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ABSTRACT: The first neutral spin carrying hexabenzo-
coronene (HBC) derivative is described. The conjugated
phenyl nitroxide substituted HBC with five alkyl chains
exhibits a positive magneto-LC effect in columnar
hexagonal liquid crystalline phase as probed by differential
scanning calorimetry and electron paramagnetic resonance
spectroscopy. Surprisingly, at 140 K the ΔMS = 2
transition can be observed indicating a thermally accessible
triplet state between the neighboring molecules in the
columnar arrangements.

Among the various discotics bearing large aromatic cores,
hexa-peri-hexabenzocoronenes (HBCs) attracted partic-

ular attention because of their assembly into stable columnar
structures and promising electronic properties.1 HBCs have
been functionalized with various substituents in order to steer
their electronic properties and device applications.2 Earlier
studies have shown that HBCs or arylamine substituted HBCs
can be reduced or oxidized to their corresponding radical
anions and cations, respectively.3 These radicals, however,
could not be isolated as material in pure form owing to their
limited stability and were only characterized by in situ analysis
with electron paramagnetic resonance (EPR) and/or UV−vis
spectroscopy. The peculiar ability of HBCs to arrange into
columnar superstructures may allow one-dimensional magnetic
ordering. Therefore, it was intriguing to design a spin-bearing
HBC derivative and study its magnetic behavior in different
crystalline phases. Moreover higher conductivity through the
columns could be expected in spin-bearing HBCs in
comparison to their closed-shell analogue because of the
relatively high-lying singly occupied molecular orbital (SOMO)
and its delocalization into the aromatic core.4

Herein, we report the synthesis and characterization of a
neutral paramagnetic HBC derivative carrying a conjugated tert-
butyl nitroxide radical moiety (HBCNO). The positive
magneto-LC effect was observed by variable-temperature EPR
spectroscopy in a columnar hexagonal liquid crystalline phase.
The precursor HBC-Br (2-bromo-5,8,11,14,17-pentadode-

cylhexabenzocoronene) was synthesized according to literature
procedures.5 The tert-butyldimethylsilyl-protected N-(tert-
butyl)-N-phenylhydroxylamine was attached to HBC by Suzuki
coupling reaction of HBC-Br with 4-(tert-butyl(tert-
butyldimethylsilyloxy)amino)phenylboronicacid (4PBA) pro-
viding HBCSINO in 70% yield. The deprotection of tert-
butyldimethylsilyl with aqueous HCl gave hydroxyl amine
which was used further without any purification. Upon

oxidation of hydroxyl amine with silver oxide the desired
product HBCNO was obtained in 20% yield in two steps.
The phase transitions were identified by using differential

scanning calorimetry (DSC) which exhibited three endother-
mic peaks during heating (Figure 1). The main peak (3) at 368

K is related to the transition from a well-ordered helical
columnar to the liquid crystalline phase. The detailed phase
assignment is based on the structural analysis below. The minor
peak (2) at 352 K prior the phase transition could stem from a
cold crystallization. The small and broad transition (1) at 314 K
is due to the reorganization of the side chains during heating.
Upon cooling, a broad double peak (4) was observed which
was related to two processes at close temperatures: the phase
transition back to the ordered helical phase and crystallization
of side chains.
To precisely assign the phases of HBCNO obtained during

the DSC scans, the organization in bulk was studied by two-
dimensional wide-angle X-ray scattering (2DWAXS) (Figure
2a). The structural investigation of the bulk supramolecular
organization was performed on macroscopically aligned fibers
prepared by mechanical extrusion. For the measurements, the
fibers were mounted vertically toward the 2D detector which
collected the scattered reflections. In our previous studies on
discotic liquid crystals, this technique provided valuable
information about the molecular arrangement and order within
such superstructures.6 The pattern of HBCNO recorded for the
liquid crystalline phase at elevated temperatures exhibited a
typical hexagonal columnar organization with nontilted discs
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Figure 1. DSC plot of HBCNO (cooling and heating from 250 to 390
K) at a rate of 5 K min−1.

