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All-Organic Discotic Radical with a Spin-Carrying Rigid-Core Showing
Intracolumnar Interactions and Multifunctional Properties™*

Sonia Castellanos, Francisco Lopez-Calahorra, Enric Brillas, Luis Julid,* and Dolores Velasco*

The ability of liquid crystals (LCs) to rearrange and thus
modify their physical properties as a response to an external
stimulus, such as light incidence, temperature changes, or the
application of an electrical or magnetic field, is a useful
feature for technological applications. Discotics are especially
interesting from the point of view of the development of
semiconductor devices because of their ability to form one-
dimensional superstructures that allow free electric charges to
migrate. This feature has been recognized as an attractive
property for the construction of light-emitting diodes, photo-
voltaic cells, and field-effect transistors!! In particular,
carbazole derivatives play an important role as organic
materials for electronic applications.”) However, not many
carbazole-containing discotic LCs have been reported to
date.'*34

The development of spin systems with LC properties is
particularly interesting in the field of magnetism because of
the possibility of altering the magnetic properties through the
phase transition, or the modulation of the magnetic response
by external fields." ! Some calamitic all-organic radical LCs
containing 2,2,6,6-tetramethylpiperidine-N-oxide and 2,2,5,5-
tetramethyl-1-pyrrolidine-N-oxide as spin sources, 013222
which can be ordered into a variety of LC nematic or layered
phases, can be found in the literature. However, there is only
one example of a disk-like all-organic radical that has the
spin-supporting unit introduced into the disk-like tripheny-
lene core as a lateral chain-bonded moiety.”!

With this in mind, we have developed a new discotic all-
organic LC with a radical rigid core based on the tris[4-(N-
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carbazolyl)-2,6-dichlorophenyl]methyl aromatic system.?"
Free radicals of the tris(2,4,6-trichlorophenyl)methyl (TTM)
series are very persistent species both in the solid state and in
solution owing to the presence of the very bulky polychloro-
phenyl substituents around the trivalent carbon atom.®! In
particular, radical adducts based on carbazolyl TTM radical
exhibit electrochemical amphotericity and remarkable lumi-
nescent properties into the visible range of the electronic
spectrum.?*2%?7) To the best of our knowledge, the radical
adduct presented herein is the first disk-like LC with the
magnetic spin source placed in the center of the rigid discotic
core.

The novel radical adduct 1 was obtained by the direct
Friedel-Crafts acylation of tris[4-(N-carbazolyl)-2,6-dichloro-
phenyl]methyl radical 2 (see the Supporting Information).
The presence of the long acyl chains in the carbazole moiety
provides the new radical with the typical features of a disk-
like mesogen. Radical 1 does not crystallize, and exhibits
different columnar phases that were studied by optical,
calorimetric, and diffractometric methods.

In the differential scanning calorimetry (DSC) curve, a
peak at 351 K is observed during cooling from the isotropic
state to lower temperatures (Figure 1). This peak corresponds
to the formation of an ordered hexagonal columnar (Col,,)
mesophase, as shown by X-ray diffraction (XRD) analysis at
333 K (Supporting Information, Figure S1).**! A second peak
covers a broad range of temperatures from 300 K to 274 K.
No crystallization is associated to this peak, but rather a
vitrification of a rectangular columnar mesophase. The new
phase showed a lack of fluidness by polarized optical micro-
scopy (POM), and gave rise to an X-ray diffractogram that is
in accord with a two-dimensional lattice structure with a
rectangular arrangement (Supporting Information, Fig-
ure S2). The symmetric profile of the DSC analyses of 1
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Figure 1. DSC curves of 1 (cooling and heating) from 253 K to 393 K,

at a rate of 10 Kmin™".

during the second heating process indicates the enantiotropic
character of the mesophase. Table 1 summarizes the indexing
of the diffractogram corresponding to both columnar meso-
phases.

Table 1: Indexation of XRD profiles at given temperatures of the found
phases.

T [K] Phase d [A] Miller indices (hkl) Lattice parameters [A]
253 Col, 40.2 200 a=2380.4
346 110 b=38.3
20.1 400
4.3
333 Col,o 43.1 100 a=49.8
25.6 110 c=3.5
21.5 200
14.4 300
8.5 500
7.2 600
6.1 700
4.5
3.5 001

[a] Col,=glassy rectangular columnar; Col,,=ordered hexagonal col-
umnar mesophase.

