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Biaxial Nematic Mesophases from Shape-Persistent Mesogens with a
Fluorenone Bending Unit

Matthias Lehmann,*'*! Christiane Kohn,”! Joao L. Figueirinhas, Gabriel Feio,"!
Carlos Cruz,™ and Ronald Y. Dong!"

Nematic phases, applied in almost all commercial liquid-
crystal (LC) displays, are LC phases with mesogens isotropi-
cally distributed and exhibiting orientational long-range
order of one preferred molecular axis along a common di-
rection defined by the so-called director. These are the
phases with the lowest viscosity and besides the anisotropic
properties, are most similar to isotropic liquids. Biaxial nem-
atics should realise a long-range orientational order of all
three molecular axes along three mutually perpendicular di-
rectors, but maintain the isotropic distribution of the molec-
ular centres of gravity and their molecular mobility. Such
phases are not only appealing from the viewpoint of basic
research and theoretical modelling, but are also of techno-
logical interest to speed up the switching of LC displays.["*?]

After the prediction by Freiser,! Saupe and Yu were the
first to discover such mesophases in a narrow region of the
phase diagram of a lyotropic LC.®! The much-pursued syn-
thesis of molecules for board-shaped mesogens, though suit-
able for forming thermotropic biaxial nematic phases, did
not, however, reveal a widely accepted biaxial mesophase.
Only recently, biaxial nematic phases of multipodes!” and
polymers® with side-on attached nematogens, the rotation
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of which about the long axis is hindered, could be con-
firmed. In the area of low-molecular-weight mesogens,
theory predicted V-shaped mesogens!™® and mixtures of
rod- and disc-shaped molecules!™'”! as potential candidates
for biaxial nematic phases. Indeed, the biaxial nematic
phase at high temperatures, above 100°C, was found in a
series of oxadiazole derivatives,'! the results of which were
most widely accepted and confirmed.['”

We were interested in parameters controlling biaxiality in
such phases and focused therefore on shape-persistent mole-
cules 1 with a well-defined bending angle (Scheme 1),
which is supposed to be a principal parameter in theoretical
predictions."”) They were designed to self-assemble exclu-
sively in nematic phases owing to the substitution pattern of
alkoxy chains."”! However, only planar bending units with a
dipole along the bisector revealed nematic phases.!

A,B=CN,'H,D Sl
R'? = linear and/or branched alkyl chains

A B R' R?
1a p-D p-CN CHi,
1b p-CN p-CN CgHy,
1c m-CN m-CN CeHis
1d m-CN m-CN CgH,, 2-ethylhexyl

1e m-CN m-CN 2-ethylhexyl

Scheme 1. General structure of V-shaped, shape-persistent fluorenone
nematogens and definition of molecular axes N, M and L.
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Among these derivatives, mesogens with a fluorenone bend-
ing unit have shown low-temperature monotropic nematic
phases. At room temperature they transform to a nematic
glass."”! Results from earlier optical and X-ray studies point-
ed to a transition from a uniaxial to a biaxial nematic phase
and eventually to a biaxial nematic glass although the bend
angle of 90° was far from the proposed ideal angle of 109.5°.
A selectively deuterated sample, 1a, at the terminus of one
arm was synthesised and investigated by X-ray, >H and "*C
solid-state NMR spectroscopy. All experiments reveal clear
evidence for a high-temperature uniaxial and a low-temper-
ature biaxial nematic order. Further synthetic effort proves
to stabilise the nematic phases by molecular engineering, re-
sulting in a material 1d with a relatively large enantiotropic,
uniaxial nematic mesophase range.

Mesogens 1a-d (Scheme 1) were prepared by following
previously published procedures.'* The materials were
carefully purified and their identity analysed by NMR spec-
troscopy, mass spectrometry and elemental analyses. Differ-
ential scanning calorimetry and polarised optical microscopy
(POM) data confirmed the analogous thermotropic behav-
iour of compound 1a compared with the non-deuterated de-
rivative (Table 1). Optical studies of a 20 um thick film in a
commercial LC cell with planar alignment layer were per-
formed to prove the biaxial nature of the low-temperature
nematic phase. Conoscopy on the spontaneously homeotrop-
ic aligning sample exhibits a transition from a uniaxial to
biaxial nematic phase between 50-60°C by the typical split-
ting of isogyres and two optical
axes when an additional circu-
lar polariser is adjusted in the
optical path (see the Supporting
Information). The same obser-
vations have been described
earlier for the non-deuterated
derivative on a thinner LC
cell.®! Wide-angle X-ray scat-
tering on magnetic-field-aligned
deuterated compound 1la re-
veals a typical pattern observed
for fluorenone derivatives in
their nematic phase in a geome-
try in which the X-ray beam )'\
passed the sample perpendicu-
lar to the oriented direction
(Figure 1 A). Since the scattered
intensity at small angles on the
equator can be attributed to
distances along the bisector of

