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Dimeric compounds forming twist-bend nematic, Ny, phase show unusual optical textures related to the formation of
arrays of focal conic defects (FCDs). Some of the focal conics exhibit submicron internal structure with 8 nm
periodicity, which is very close to that found in the crystalline phase of the material, that might suggest surface freezing.
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The nematic phase was considered for a long time as an
educative example of the ‘simplest’ liquid crystalline
phase; the phase is built of molecules having long-
range orientational order but lacking long-range
positional order. Though examples for the nematic—
nematic phase transition have been shown for poly-
mers,[1] this simple picture was recently challenged sig-
nificantly. It was shown that for some dimeric or bent-
core molecules, more than one nematic phase exists[2—
6]; upon lowering the temperature, the °‘classical’
nematic phase with uniform orientation of the director
transforms by a first-order transition to a nematic phase
with a spontaneous spatial modulation of the director.
Chiral domain formation, associated with a very fast
electro-optic response, was also found [7-9] in the new
nematic phase. Based on transmission electron micro-
scopy (TEM) studies performed for replicas of freeze-
fractured samples,[3,4] nuclear magnetic resonance
(NMR) studies [10,11] and electro-optical investiga-
tions,[9] a picture for the low-temperature nematic
phase was proposed as having short oblique helicoidal
twist-bent (TB) modulations, with an extremely short
helical pitch of the size of a few molecular lengths (8-
10 nm), in line with theoretical models.[12-14]
However, the phase structure assignment is proble-
matic; as such, short, regular structures visible in
TEM images are not detectable by other direct meth-
ods. Moreover, recent results of NMR studies suggest
that the Ny, phase might not be composed of short TB
helices.[15] Here we show that periodic, submicron
features can be ascribed to crystallographic planes of
a solid crystal, easily formed during ‘freezing’ of the
samples; so the alternative models for the structure of
the Ny, phase need to be explored.

Material CB-7-CB (Figure 1), belonging to the
homologous series CB-n-CB (with two 4-cyanobiphenyl
mesogenic cores linked by flexible alkyl spacer with n
carbon atoms), showing the N-N, phase transition,
studied previously by the Boulder [3] and Kent [4]
groups, was re-investigated, mainly by atomic force
microscopy (AFM) techniques.

Samples were prepared in a similar manner as
reported for TEM studies,[3,4] i.e. the material was
placed between solid substrates (glass or metal), slowly
cooled from the isotropic phase to the Ny, phase, and
then quickly immersed in liquid nitrogen. Subsequently,
one substrate was removed, and the free surface of
material was studied by AFM at room temperature.

For the cyanobiphenyl dimers with an odd num-
ber of carbon atoms in the linking group (homologues
with n =7, 9 and 11), the N-Ny, phase transition was
easily detected by differential scanning calorimetry
(DSC) and polarising optical microscopy (POM). It
was confirmed by X-ray diffraction (XRD) that both
nematic phases have only short-range positional order
(Figure 2), with correlation length up to 1-2 molecu-
lar distances, in line with previous results.[2]

The optical texture of the higher temperature
phase is typical for the nematic phase; when placed
between glass plates with uni-directionally rubbed
aligning polymer layers, molecules are homoge-
neously oriented along the rubbing direction the bire-
fringence (close to the N—Ny, transition) is An = 0.15.
The texture of the lower-temperature phase (Ny)
shows a number of densely packed stripe-like defects
aligned along the rubbing direction (Figure 3). The
stripe periodicity is nearly equal to the cell thickness,
being 1.6, 3.1 and 5.3 micron in 1.6, 3.0 and

*Corresponding author. Email: gorecka@chem.uw.edu.pl

© 2015 Taylor & Francis



Downloaded by [University of Hull] at 02:03 14 January 2015

2 E. Gorecka et al.

Cr103.1 (56,99 N 1143 (1.3) Iso
Iso 114.3 (1.3) N 1016 (1.2) Ny

NC CN
Figure 1. Molecular structure of CB-7-CB compound.