Homeotropic alignment during the cooling from the
isotropic state of radical adduct 1 was observed by using
POM™! at 333 K (Supporting Information, Figure S3). The
sample was uniformly black when polarizers were crossed,
and birefringence could only be observed when pressure was
applied to the sample. Though the transition between Col,
and Col,, was detected by DSC analyses, no changes in the
texture associated to the phase transition were recorded by
POM during the cooling or the heating processes.

Given the homeotropic alignment of the columnar
hexagonal phase and its intracolumnar core—core interactions,
the magnetic intermolecular interactions in the mesophase
were investigated. The magnetic susceptibility of radical
adduct 1 was measured on a SQUID MPMS-XL Quantum
Design (5 T) over the temperature range 2-400 K (Figure 2).
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Figure 2. Temperature dependence of the effective magnetic moment
(Ue) of radical 1 during the cooling (O) and the second heating

process (m) at a rate of 10 Kmin™'. a) Dependence between 2 and

400 K at a field of 5 T; b) a detailed plot of the function between 250
and 400 K. The dashed line indicates the temperature at which the
Coly, phase disappears during the cooling process; the continuous line
indicates the temperature at which Col,, phase is completely formed
during the heating process according to DSC analyses.

Radical 1 shows an increase in . from 0.32 to 0.35 at 313 K
during cooling from the isotropic liquid state, which is in
agreement with the beginning of the exothermic peak in the
DSC analysis (ca. 310K), and thus coinciding with the
transition to the rectangular glassy state from the Col,,
phase. The new value y g~ 0.35 corresponds to the value of
a monoradical (S=1/2; u.=0.37), and suggests that the
core—core interaction deduced from the diffraction peak at
3.5 A found in this phase has an antiferromagnetic character.
Values of u.; remain constant during the glassy rectangular
phase until it decreases drastically from 7~20 owing to
strong antiferromagnetic interactions. A reversibility of the
magnetic interactions is observed during the second heating
from 2K. A drop in the u. values from 0.35 to 0.31 at
approximately 330 K, where the transition from the glassy
Col, phase to the Col,, mesophase is fully completed,
indicates the reappearance of the intermolecular antiferro-
magnetic interactions between neighboring molecules in the
columnar packing. This reversible magnetic behavior is also
seen in the identical values of the Curie constant C and the
Weiss temperature 0 obtained in the heating and the cooling
processes (Table 2).

To confirm that the changes of the magnetic intermolec-
ular interaction could be assigned unequivocally to the core—
core interaction in the ordered Coly, phase, the Landé g value
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Table 2: Magnetic susceptibility data of radical 1.

Process Magnetic C[emu 0 [K]¥  Phase
interactions mol 'K transition [K]®
cooling  antiferromagnetic  0.34 —0.30 Col, 265-308
Col,, 348-359 (1)
heating  antiferromagnetic  0.34 —0.30 Col, 299-316
Col,, 364-383 (1)

[a] Values obtained from the magnetic susceptibility curves registered
over the 2-400 K range. [b] Transition temperatures determined by DSC
analysis between the different found states: glassy rectangular state
(Col,), ordered hexagonal columnar mesophase (Col,,), and isotropic
state (I).

and the band intensity and linewidth values of the band in the
electron paramagnetic resonance (EPR) spectrum of the
radical 1 were registered as a function of the temperature. The
spectra were recorded during the cooling process from the
isotropic melted state (400 K) to the Col, mesophase (230 K)
and during the second heating process going from the Col, to
the Col,, mesophases (300 K) (Figure 3). The g value only
showed a slight increase from 2.0026 to 2.0032 during the
cooling process and then remained almost constant during the
heating. As a general rule, polychlorotriphenylmethyl radicals
have axial symmetry with anisotropic g values: g, =2.0019 +
0.0004 and g;=2.0004640.0005. Considering that the g
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Figure 3. a) Variation of g (m,0) and b) the band intensity (e®,0) and
the band linewidth values (A,A) in the EPR spectra of radical 1 during
the cooling process from the isotropic melted state (open symbols)
and the second heating process (filled). Dashed lines delineate the
Coly,, phase temperature ranges determined by DSC analysis during
the cooling process.
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component is set along the semi-occupied 2p orbital of the
trivalent carbon, the small increase in g might be attributed to
a slight major contribution of the g|. Therefore, once
molecules form columns from the melted isotropic state,
they do not experience changes in their orientation during the
phase transitions and tend to align the 2p orbital closer to the
direction of the magnetic field.

