molecules [21–23].
In particular, 2H NMR static spectra recorded in the isotropic and in the nematic phase of these BLC
nematogens were characterized by an unusual line-broadening [24], related to both dynamic and
static reasons, which were further investigated by means of 2H NMR relaxation times [25], 1H NMR
relaxometry [26] and 1H NMR diffusometry [27]. All these studies supported the occurrence of local
nanosized ordered domains, or clusters, in the isotropic and in the nematic phase formed by this type of
BLC nematogens [24]. Additional 2H NMR studies on molecular probes having a similar structure than
the BLC aromatic core (five- or three-rings moieties), dissolved in different nematic phases, confirmed
the peculiar ordering properties of BLCs [28,29]. Recent reviews have been published where the
main orientational and dynamic properties of nematic phases of typical calamitic LCs and five-rings
bent-core liquid crystals were compared [30,31]. Moreover, NMR spectroscopy has been used to
investigate the mesophase biaxiality in several types of LC systems [32–34], such as organosiloxane
tetrapodes and dendrimers [35].

In this work, a bent-core liquid crystal having a five-ring core [36] with a nematic phase stable at
relatively low temperatures was investigated by means of 2H NMR and XRD methods. BLCs of the
same series [36] have been already studied by means of 13C NMR spectroscopy [37–39] in order to get
insight into both orientational and conformational properties. Here, the complementary information
provided by 2H NMR and XRD is used to evaluate the nematic phase orientational order parameter as
well as to evidence the presence of a short-range positional order (skewed cybotaxis). A comparison of
2H NMR and XRD data provides an estimate of the molecular bend angle while 2H NMR data reveal
an unexpected transition to a low temperature tilted phase, probably crystalline or smectic-like.

2. Materials and Methods

2.1. Liquid Crystalline Sample and Mesomorphic Characterization

The molecular structure of the deuterated bent-core liquid crystal 4,6-dichloro-1,3-phenylenebis-
[4’-(9-decenyloxy)-1,1’-biphenyl] carboxylate, labelled 10DClPBBC-d4, is reported in Scheme 1.
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This compound was synthesized according to the procedure reported in [36] and its mesomorphic
behaviour was investigated by means of polarized optical microscopy (POM) and differential scanning



Crystals 2020, 10, 284 3 of 15

calorimetry (DSC), giving rise to the following mesophases’ sequence (from DSC, obtained by cooling
the sample at 10 ◦C/min rate):

Isotropic—104 ◦C—Nematic—62 ◦C—Crystal

A slightly different mesomorphic behavior, including transitions between different crystalline
phases (isotropic—98.8 ◦C—nematic—87.6 ◦C—crystal1—72.2 ◦C—crystal2—51.9 ◦C—crystal3), has
been reported in the literature for the not-deuterated mesogen [36–38]. This difference may be
due to the selective deuteration on the two biphenyl moieties in our compound (see Scheme 1).
However, we also notice that 13C NMR data in [37,38] are actually in contrast with the last-mentioned
phase sequence, indicating a nematic range which essentially matches the one provided by DSC
for our deuterated compound. This uncertainty of the phase diagram suggests a mesomorphic
behaviour which is very sensitive to external factors, such as heating/cooling conditions, thermal
history, impurities, etc. The bent-core mesogen 10DClPBBC was previously investigated by means
of 13C NMR spectroscopy [37–39] and preliminary DFT calculations [40], thus indicating that the
most probable conformer in the liquid crystalline phase is not planar, but it is characterized by a
propeller-like structure.