Communication

pubs.acs.org/JACS

© 2014 American Chemical Society 12860 dx.doi.org/10.1021/ja507421x | J. Am. Chem. Soc. 2014, 136, 12860−12863

pubs.acs.org/JACS


(Figure 2). In the small-angle region, three sharp equatorial
reflections were observed which correspond to the Miller’s
indices of 100, 110, and 200 for a hexagonal unit cell. The
positions of the reflections are in the ratio of 1:√3:2 confirmed
the hexagonal lattice with an intercolumnar parameter of ahex =
2.95 nm (Figure 2b). Wide-angle reflections in the meridional
plane were attributed to the nontilted intracolumnar packing of
the molecules from which a π-stacking distance of 0.35 nm for
HBCNO was determined.
Upon cooling the compound back to the low-temperature

phase (255 K), the supramolecular ordering significantly
changed as evident from a high number of new and distinct
reflections indicating a highly ordered phase (Figure 3a). In this

phase the hexagonal lattice was maintained, but the unit cell
parameter decreased to ahex = 2.55 nm. At the same time, the π-
stacking distance of the discs increased to 0.37 nm as
determined from the most intensive wide-angle meridional
reflection. Interestingly, additional meridional reflections in the
wide-angle domain corresponding to d-spacings of 0.34 and
0.41 nm could be an evidence for a helical organization. From
the even distribution of these meridional four reflections, a
helical structure of 8 molecules was concluded, whereby the
HBCNO molecules should be rotated by 45° toward each other
(Figure 3c). Further reflections within the middle-range region
related to the helical packing were missing. Cerius 2
simulations,7 in which a HBC core was applied, confirm the
described model yielding an X-ray pattern with the three
characteristic reflections on the wide-angle meridional plane
(Figure 3b). The disordered alkyl chains and the phenyl
nitroxide are neglected in this model for simplicity. The

simulated pattern also verified that off-meridional reflections in
the middle-range region were missing, which otherwise would
be typical for helical columnar structures. Most probably the
phenyl nitroxide group was tilted with respect to the plane of
the HBC core inducing a rotation of neighboring HBCNO
discs and finally a helical arrangement within the columnar
stack.
Thus, the 2DWAXS measurements gave important informa-

tion about the molecular arrangement in the low and higher
temperature phases. While at higher temperature the typical
columnar hexagonal liquid crystalline (Colh) phase was
observed, in the lower temperature range the HBCNO
molecules preferred to arrange in helical hexagonal crystalline
(Helh) phase.
The solution EPR spectra of HBCNO were measured at

room temperature in toluene at different concentrations. The
diluted solution of HBCNO in toluene (c ∼ 10−5 M) yielded an
EPR spectrum consisting of equally spaced 3 lines. The
observed spectrum can be reproduced by spectral simulation
considering hfc for one nitrogen aN = 12.1 G and two
equivalent protons aH = 2 G at g-value 2.0068. Notably, at
slightly higher concentration (c ∼ 10−4 M) the EPR spectrum
was quite different and little alike a biradical species (Figure
S1). This spectral change was due to the dimerization/
aggregation of HBCNO molecules even at concentrations as
low as 10−4 M. When the EPR spectrum of a powder sample
was measured at 140 K, a broad resonance band was observed
for ΔMS = 1 transition with no fine structure splitting.
Interestingly, along with a ΔMS = 1 transition, at half field a
forbidden ΔMS = 2 transition was also observed at a g-value of
4.013 indicating the thermally accessible triplet state (Figure 4).

Moreover EPR spectroscopy was found to be an excellent
tool for probing the phase transition in spin bearing liquid
crystals.8 To obtain an insight into the change in magnetic
interaction during phase transition, variable-temperature (VT)
EPR spectra of a powder sample were measured during the
cooling process in the temperature range 380 K (Colh phase) to
270 K (Helh phase), and the variation of g-value, line intensity,
and line width were plotted as a function of temperature. Very
small changes in g-values from 2.0067 to 2.0070 were observed,
indicating a minor variation in the orientation of the molecules
during the transition from Colh to Helh phase (Figure 5b).
While the relative intensity and line width (ΔB1/2) remained
nearly constant in the temperature range from 380 to 330 K, a
sudden significant change of both parameters was observed at

Figure 2. (a) 2DWAXS pattern of HBCNO (at 393 K) recorded in
the liquid crystalline phase and (b) equatorial integration for HBCNO
(reflections are assigned by Miller’s indices).