Phase transition temperatures (in °C) and transition
enthalpy changes (in parentheses, Jg™!) are also given.
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Figure 2. (colour online) XRD patterns for CB-7-CB in (a)
N phase at 110°C and (b) Ny, phase at 95°C. (c) Above
patterns integrated over azimuthal angle. Short-range posi-
tional order in both phases is indicated by lack of sharp
Bragg reflections.

S.1-micron thick cell, respectively. The stripes are
caused by the periodic modulations of local optical
axis direction coupled to weak modulations of optical
retardation (Figure 4). The lowest retardation (corre-
sponding to An = 0.10) is detected in regions in which
the director is along the rubbing direction, the regions
in which the director is inclined from the rubbing
have a higher optical retardation (corresponding to
An = 0.13), being slightly lower than the retardation
in the uniform N phase, suggesting some internal
short-wavelength structure, partially averaging the
positions of the molecules.

Apparently, in the regions of smaller retardation,
the optical axis is inclined from the surface plane. The
tilting of the cell in respect to the light beam, along
the strips, does not differentiate the retardation in
these regions nor influence the pattern obtained by
diffraction of laser beam on the refractive index
grating formed in the cell. Thus, we can assume
that in the neighbouring stripes of lower retardation
the optical axis has the same direction of inclina-
tion from the surface. Such a model of periodic
optical axis modulations is consistent with
additional observations: rotation of the cell between

crossed polarisers shrinks the distance between
every second neighbouring stripes. Upon lowering the
temperature, the inclination angle of optical axis mod-
ulations increases up to ~40 deg., and as a result the
amplitude of retardation modulations becomes more
pronounced. The stripe texture is clearly stabilised by
interactions with sample surfaces; upon removing the
cover glass, the stripes relax to arrays of pseudo-focal
conic defects (FCDs) (Figure 3), and the width of
FCDs is about twice the optical stripe periodicity.
Presence of FCDs unambiguously proves the existence
of an internal periodic structure of the nematic phase
as such defects are characteristic of soft materials in
which layering occurs; layers can be due to the posi-
tional ordering of molecules (smectics), short helices
(chiral nematic), but also any other (e.g. splay-bend)
periodic structures. The characteristic texture, with
arrays of FC-like defects, enabled us to unambiguously
distinguish the Ny, phase in AFM measurements.
Careful optical examination of samples frozen in liquid
nitrogen and brought to room temperature usually
revealed large areas covered by the Ny, phase, but
also some nucleation centres of the crystalline phase
were visible. It takes typically several minutes for
homologues with » = 9 and 11 and less than one
hour for n = 7, to see the coverage of the whole
(0.25 cm?) sample area by solid crystal, the formation
of crystalline phase was proved by XRD studies. Thus,
most of the AFM studies were made with the material
CB-7-CB, for which the time interval, in which modu-
lated nematic phase can be observed, is the longest.
In the Ny, phase, a smooth surface over large areas
(~100 x 100 um?) covered by FCDs (Figure 5a) was
observed. The shape of the defect lines in most places is
parabolic; however elliptical defect lines were also
observed. The weak depression of the surface around
focal point and small inflation of surface around
the parabolic (elliptical) defect line was detected
(Figure 5b). Most of FCDs are oriented with their
parabolic (elliptical) line nearly parallel to the sample
surface; ‘layers’ are nearly perpendicular to the surface
and the focal point is located close to the defect line —
in 1.6-micron cell the distance is ~ 300 nm.

The eccentricity parameter for elliptical domains
2

e@=1- %, where a and b are short and long semi-

axes of the ellipse, respectively), deduced from the
shape of FC domains and position of hyperbolic
point, is large, ¢>~ 0.8, which might suggest a large
splay energy constant for the space modulated
nematic.[16] Some of the focal conics are covered by
a system of equidistant lines, having ~8 nm periodicity,
corresponding to height differences of less than 0.5 nm
(Figure 5b). Under application of an a.c. electric field
(~50 Vpp/um, 80 Hz) perpendicular to the sample
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Figure 3. (colour online) Stripe texture of the Ny, phase of a homologue CB-7-CB observed in 1.6-micron cell at room
temperature. The sample was quenched in liquid nitrogen and subsequently heated to room temperature. Slow recrystallisation
of the material is visible. The inset shows the texture of the same sample after removing the cover glass, with a system of
densely packed FCDs.