2.2. H NMR Measurements

2H NMR static experiments on the 10DClPBBC-d4 sample were first carried out on the Infinity
Plus 400 Varian, working at a 2H Larmor frequency of 61.39 MHz [41]. The spectra presented in this
paper were acquired with a quadrupolar echo pulse sequence, with a 90◦ pulse of 4.60 µs, a relaxation
delay of 1 s and a quadrupolar echo delay of 20 µs. The number of scan ranged from 7000 to 50,000,
depending on the type of measurements. Spectra were acquired either with or without proton
decoupling. These measurements were also repeated by using the Bruker Avance II spectrometer
with 2H Larmor frequency of 61.40 MHz. In all cases, the bent-core LC sample was microscopically
aligned within the magnet by slow cooling from the isotropic phase and the spectra were recorded
either by cooling or heating the sample, with different heating and cooling rates. A simple sketch of the
NMR set up is shown in Figure 1. The temperature was stable within 0.1 ◦C. Spectral parameters were
analyzed by using the Mathematica 5.2 (Copyright 1988–2003, Wolfram Research, Inc., Oxfordshire,
United Kingdom) software for PC, Kaleidagraph 3.5 (Synergy Software, Reading, PA, USA) and Excel
software (Microsoft Office 10, USA) for PC.
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2.3. XRD measurements 

Figure 1. Experimental set-up for NMR measurements. The sample is introduced in a NMR tube,
inside the NMR probe and aligned by the vertical magnetic field B0.
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2.3. XRD Measurements

XRD measurements were carried out at the BM26B DUBBLE beamline of the ESRF using a beam
energy of 12 keV (corresponding to a wavelength λ = 1.03 Å). The sample was placed in a glass capillary
(1 mm diameter) and mounted in a hot stage featuring a thermal stability of ±0.1 ◦C. A magnetic field
B = 2 T (measured in air), generated by a nitrogen-cooled superconducting magnet [42], was applied
to the sample to align the molecular director n orthogonally to the X-ray beam. Two different set-up
configurations were used for wide-angle (WA) and SA measurements: the former featured a FReLoN
CCD camera placed at d = 208 mm from the sample; the latter, a Pilatus 1M photon-counting detector
placed at d = 1450 mm from the sample with a vacuum tube placed in between to reduce air scattering.
Measurements were carried out at discrete temperatures on cooling from the isotropic melt in steps of
5 ◦C and allowing the sample to equilibrate at each set point. A sketch of the experimental set-up is
shown in Figure 2.
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Figure 2. Experimental set-up for XRD measurements. The samples, placed in capillaries and mounted
in the hot-stage, are aligned by a vertical magnetic field B. For small-angle measurements, characterized
by a larger sample-to-detector distance, a vacuum chamber was placed between the sample and the
detector to get rid of air scattering.

3. Results and Discussion

3.1. 2H NMR Results

A selection of 2H NMR static spectra of the 10DClPBBC-d4 sample, obtained by applying a
1H-decoupling, is reported in Figure 3. In particular, a stackplot of 1H-decoupled 2H NMR static
spectra of the 10DClPBBC-d4 sample, recorded by cooling the sample from the isotropic phase is
reported in Figure 3A from T = 107 ◦C to 98 ◦C (every 1 ◦C) and in Figure 3B from T = 98 ◦C to 71 ◦C
(every 3 ◦C). The 2H NMR spectra in the nematic phase are characterized by a relatively sharp and
intense doublet in the central region of the spectrum and a doublet with very low intensity with a
larger quadrupolar splitting. These small signals are probably due to some impurities, ascribable to
the same molecule with deuterons on different sites with respect to the 10DClPBBC-d4 compound.
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Figure 3. Stackplot of 1H-decoupled 2H NMR static spectra of the 10DClPBBC-d4 sample, recorded by
cooling the sample from the isotropic phase: (A) from T = 107 ◦C to 98 ◦C (every 1 ◦C) and (B) from
T = 98 ◦C to 71 ◦C (every 3 ◦C).