meridian

-

nematic
sample

the molecule and the intense a1
diffraction on the meridian is L4

related to the m stacking, at
least a fraction of the material
aligned with the molecular axes
N, M along two directors 7, m
as illustrated in Figure 1D.I
Consequently, also the third

8276 — www.chemeurj.org

mono or single domain

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Thermotropic properties of fluorenone nematogens 1.

Compound Heating rate 10°Cmin~! (onset [C°[/AH [kJmol~'])*
1a Cr 146" (g 39 N 117/-03) T

1b Cr 162/45 (g 34) N 178/0.7 1

1c Cr 118/48 N 146/0.4 1

1d Cr 99" (g 31) N 126/0.6) T

le Cr 141" (N 108/0.7) 1

[a] Cr crystal, g glass, N nematic LC phase, I isotropic phase. [b] POM
data [c] broad signal with peak at 117°C and onset at 110°C. [d] from ref-
erence [13].

molecular axis L should be aligned along director I. Assum-
ing real long-range order, the result might confirm a biaxial
phase. However, there is a further scenario related to the re-
cently published theory that small clusters might be respon-
sible for the formation of biaxial nematic phases.”” The dia-
magnetic susceptibility of the aromatic units force the mo-
lecular planes to be parallel to the B field as displayed in
Figure 1D and E. The director 7 of a cluster or a domain,
however, can be distributed about the B field vector as illus-
trated in Figure 1F. In the case of a true biaxial monodo-
main, the X-ray pattern should reveal only the = stacking at
a particular direction of the X-ray pattern when probed with
the X-ray beam along the B vector."® In the second extreme
case of the isotropic distribution of small biaxial aggregates
about the B vector, the X-ray pattern should show only a
halo in place of the distinct diffraction intensities for the m
stacking and the phase would be uniaxial, denoted with

mernidian

rel. intensity

nematic
sample

TR
/&
:%
Mf‘f
| S

distribution of aggregates about the
magnetic field vector

Figure 1. X-ray diffraction patterns of 1a obtained at 30°C in a sample previously aligned in the B field using
an X-ray beam perpendicular (A) and parallel (B) to alignment direction. C) Integration of the halo in pattern
shown in (B) along the azimuth angle y from —60 to 300°. Model of the order of an ensemble of molecules in
a monodomain viewed perpendicular (D) and parallel (E) to the alignment direction. F) Biaxial aggregates or
domains viewed parallel to the alignment direction in the B field.
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N,® according to Vanakaras and Photinos."”? The experi-
mentally recorded X-ray pattern with the X-ray beam along
the oriented direction by the previously applied B field is
shown in Figure 1B. At small angles, the signal reduces to
almost only the background intensity, which confirms the
alignment of the bisect along the B field. The signal attribut-
ed to m stacking is not confined to the meridian as seen in
Figure 1 A; however, the distribution is clearly anisotropic,
as demonstrated by integration of the halo about the azimu-
thal angle y (Figure 1C). Consequently, the experimental
pattern can be rationalised with the scattering of several ani-
sotropically distributed biaxial domains about the B direc-
tion.