Figure 4. (colour online) Optical stripe texture of Ny, phase found for CB-9-CB in a 1.6-um thick cell, uniformly rubbed in the
horizontal direction: (a) observed between crossed polarisers, (b) between crossed polarisers with a lambda plate inserted.
Different colours indicate that the optical axis azimuthal angle alternates between stripes. (¢) Optical retardation and (d)
azimuthal angle of optical axis measured with Abrio imaging system. The retardation of optical axis changes periodically
between 210 and 160 nm and the azimuthal angle between 60 deg. and 120 deg. with respect to the horizontal direction.
Extinction regions in (a) correspond to minimal retardation and azimuthal angle 90 deg.

surface, the optical stripe texture was irreversibly con- also examined with AFM, revealing that non-birefrin-
verted to an optically non-birefringent texture (home- gent areas are made of densely packed toric domains
otropic alignment). Such samples after freezing were (Figure 6).
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Figure 5. AFM images of the surface morphology of CB-7-CB sample in the Ny, phase with (a) arrays of FCDs and (b) small
FCD covered with a system of lines with ~8 nm periodicity. The inset shows the molecular arrangement with threefold
rotational symmetry present in crystallographic structure [17, reconstructed form CSD database, ref.cod. AZUGUX], which is

most probably related to nanoscale periodicity of FCDs.

100 um

Figure 6. (colour online) Change of optical texture of CB-7-CB in a 1.6-micron thick planar cell induced by application of an
electric field perpendicular to the sample surface. Outside electrode area (E = 0), the stripe texture remained unaffected. The
inset shows the morphology of the homeotropic part of the sample imaged by AFM, with a system with densely packed toric

focal conic domains.

Apparently, under a strong electric field, reor-
ientation of ‘layers’ takes place and FCDs are
embedded into the system, with layers mostly par-
allel to the surface (eccentricity of elliptical defect is
close to 0).

The areas covered by the solid crystal have very
different morphology; in these regions nano-sized per-
iodic structures were clearly visible (Figure 7).
Depending on the orientation of crystal planes

towards the sample surface, different AFM images
were registered; in some areas strongly curved layers
are clearly detected and in others uniformly oriented
crystallographic planes with a ~ 8 nm periodicity were
found. Knowing that the biphenyl CB-9-CB dimer
crystallises in a trigonal lattice with P3,21 point sym-
metry,[17] the layers could be identified as (001) crys-
tallographic planes. It is quite striking that the crystal
periodicity is very close to periodicities observed
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Figure 7. AFM image of the surface morphology of CB-7-CB in the crystalline phase with the clearly visible structure of
submicron periodicity. The inset shows a high resolution image of the region with uniformly aligned crystal planes having a

8.3 nm periodicity.

previously by TEM techniques in replica of freeze-
fractured samples [3,4] and to periodicity of tiny strips
covering FCDs, visible in AFM images (Figure 5b).

Crystalline and liquid crystalline areas of the
samples were also distinguished by registration of
force-versus-distance curves (Figure 8); this AFM
technique provides information on local material
properties, such as elasticity, hardness and adhesion,
which are expected to be very different for a solid
crystal and a liquid crystal.[18] The force-versus-dis-
tance curve for crystalline areas shows the typical
shapes for solid state, with well-defined contact
point (at the distance ~20 nm) and linear slope
below the contact distance. When the tip was
retracted from the surface, the force decreased very
rapidly due to inelastic deformation of the surface
and its weak adhesion. On the other hand, liquid
crystalline regions have very different characteristics,
the contact point is less defined (~400 nm) and the
large hysteresis between approaching and retracting
scans is found, due to the strong surface adhesion in
the fluid state.