As noted in Figure 3A, there is a relatively large temperature interval of the biphasic region,
where both the isotropic peak and quadrupolar doublets coexist. Focusing on the more intense signals,
at T < 101 ◦C, both the 2H NMR spectral shape and line width indicate that the nematic phase is
well aligned in the magnetic field, with a conventional alignment [43,44]. Moreover, in the range
between 101 ◦C and 71 ◦C, the quadrupolar splitting increases by decreasing the temperature, thus
indicating a progressive increase of the orientational order parameter referred to the deuterated
moieties. At T < 70 ◦C, the 2H NMR spectra are characterized by broader signals and the quadrupolar
splitting starts decreasing by decreasing the temperature, thus indicating an apparent decrease of
the orientational order, typical of tilted phases. A further transition, ascribable to the occurrence of a
crystalline phase, appears at about 62–60 ◦C. Analogous measurements were acquired without 1H
decoupling. In this case, the spectra are much broader due to the 1H-2H dipolar coupling; however,
the amount of dipolar splitting is detected to be quite small in the whole mesophasic range. This can
be seen, for instance, in Figure 4A, where 2H NMR spectra of the 10DClPBBC-d4 acquired without 1H
decoupling, by heating the sample from the crystal phase (in the Figure, from T = 60 ◦C to T = 99 ◦C),
are reported.

It should be noted that the phase transition temperatures observed by heating the sample from
the crystalline phase are different from those obtained by cooling the sample. This is due to the
intrinsic metastability of the mesophases and to the phenomenon of super-cooling. Focusing on the 2H
NMR spectra reported in Figure 4A, it is interesting to observe the significant change of the spectral
features between T = 75 ◦C and T = 78 ◦C. At lower temperatures, the 2H NMR spectra are very
broad (line-width at half-height > 3000 Hz) and the splitting decreases by decreasing the temperatures,
while at higher temperatures, the signals are much sharper (line-width at half-height < 1000 Hz) and
more intense, with an opposite trend of the quadrupolar splitting versus temperature. As reported in
Figure 4B, deuterons directly probe the average orientation of the two lateral wings (in particular, the
two biphenyl para axes, zb1 and zb2). The fact that a sole quadrupolar splitting is observed means
that the orientation of the two lateral wings is averaged out due to fast motions (at least in the higher
temperature interval). This is in agreement with previous 13C NMR investigations, where single
relatively sharp signals were observed for different 13C sites of the BLC molecule [37–39]. As will
be discussed in the last section, 2H NMR actually provides information about the overall averaged
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orientation of these two wings with respect to the external laboratory frame (aligned with the magnetic
field) as a function of temperature.

The evidence of a tilted average orientation of the deuterated lateral wings at lower temperatures
(T < 75 ◦C) could be associated to the occurrence of a more rigid phase, with local micro-domains
having a crystalline or smectic-like character, as sketched in Figure 4B. The abrupt increase of the
spectral line-broadening suggests that this phase could correspond to a crystalline phase, as noted from
previous 13C NMR studies [37–39]. From the 2H NMR point of view, the observed spectral features can
be indeed interpreted in terms of an additional phase transition between a non-tilted nematic phase
(at higher temperatures) and a tilted smectic-like phase or crystalline phase (at lower temperatures).Crystals 2020, xx, x FOR PEER REVIEW  6 of 16 
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phase, where it was possible to measure both quantities from the 2H NMR spectrum. On the other 

hand, this value is in agreement with that obtained in other LC systems with deuterons on the 
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Figure 4. (A) Stackplot of 2H NMR static spectra of the 10DClPBBC-d4 sample, recorded by heating
the sample from the crystal phase, without 1H decoupling. Measurements were performed from 60 ◦C
to 99 ◦C every 3 ◦C. Note the biphasic spectrum at T = 75 ◦C. (B) Sketch of a local micro-domain
of bent molecules and the relative average orientation of their molecular axis according to 2H NMR
results, in the nematic phase, at high temperatures, and in a smectic-like or crystalline-like phase, at
low temperature, as discussed in the text. The orientation of relevant axes is indicated by black arrows,
as described in the text.