In the search for the biaxial nematic phase, optical evi-
dence has often been doubted owing to possible surface ef-
fects and X-ray evidence was distrusted because even if it
shows the average correlation of mesogens along two direc-
tors, domains or aggregates may be still isotropically distrib-
uted about the direction of the B field. In the present study,
the influence of surface effects was reduced by using a rela-
tively thick oriented film and X-ray evidence was based on
the results viewing perpendicular and parallel to the B field,
thereby confirming two macroscopically oriented molecular
axes. Techniques thought to determine, without doubt, the
biaxial order of molecules in the bulk are ?H and “*C solid-
state NMR spectroscopy."'! The former can be performed
either with selectively deuterated samples or with conven-
iently deuterated NMR probes.!!! The latter can be used on
non-enriched samples. The current sample did not produce
well-resolved *C NMR spectra in the nematic phase be-
cause the directors 77 were perpendicular to the external B
field. However, a well-resolved isotropic spectrum was
easily obtained by means of magic-angle spinning (MAS).
In particular, we used a simple rotor-synchronised, 2D “C
experiment to distinguish between uniaxial and non-uniaxial
phase symmetry. For a sample with some sort of orientation-
al order, as long as it does not possess a cylindrical symme-
try about the rotor axis, the MAS sideband spectrum de-
pends on the phase angle of the rotor at the start of the
signal detection.” Hence, the sample alignment in the rotor
is important. Figure 2 shows some typical sideband spectra
[central band (m=0) corresponds to signals collected at the
start of each rotor period (rotor phase is zero), and is the
same as that seen in a 1D MAS CP experiment]. When a
sample has transverse isotropy (uniaxial symmetry) or is an
isotropic powder, the spinning sideband should be real and
absorptive, whereas a dispersive sideband® with a broad
shoulder could be seen when signals were collected with a
non-zero rotor phase in single (and biaxial) crystals.’” The
uniaxial phase at 95°C (Figure 2B) reveals exclusively ab-
sorptive sidebands for all m slices as expected. In the nemat-
ic glass at 25°C (Figure 2 A), however, the sidebands in m =
+1 show clear dispersive character, which can only be ra-
tionalised with a biaxial order. The sample crystallised out-
side (or inside) the magnet shows almost purely absorptive
sidebands, indicating its crystalline powder nature (see the
Supporting Information).
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Figure 2. ®C MAS slices for m=0 (central band) and m=+1 for the
biaxial glass at 25°C (A), and uniaxial phase at 95°C (B). Only the m=
+1 slices are shown here and have been scaled up for clarity. ss denotes
spinning sideband in the 1D spectrum.

’HNMR were performed on the selectively deuterated
sample 1a in order not to lose its sensitive biaxial nematic
phase by adding a deuterated solute. Spectra of 1a were col-
lected as a function of temperature. 2D powder patterns
were obtained at low temperatures to probe the presence of
biaxial order without the necessity for more-demanding
methods generally used for this task, including continuous
rotation of the NMR sample around one axis perpendicular
to the B field or repeated 90° sample tilting."7*!1*2) As the
sample progressively crystallised upon slow cooling in the B
field (7.05 T) , the sample was heated to the isotropic phase
and then slowly cooled to 2 K below the clearing tempera-
ture T,, stabilised for 10 min and rapidly cooled to 300 or
250 K; temperatures close to and well below the glass transi-
tion. By this procedure crystallisation was prevented, which
would otherwise result in the loss of the H NMR signal.

Figure 3 A shows the typical NMR spectrum for the mo-
tional averaged isotropic liquid. In the nematic phase close
to T,, the NMR pattern reveals a doublet with a small quad-
rupole splitting of 15.8 kHz, indicating fast rotating mole-
cules around the main director direction. The nematic order
parameter S is calculated to be 0.23 at 7-—1 K. At low tem-
peratures, close to the glass transition at 300 K and well
within the nematic glass at 250 K, the obtained powder spec-
tra disclose a 2D powder line shape, which can be related to
a distribution of bisector orientations in the plane containing
the external B field, which peaks at the field direction in
agreement with the X-ray results. The rotation of molecules
is frozen and only librational motions remain. The biaxiality

www.chemeurj.org — 8277


www.chemeurj.org

CHEMISTRY

M. Lehmann et al.

A EUROPEAN JOURNAL

A) B)
I, T=Tc+1K " N, T=Tc-1K
= \
b w Ty o
-200 -100 0 100 200 -200-100 0 100 200
vikHz vikHz
C) | | D)
| | T=300K 0.3
A4 =024 '
’ %) =
L bt =01 |
[t Wbt
- - - . 00 _ S W S
-200 -100 0 100 200 012 3 456
vIKHz ¢

Figure 3. Spectra collected in the isotropic (A) and uniaxial nematic (B)
phase. C) Spectrum collected at 7=300 K (grey line) and simulation
(black line). D) The ¢ (in radians) dependence of the domain distribution
function obtained from the fit.