In summary, our results show that ~8 nm regular
periodic structures, observed previously by TEM

0
_—
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Figure 8. (colour online) Force-distance curves for the Ny,
phase and (in the inset) crystalline phase regions formed in
the sample of CB-7-CB; black curves are for approaching
the surface, red for retracting the AFM tip from the surface.

imaging, and being ascribed to the helical twist-
bend structure, in many cases might evidence the
formation of a solid crystal. The investigated
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materials, CB-n-CB, have a strong tendency to
recrystallise (Vg is a monotropic phase); hence the
Ny phase can only be observed for a short time
interval at room temperature, even if the sample
has been frozen in liquid nitrogen prior to the obser-
vation. Nevertheless, the formation of FCDs evi-
dences unambiguously the presence of a short-
wavelength spatially modulated structure of the
lower-temperature nematic phase. Moreover, even
under a strong electric field, the ‘layered’ structure
of the nematic phase is not destroyed, and the elec-
tric field only reorients the ‘layers’ by moving the
hyperbolic point to the centre of ellipse in focal conic
domains, i.e. changing the eccentricity of FCDs.
Whether the 8 nm stripes, visible by AFM studies,
are indicative of helicoidal structure is more ambig-
uous. The AFM (as well as TEM) method does not
give the hint about what is the nature of the internal
submicron scale structure. If indeed the nematic
phase is made of oblique helices, as suggested
recently,[3,4] the structure must be similar to that
found for the crystalline phase of CB-9-CB,[17] but
lacking positional order, i.e. with threefold symmetry
and a small cone angle of ~ 20 deg. at room tem-
perature. Such a structure would be reminiscent of
the SmCa phase,[19] but with short-range positional
order. Formation of short-wavelength helices
averages molecular positions on nano-scale length
and leads to optically uniaxial structure. In thin
cells, the spatial modulations of optical axis form
stripe pattern, with periodicity driven by cell thick-
ness. However, also the alternative explanation, that
nematic phase has submicron, but larger than 8 nm
periodicity, has to be considered, while 8-nm struc-
ture visible in AFM studies reflects the surface freez-
ing; the focal conics might be covered by a thin layer
of either crystalline [20] or smectic phase.[21]

Experimental

Optical examination of the characteristic textures of
studied phases has been performed with a Zeiss Axio
Imager A2m polarizing microscope equipped with a
Linkam LTS-350 heating stage. For quantitative deter-
mination of sample birefringence and optical axis
direction, the CRI Abrio Imaging System integrated
with microscope was used. Samples were prepared in
glass cells with various thickness, 1.6-10 micron, hav-
ing surfactant layers for either planar or homeotropic
alignment. The same cells were also used for prepara-
tion of the samples for AFM studies — after the for-
mation of a desired texture, the cell was immersed in
liquid nitrogen, then brought to room temperature and
broken. AFM images have been taken with Bruker
Dimension Icon microscope, working in tapping

mode at liquid crystal/air interface. Cantilevers with a
low spring constant, k = 0.4 Nm™ !, were used, the
resonant frequency was in a range of 70-80 kHz and
the typical scan frequency was 1 Hz. The AF micro-
scope was equipped with a camera; this allowed to
monitor the investigated areas optically, so the crystal-
line and nematic regions in the samples can be
distinguished unambiguously. XRD experiments were
performed with Bruker GADDS system.

The CB-n-CB compounds were prepared by Hull
group and re-synthesised by Warsaw group.

Funding

This work was financed by Foundation for Polish Science
under program MASTER 3/2013. Z.A., C.W. and G.H.M.
thank the EPSRC (UK) grant EP/J004480/1 and the EU for
project funding through the projects EP/G030006/1 and
216025.