The quantitative analysis of the temperature-dependence of 2H NMR quadrupolar splitting (∆νq)
can be done by using Equation (1) [30,31], which expresses the relationship between the measured
quadrupolar splitting of deuterons on the aromatic fragment and the fragment orientational order
parameters, Szz and ∆biax (= Sxx − Syy), in the biphenyl axes frame (with z parallel to the para axis):

∆νq =
3
2

qaa

{
Szz

(
cos2φ−

1
2

sin2φ−
η

6
cos2φ+

η

6
+
η

3
sin2φ

)
+ ∆biax

(1
2

sin2φ+
η

6
cos2φ+

η

6

)}
(1)

where η is 0.04 and qaa is 185 kHz, according to the literature for aromatic deuterons [30]. The angle φ
between the C–D bond and the para axis of the biphenyl fragment is fixed to 60◦. In the present case,
we assumed the biphenyl biaxiality parameters, ∆biax, to be a constant within the temperature range
of stability of the mesophases. The average value of 0.037 was estimated by considering both the 2H
quadrupolar splitting and the 1H-2H dipolar splitting at few temperatures in the non-tilted phase,
where it was possible to measure both quantities from the 2H NMR spectrum. On the other hand,
this value is in agreement with that obtained in other LC systems with deuterons on the biphenyl
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moiety [30,31,43–46]. The trend of Szz as a function of temperature (referred to the average local
biphenyl axes of the two deuterated lateral wings) obtained by using Equation (1), is reported in
Figure 5a.
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Figure 5. (a) Trend of the orientational order parameter Szz, referring to the biphenyl para axes, as a
function of temperature (T/◦C), determined by analyzing the 2H NMR spectra. The empty squares refer
to data obtained from 1H-decoupled 2H NMR spectra, black full squares and grey full squares to data
obtained from 2H NMR spectra acquired without 1H decoupling, on cooling and on heating the sample,
respectively. The dashed curve corresponds to the extrapolation from the high temperature aligned
phase to low temperature tilted phase. (b) Trend of the average tilt angle, θ, in the low temperature
titled phase. The black curve corresponds to the best fitting curve by using Equation (3), as described
in the text. In the inset, the angle θ is defined showing the relative orientation of the average director,
as detected by 2H NMR in the low temperature (l.t.) and high temperature (h.t.) LC phases.

Above 70 ◦C, the relatively small values of Szz (<0.5) are consistent with the orientational order
typical of an aligned nematic phase, once the bent geometry of the molecule is taken into account
(see final discussion). The values of Szz obtained in the nematic (not-tilted) phase from the 2H
NMR analysis are quite in agreement with those obtained for the biphenyl fragments from 13C NMR
studies [37–39]. The orientational order of the lateral wings of the same BLC molecule, calculated from
the temperature trend of the chemical shift anisotropy of different carbon sites in combination with
DTF investigations [38], was found to be smaller than that of the central ring and to reach a value .
0.50 at T ~ 60 ◦C.

At temperatures lower than 70 ◦C, the decrease of Szz suggests the occurrence of a tilted phase,
with the magnetic field forming an angle θ with the average orientation of the lateral wings and
hence, with the molecular director n. The temperature-dependence of Szz shown in Figure 5a was
analyzed in order to calculate the tilt angle, θ, between the high temperature (aligned) phase and the
low temperature (tilted) phase. In particular, the comparison between the experimental values of
the order parameters obtained at lower temperatures (Sexp

zz ) and those extrapolated from the values
obtained at higher temperatures (Scalc

ZZ ) (see also the dashed curve in Figure 5a), allowed us to obtain
the tilt angle, according to the following equation [43,44]:

Sexp
zz = Scalc

ZZ

(
3cos2θ− 1

2

)
(2)
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Moreover, the values of the tilt angle can be modelled according with the generalized Landau-de
Gennes relationship [30,31]:

θ = θ0

[
T0 − T

T0

]γ
(3)

where T0 is the temperature at which a drastic change in the spectral features is observed (T = 71.1 ◦C),
and the parameters γ and θ0 are best fitting parameters, obtained by fitting the values of the tilt angle
(see values reported in Figure 5b). The optimal values of these parameters in our case are γ = 0.25 and
θ0 = 24.1◦.