of the phase is shown by the finite asymmetry parameter
N=Va=Vy)/Vui (V| <|Vyy| <|V,|), in which Vg is the
average electric field tensor (EFG). Simulations result in %
values of 0.17 at 300 K and 0.18 at 250 K, and also show that
the average EFG tensors from the two distinct molecular
configurations in each domain do not share the same princi-
pal axis. The four order parameters usually used for biaxial
nematics®! with D,, symmetry are S, D, P and C. Based on
the simulation results, these are found to be 0.64, 0.0, 0.0
and 0.81 for C/3, respectively, at 300 K. Besides S, D, P and
C, an additional order parameter is also finite, that is,
§XY =0.17 in the order supermatrix, indicating a lower than
D,;, symmetry for the mesophase domains. The results are
compatible with a C,, or lower phase symmetry.

An important issue for biaxial nematic materials of low-
molar-mass molecules is the thermodynamic stability of the
nematic phase at low temperature. Compound la forms
crystal germs after several hours at RT, which grow slowly
when the sample is reheated to the LC phase (Figure 4 A).
To prevent crystallisation, meta-cyano groups (1¢), branched
racemic chains (le) or mixtures of branched and linear
chains (1d) are introduced. meta-Cyano-substituted aryl
groups can realise various conformers with cyano groups
pointing in different directions in the nematic phase and
considerably reduces the melting and clearing temperature
compared with the para-cyano-substituted derivative (see
Table 1, entries 2 and 3). Their combination with bulky 2-
ethylhexyl chains in 1e results in the destabilisation of the
nematic phase and again an increased crystallisation tenden-
cy. If branched chains are attached only at one side of the
molecule, as in 1d, the nematic phase is significantly stabi-
lised. During heating of the sample, which was annealed for
four days at RT, no sign of crystal germs were observed
(Figure 4B). Only after one month, small crystallites had
formed which melted at 99°C. Compound 1d exhibits also
an uniaxial to biaxial nematic phase transition between 50
and 60°C in the same commercial LC cell used for the study
of compound 1a (Figure 4C-H). In the temperature range
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Figure 4. A) POM results of compound 1a at 127°C. Top: homeotropical-
ly aligned nematic uniaxial phase. Bottom: isotropic phase with crystalli-
tes (red arrow) and a dust particle (white arrow). B) Compound 1d at
the phase transition (133.2°C). Top: isotropic phase. Bottom: homeotrop-
ically aligned uniaxial nematic mesophase with a dust particle (white
arrow). Both materials were kept at RT for four days prior to the thermal
treatment. C)-H) Conoscopy without and with circular polariser and or-
thoscopy of sample 1d at 50°C. Alignment direction parallel (C-E) and
at 45° (F-H) with respect to the polariser. The low birefringence in (H)
is related to the position of one optical axis, which is almost parallel to
the propagation direction of light owing to the pre-tilt angle associated
with the alignment layer of the LC cell.

of the uniaxial nematic phase, the material possesses a
broad enantiotropic region. In the temperature interval in
which the sample shows only monotropic properties, the
biaxial nematic phase appears. This mesophase, however, is
kinetically well stabilised.

In conclusion, the nematic phases of a deuterated fluore-
none nematogen have been studied by POM, X-ray and
solid-state NMR spectroscopy methods. All techniques show
evidence for biaxial order in the phase close to the glass
transition. Molecular engineering has afforded a nematic
material that maintains the uniaxial to biaxial phase transi-
tion at low temperature, but with a wide enantiotropic uni-
axial nematic range and a considerably stabilised biaxial
nematic phase. Work is in progress towards a derivative
forming a room temperature enantiotropic biaxial nematic
mesophase.

Experimental Section

The synthesis of fluorenone derivatives 1 were performed by following
previously published procedures."*'¥ POM was performed with a LC
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Cells (SA100A200uG180) instrument from Instec. H and *C NMR spec-
troscopy were carried out, respectively, at 46.1 MHz using the quadrupo-
lar echo sequence and at 100.6 MHz by using a published method.” For
BCNMR spectroscopy experiments, the sample in the rotor was heated
to the isotropic liquid inside the NMR probe without spinning and
cooled below the glass transition before doing the rotor-synchronised ex-
periment. The sample was spun at 5 kHz in the B field of 9.4 T.
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