References

[1] Ungar G, Percec V, Zuber M. Liquid crystalline poly-
ethers based on conformational isomerism. 20.
Nematic-nematic transition in polyethers and copo-
lyethers based on 1-(4-hydroxyphenyl)2-(2-R-4-hydro-
xyphenyl)ethane with R = fluoro, chloro and methyl
and flexible spacers containing an odd number of
methylene units. Macromolecules. 1992;25:75-80.

[2] Panov VP, Nagaraj M, Vij JK, Panarin YP, Kohlmeier
A, Tamba MG, Lewis RA, Mehl GH. Spontaneous
periodic deformations in nonchiral planar-aligned bime-
sogens with a nematic-nematic transition and a negative
elastic constant. Phys Rev Lett. 2010;105:167801.
doi:10.1103/PhysRevLett.105.167801.

[3] Chen D, Porada JH, Hooperc JB, Klittnick A, Shen Y,
Tuchband MR, Korblova E, Bedrov D, Walba DM,
Glaser MA, Maclennan JE, Clark NA. Chiral helico-
nical ground state of nanoscale pitch in a nematic
liquid crystal of achiral molecular dimers. Proc Natl
Acad  Sci.  2013;110:15931-15936.  doi:10.1073/
pnas.1314654110.

[4] Borshch V, Kim Y-K, Xiang J, Gao M, Jakli A, Panov
VP, Vijj JK, Imrie CT, Tamba MG, Mehl GH,
Lavrentovich OD. Nematic twist-bend phase with
nanoscale modulation of molecular orientation. Nat
Commun. 2013:;4:2635. doi:10.1038/ncomms3635.

[5] Zep A, Aya S, Aihara K, Ema K, Pociecha D, Madrak
K, Bernatowicz P, Takezoe H, Gorecka E. Multiple
nematic phases observed in chiral mesogenic dimers. J
Mater Chem C. 2013;1:46-49. doi:10.1039/c2tc00163b.

[6] Tripathi CSP, Losada-Pérez P, Glorieux C, Kohlmeier
A, Tamba M-G, Mehl GH, Leys J. Nematic-nematic
phase transition in the liquid crystal dimer CBC9CB
and its mixtures with SCB: a high-resolution adiabatic
scanning  calorimetric  study. Phys Rev E.
2011;84:041707. doi:10.1103/PhysRevE.84.041707.

[7] Panov VP, Balachandran R, Nagaraj M, Vij JK, Tamba
MG, Kohlmeier A, Mehl GH. Microsecond linear opti-
cal response in the unusual nematic phase of achiral
bimesogens. Appl Phys Lett. 2011;99:261903.
doi:10.1063/1.3671996.


http://dx.doi.org/10.1103/PhysRevLett.105.167801
http://dx.doi.org/10.1073/pnas.1314654110
http://dx.doi.org/10.1073/pnas.1314654110
http://dx.doi.org/10.1038/ncomms3635
http://dx.doi.org/10.1039/c2tc00163b
http://dx.doi.org/10.1103/PhysRevE.84.041707
http://dx.doi.org/10.1063/1.3671996

Downloaded by [University of Hull] at 02:03 14 January 2015

(8]

]

(10]

(1]

(12]

(13]

(14]

Panov VP, Balachandran R, Vij JK, Tamba MG,
Kohlmeier A, Mehl GH. Field-induced periodic chiral
pattern in the Nx phase of achiral bimesogens. Appl
Phys Lett. 2012;101:234106. doi:10.1063/1.4769458.
Meyer C, Luckhurst GR, Dozov I. Flexoelectrically
driven electroclinic effect in the twist-bend nematic
phase of achiral molecules with bent shapes. Phys
Rev Lett. 2013;111:067801. doi:10.1103/PhysRevLett.
111.067801.

Beguin L, Emsley JW, Lelli M, Lesage A, Luckhurst
GR, Timimi BA, Zimmermann H. The chirality of a
twist-bend nematic phase identified by NMR
spectroscopy. J Phys Chem B. 2012;116:7940-7951.
doi:10.1021/p302705n.