3.2. X-ray Diffraction Results

Figure 6 shows a representative sequence of WA XRD patterns taken in the aligned nematic phase
on cooling from the isotropic melt. While the onset of the nematic phase is observed at 105 ◦C, in
good agreement with DSC and NMR data, no phase transition is observed until crystallization at
55 ◦C. The anisotropic patterns exhibit a pair of intense SA reflections centered on the meridional
axis m (parallel to n) and a pair of weaker and broader WA reflections (only one shown in the figure,
because of the pattern symmetry) centered on the equatorial axis e (orthogonal to n) at a scattering
vector q0 ≈ 1.43 Å−1. This value corresponds to a transverse intermolecular distance dt = 2π/q0 ≈ 4.4 Å,
a typical value for both calamitic and bent-core nematics. In particular, the WA reflections do not show
the evident splitting observed in some laterally substituted BLCs, indicative of two different transverse
intermolecular distances [2,47–49].
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subtracting the scattering from an empty capillary. 

Figure 6. (a–f) WA XRD patterns taken in the nematic phase, aligned by a vertical magnetic field, at
selected temperatures on cooling from the isotropic melt. Because of the pattern symmetry, only the
left WA crescent is shown. In panel (a), lines m and e represent the meridional and equatorial axes,
respectively, while the dashed arc indicates the measurement direction for the intensity profiles of
the WA crescents as a function of the azimuthal angle ϕ. All patterns were background-corrected by
subtracting the scattering from an empty capillary.

The position of the WA reflections, always lying on the equatorial axis, indicates the alignment
of the molecular director n along the applied magnetic field B over the whole nematic temperature
range. Analyzing the azimuthal broadening of the WA crescents is a well known means to evaluate the
molecular orientational distribution function f (θ), θwhich is here the angle between the long molecular
axis and the molecular director n, and hence the orientational order parameter <P2>, defined as

< P2 >=

1∫
0

P2(cosθ) f (cosθ)d(cosθ) (4)
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where P2 is the second-order Legendre polynomial [50].
In the literature, different methods have been suggested to obtain f (θ) from the azimuthal intensity

profile I(ϕ) of the WA equatorial reflection, ϕ being the azimuthal angle on the detector measured
with respect to the equatorial axis as shown in Figure 6a [51]. We followed the Kratky method
described in [52], consisting in fitting the intensity profile I(ϕ) with a truncated series of powers of
cos ϕ. The series coefficients determined by the fitting procedure can be used to construct a series
expansion of the orientational distribution function and hence, to evaluate <P2>. Crucial to the method
is a proper subtraction of the baseline intensity, usually evaluated at the edge of the integration region
of the diffraction pattern. Applying this approach to the azimuthal intensity profiles taken along the
dashed line shown in Figure 6a allowed us to obtain the values of <P2> shown in Figure 7.
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Figure 7. Orientational order parameter <P2> as a function of temperature T: data obtained by fitting
the azimuthal intensity profile of the WA XRD reflection (black squares) and Maier-Saupe theoretical
prediction (red line). For the latter, we used the approximate expression < P2 > = (1− 0.98T/TNI)

0.22,
with TNI indicating the clearing point.