Whereas the intensity of the band in the EPR spectrum of
1 increased with decreasing temperature from 400 K to 220 K
according to the Curie’s law, the linewidth dropped in an
almost linear rate in the range 400-340 K, corresponding to
the isotropic state, owing to an increase of the spin-relaxation
times with the decrease in temperature (Figure 3b). Below
340 K, the linewidth became constant, indicating a stabiliza-
tion of the relaxation time that can be attributed to the
formation of the columnar mesophase. In particular, mole-
cules occupy positions in a columnar order, in which the
intracolumnar core—core interaction and the spin-relaxation
mechanisms remain unaltered within the temperature range
in which this intracolumnar order is preserved. After the
Col,,—Col, transition, however, linewidth values increased
slightly in the temperature range in which magnetic suscept-
ibility values indicate a monoradical behavior and thus the
loss of intermolecular intracolumnar interactions. The inten-
sity and linewidth values are reproduced during the second
heating as a consequence of the enantiotropic character of the
phases.

The presence of an unpaired electron in the core of the
molecule is not only interesting because of the magnetic
properties its paramagnetic character can provide. The
electronic properties can derive from the existence of the
semi-occupied molecular orbital (SOMO) that contains this
single electron, which according to the EPR studies is mainly
located on the trivalent carbon (see the Supporting Informa-
tion for analyses of Figure S4) and theoretical calculations.”
Therefore, electrochemical and photoluminescence proper-
ties of the new radical adduct 1 were studied by cyclic
voltammetry and absorption and emission UV/Vis spectra,
respectively.

The cyclic voltammogram (CV) of 1 in CH,Cl, (103m)
displayed two quasi-reversible redox pairs (see the Support-
ing Information, Figure S5 and S6); one corresponding to its
reduction (1=17), E°(A7A™) = —0.39 V versus the saturated
calomel electrode (SCE), and the other one to its oxidation
(1*=1), E°(A*/A’)=1.12V vs. SCE. The electron affinity
(EA =4.3¢V) and ionization potential values (IP=5.7 eV)
of the radical were estimated on the basis of the reference
energy level of ferrocene (4.8 eV below the vacuum level)P”!
according to the formula IP/AE=48+ E™—E(Fc/
Fc') eV, where E°™ are the onset potentials for oxidation
(1.04 V) and reduction (—0.30 V) of radical 1 versus SCE,
respectively, and where E°(Fc/Fc™)=0.16 V is the redox
potential for the oxidation of ferrocene versus SCE.

The UV/Vis absorption spectrum of radical adduct 1 in
CHCl, solution (10~*m) showed a wide light-absorption range
from the UV to the red region of the visible spectrum. Four
main bands were observed (Supporting Information, Fig-
ure S7).Y The shoulder at 550 nm, which is partly masked by
a weak charge-transfer band from the carbazole to the
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trivalent carbon at 593 nm, is assigned to the SOMO—
LUMO (n—m*) transition, and thus E,,, is estimated to be
2.2 eV. Cyclohexane and chloroform solutions of radical 1
showed intense bands in the visible region of the emission
spectra in both solvents, with maxima at 631 nm in cyclohex-
ane and at 642 nm in chloroform, and quantum efficiencies of
0=0.34 and 6=0.31, respectively (Supporting Information,
Figure S7).

In summary, the first paramagnetic all-organic disk-like
liquid crystal has been synthesized that localizes the unpaired
electron in the center of the aromatic core. This compound
has two enantiotropic columnar phases: a glassy rectangular
columnar phase at low temperatures and an ordered hexag-
onal columnar mesophase above room temperature. Core—
core interactions and their derived magnetic interactions
during the Col,, mesophase have been detected by several
techniques. This new radical adduct has advantageous elec-
trochemical and photoluminescence characteristics for its
application in electronic devices, such as absorption in the
visible spectrum, emission in the red region of the visible
spectrum, and ambipolar redox properties owing to the
existence of the SOMO in which the single electron mainly
resides.
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