Emsley JW, Lelli M, Lesage A, Luckhurst GR. A
comparison of the conformational distributions of the
achiral symmetric liquid crystal dimer CB7CB in the
achiral nematic and chiral twist-bend nematic phases.
J Phys Chem B. 2013;117:6547-6557. doi:10.1021/
jp4001219.

Meyer RB. Structural problems in liquid crystal phy-
sics. Les Houches summer school in theoretical physics,
1973. In: Balian R, Weil G, editors. Molecular fluids.
New York (NY): Gordon and Breach; 1976. p. 271.
Dozov I. On the spontaneous symmetry breaking in
the mesophases of achiral banana-shaped molecules.
Europhys Lett. 2001;56:247-253. doi:10.1209/epl/
i2001-00513-x.

Shamid SM, Dhakal S, Selinger JV. Statistical
mechanics of bend flexoelectricity and the twist-bend

(15]

(16]

(17]

(18]

(19]

(20]

(21]

Liquid Crystals 7

phase in bent-core liquid crystals. Phys Rev E.
2013;87:052503. doi:10.1103/PhysRevE.87.052503.
Hoffmann A, Vanakaras AG, Kohlmeier A, Mehl GH,
Photinos DJ. On the structure of the Nx phase of
symmetric dimers. arXiv. 2014;1401:5445v2.

Kleman M, Lavrentovich OD. Grain boundaries and
the law of corresponding cones in smectics. Eur Phys J
E. 2000;2:47-57. doi:10.1007/s101890050039.

Hori K, Iimuro M, Nakao A, Toriumi H.
Conformational diversity of symmetric dimer meso-
gens, o,n-bis(4,4’-cyanobiphenyl)octane, -nonane, a,m-
bis(4-cyanobiphenyl-4'-yloxycarbonyl)propane, and
-hexane in crystal structures. J Mol Struct.
2004;699:23-29. doi:10.1016/j.molstruc.2004.05.003.
Butt H-J, Cappella B, Kappl M. Force measurements
with the atomic force microscope: technique, interpre-
tation and applications. Surf Sci Rep. 2005;59:1-152.
doi:10.1016/j.surfrep.2005.08.003.

Takezoe H, Gorecka E, Cepic M. Antiferroelectric
liquid crystals: interplay of simplicity and complexity.
Rev Mod Phys. 2010;82:897-937. doi:10.1103/Rev
ModPhys.82.897.

Wu XZ, Sirota EB, Sinha SK, Ocko BM, Deutsch M.
Surface crystallization of liquid normal-alkanes. Phys
Rev Lett. 1993;70:958-961. doi:10.1103/PhysRevLett.
70.958.

Als-Nielsen J, Christensen F, Pershan PS. Smectic-A
order at the surface of a nematic liquid crystal: synchro-
tron x-ray diffraction. Phys Rev Lett. 1982;48:1107—
1110. doi:10.1103/PhysRevLett.48.1107.


http://dx.doi.org/10.1063/1.4769458
http://dx.doi.org/10.1103/PhysRevLett.111.067801
http://dx.doi.org/10.1103/PhysRevLett.111.067801
http://dx.doi.org/10.1021/jp302705n
http://dx.doi.org/10.1021/jp4001219
http://dx.doi.org/10.1021/jp4001219
http://dx.doi.org/10.1209/epl/i2001-00513-x
http://dx.doi.org/10.1209/epl/i2001-00513-x
http://dx.doi.org/10.1103/PhysRevE.87.052503
http://dx.doi.org/10.1007/s101890050039
http://dx.doi.org/10.1016/j.molstruc.2004.05.003
http://dx.doi.org/10.1016/j.surfrep.2005.08.003
http://dx.doi.org/10.1103/RevModPhys.82.897
http://dx.doi.org/10.1103/RevModPhys.82.897
http://dx.doi.org/10.1103/PhysRevLett.70.958
http://dx.doi.org/10.1103/PhysRevLett.70.958
http://dx.doi.org/10.1103/PhysRevLett.48.1107

	Abstract
	Experimental
	Funding
	References