Compared to the WA crescents, the SA reflections are significantly more intense (Figure 6),
suggesting a high level of longitudinal molecular order. Figure 8a–g shows a sequence of XRD
patterns taken with a larger sample-to-detector distance to expand the SA diffraction region. At high
temperature, just below the clearing point, the SA pattern consists of two diffuse reflections centered
on the meridional axis (Figure 8a). Upon cooling, they split to form a characteristic four-spot pattern
(Figure 8b–g), a well known signature of skewed cybotactic order [15–17]—the presence in the nematic
phase of nano-sized clusters of molecules featuring smectic C-like positional order. This behaviour
is evidenced in Figure 9, reporting the intensity profiles of the SA reflections measured along the
direction orthogonal to B and n (dashed line in Figure 8g): two peaks are evident for T ≤ 95 ◦C, while
at T = 105 ◦C, just below the clearing point, they merge almost completely into one broad peak and are
not easily resolved.
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Figure 8. (a–g) SA XRD patterns taken in the nematic phase, aligned by a vertical magnetic field,
at selected temperatures on cooling from the isotropic melt. Because of the pattern symmetry, only
the upper half is shown in panels (a–f). Panel (g) also shows the scattering vector q0 associated
to a diffraction peak, the angle β it forms with the meridional axis m (vertical orange line), and
the measurement direction for the transverse intensity profiles of the SA peaks (black dashed line).
(h) Schematic representation of a cybotactic cluster: β is the angle between the molecular director n and
the normal to the smectic layers k, L is the molecular length and d the layer spacing. The clusters are
isotropically distributed around the aligning magnetic field B.
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temperatures T along the black dashed line shown in Figure 8g.

According to the cybotactic model, the four-spot pattern (Figure 8g) reflects the smectic C-like
structure of cybotactic clusters (Figure 8h) as follows [12,16,17]: the molecular director n is oriented by
the magnetic field B along the meridional axis m, whereas the cluster transverse axes are isotropically
oriented around B, as the scattering vector q0 associated to each SA reflection is perpendicular to the
cluster smectic planes, the angle β between q0 and the meridional axis corresponds to the molecular
tilt angle, i.e., the angle formed by the normal to the smectic planes k with n; the magnitude of q0

is determined by the layer spacing d = 2π/q0; the molecular length L can be estimated as d/cos β.
The values of d, L and β obtained from the analysis of the SA four-spot patterns are shown in Figure 10.
On cooling, the tilt angle increases from 23◦ at T = 100 ◦C to 34◦ at T = 55 ◦C; conversely, the layer
spacing d decreases from 44 Å at T = 100 ◦C to 41 Å at T = 55 ◦C, while the molecular length L
remains approximately constant over the nematic range with a value of ~49 Å, in good agreement with
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the expected value for a fully extended molecular conformation. At T = 105 ◦C, β cannot be safely
evaluated because of the almost compete overlap of the small-angle peaks: short-range positional order
evolves towards normal, i.e., smectic A-like, cybotaxis on approaching the clearing point. Overall,
the dependence on the temperature of these structural parameters is similar to that reported for other
bent-core nematics [12,16,17].
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Figure 10. Molecular tilt angle β (black circles), layer spacing d (blue squares) and molecular length L
(red triangles) as a function of the temperature T. Data obtained from the analysis of the SA diffraction
patterns as described in the text.

Finally, the spatial extent of cybotactic order along the directions parallel and orthogonal to n can
be estimated by means of the correlation lengths ξ‖,⊥ = 2/∆q‖,⊥, with ∆q‖,⊥ representing the four-spot
full width at half maximum measured along the longitudinal (‖ n) and transverse (⊥ n ) direction,
respectively. As usual, for the cybotactic nematic phase of BLCs [12,16,17], the calculated correlation
lengths are very short, of the order of one molecular length in the longitudinal direction and of a
few intermolecular distances in the transverse direction, reflecting a very short-ranged positional
order (Figure 11). In addition, the correlation lengths are weakly dependent on the temperature, with
no evidence of critical behaviour at phase transitions, setting a fundamental difference between the
cybotactic order of BLCs and that observed in conventional (calamitic) nematics, the latter typically
showing a pre-transitional character [15].Crystals 2020, xx, x FOR PEER REVIEW  12 of 16 
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Figure 11. Longitudinal (ξ‖, red circles) and transverse (ξ⊥, black squares) positional correlation lengths
as a function of the temperature T. Data obtained from the analysis of the SA diffraction patterns as
described in the text.
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3.3. Structure and Orientation: Final Discussion

The 2H NMR results show that the two lateral deuterated rings give rise to the same NMR signals.
Thus, they cannot be distinguished at the NMR time scale. This is in agreement with previous 13C
NMR results, where the two sets of 13C signals relative to the two lateral wings, in particular, the
aromatic carbons, are perfectly overlapped [37–39]. The 2H NMR spectral shape, line-broadening and
the values of the quadrupolar splittings as a function of temperature (Figures 3 and 4) give a clear
indication of the occurrence of a transition around 70–71 ◦C between an aligned and nematic-like phase
(at higher temperatures) and a more ordered, smectic-like or crystal-like phase (at lower temperatures).

The XRD data confirm the nematic nature of the high temperature phase, revealing a tilted
(i.e., smectic C-like) cybotactic order. The structural properties of this cybotactic nematic phase are
comparable to those observed in many other bent-core nematics, with positional correlation lengths
that are very short and weakly dependent on the temperature and a molecular tilt angle (with respect
to the layer normal) that increases as the temperature is lowered.

The orientational order parameter, <P2>, estimated by XRD is quite close to the Maier-Saupe
theoretical prediction (Figure 7), a remarkable result for a theory developed for rod-like mesogens.
The values of <P2> are also in very good agreement with the order parameter of the central ring
evaluated by 13C NMR [38]. Unsurprisingly, the values are larger than the Szz parameter estimated by
2H NMR by about 0.15. This discrepancy reflects the different nature of the two order parameters, the
former measuring the average orientation of the long molecular axis, the latter of the molecular wings,
i.e., of the biphenyl para-axis, forming an angle α with the long molecular axis. A similar disagreement
between NMR and XRD order parameters has been reported for other liquid crystal systems [53].
Following [38], α can be evaluated by comparing the two order parameters through the equation:

Szz = < P2 >

(
3 cos2 α− 1

2

)
(5)

This expression leads to values of α ranging from 31◦ at 105 ◦C to 23◦ at 70 ◦C, corresponding to a
bend-angle ε = 180◦ − 2α varying between 118◦ and 134◦. As a comparison, previous works based on
13C NMR provided a value of ε ranging from 122◦ to 128◦ for the not-labeled molecule [37–39], while
DFT calculations indicate an even wider range of possible conformations, with α comprised between
110◦ and 140◦ [40].

The phase detected by NMR below 70 ◦C was not observed by the XRD methods, probably due to
the metastability of the phase and the different experimental conditions of NMR and XRD experiments.
Its nature could not be definitely assessed, but it likely represents a further crystalline phase, as also
suggested by previous 13C NMR investigations, which evidence the occurrence of several crystal-crystal
phase transitions [37–39]. In this low temperature phase, 2H NMR results indicate that the average
direction of the deuterated biphenyl moieties is tilted with respect to the magnetic field B by about 24◦

at T~50 ◦C (Figure 5b). This behaviour could reflect a general propensity of the molecules for tilted
arrangements, as in the skewed cybotactic nematic phase, as well as a conformational change of the
BLC molecules. Previous works based on 13C NMR [37–39] show that 10DClPBBC is characterized
by a large temperature dependence of the fragment biaxility of both the central and lateral aromatic
rings and a variable molecular bending angle. These two structural features could explain our 2H
NMR findings.

4. Conclusions

The peculiar properties of nematic BLCs depend on their complex structural features. These are
defined by a hierarchy of order parameters, describing the orientational and positional order at different
length scales, namely those of specific molecular fragments, of the molecule principal axes, of nanosized
molecular aggregates (cybotactic clusters), of the molecular director(s). Here, we have shown how 2H
NMR and XRD techniques can be conveniently combined to provide information on all these levels of
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intra- and inter-molecular order, ultimately leading to a deeper insight into the fundamental features
of BLCs’ unconventional nematic phase.
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