Figure 3. (a) 2DWAXS pattern of HBCNO recorded at 255 K in the
low-temperature state after annealing in the LC phase. The scattering
lines are assigned by Miller indices (hkl for l = 7, 8, 9) and indicate a
characteristic helical intracolumnar organization. The hkl is a periodic
reflection (P) assigned to π-stacking interaction indicated by dashed
circle. (b) Cerius 2 simulation for a model based on helically packed
nontilted HBC discs rotated by 45° toward each other leading to a
helical repetition of 8 molecules, and (c) schematic illustration in top
view of nontilted and 45° rotated HBCNO molecules.

Figure 4. EPR spectra of HBCNO in solid state, ΔMS = 1 and 2
transitions at 140 K.
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320 K, i.e., at the onset of the phase transition (Figure 5a). A
higher EPR signal intensity was detected in the Colh phase as
compared to the Helh phase indicating a positive magneto-LC
effect (J > 0) in the Colh phase. This was supported by
2DWAXS measurements which showed an enhanced π-
stacking distance of the discs and the rotation of the
HBCNO molecules during the phase transition from Colh to
Helh. In the temperature range from 310 to 270 K (Helh phase)
the Curie law was obeyed, following the increase in intensity
with decreasing temperature. The line width increased upon the
phase transition from Colh to Helh owing to the decrease in
spin relaxation time. The increase of the line width in the Helh
phase is attributed to a loss of the intracolumnar spin−spin
exchange interaction during the transition from Colh to Helh
and can be corroborated with the positive magneto-LC effect in
the Colh phase. Such positive magneto-LC effect was also
observed by Uchida et al. in chiral rod-like liquid crystalline
nitroxide radical compounds.8b,c To the best of our knowledge
this is the first example of spin bearing discotics exhibiting a
positive magneto-LC effect.9

The optical measurements of HBCNO and precursor
HBCSINO were performed in toluene (c ∼ 10−5 M) at room
temperature. Interestingly, few notable changes were observed
in the UV−vis spectra of HBCNO in comparison with
HBCSINO. The β and p-bands of HBCNO were 1.5 times
lower in intensity without any shift of λmax. Additionally, the
weak characteristic absorption of the radical moiety, which is
due to the nπ* transition, appeared as a shoulder of the p-
band at 425 nm (Figure 6a). As anticipated for radical
substituted aromatic compounds a dramatic quenching of the
fluorescence was observed in HBCNO (Figure 6b).10 This

suggests the effective energy or electron transfer on excitation
of HBCNO.11

The electrochemical properties of HBCNO were investigated
by cyclic voltammetric (CV) measurements. CV scans of
HBCNO displayed a reversible oxidation and a nonreversible
reduction wave (Figure S2). The reversible oxidation at 0.269 V
vs Fc/Fc+ can be assigned to the oxidation of the nitroxide
moiety which is in accordance with the literature value for
nitroxides.12 The DFT calculations were performed to visualize
the distribution of the SOMO orbital, where the unpaired
electron usually resides. As shown in Scheme 1, the SOMO
orbital does not localize on the phenyl tert-butyl nitroxide
radical moiety but is highly delocalized over the entire HBC
core. The calculated SOMO energy level is well in accordance
with the estimates from the CV measurement (Table S1).
In summary, we have successfully synthesized the first neutral

paramagnetic HBC derivative possessing a tert-butyl nitroxide
radical moiety. The adequate stability of HBCNO allowed us to
investigate its thermal, optical, electrochemical, and magnetic
properties. HBCNO was found to exist in a helical hexagonal
phase at low temperature and a columnar hexagonal phase at
higher temperatures. Notably, closer π-stacking of discs in the
Colh phase allowed stronger intracolumnar magnetic inter-
actions. The paramagnetic HBCNO retains the absorption
features of its diamagnetic precursor HBCSINO, but a
significant quenching of fluorescence indicated extensive energy
or electron transfer on excitation of HBCNO. All these
properties make HBCNO an ideal candidate for designing
spintronic devices.8,13 Such work is underway in our group.

Figure 5. (a) Relative signal intensities and line widths and (b) g-
factor during the cooling process as a function of temperature between
270 and 380 K. Figure 6. UV−vis spectrum of HBCSINO and HBCNO at room

temperature in toluene (a) absorption (b) emission with excitation at
366 nm (inset: disappearance of fluorescence on conversion from
HBCSINO (left fluorescent) to HBCNO (right nonfluorescent)).
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Am. Chem. Soc. 2012, 134, 5876−5886. (b) Chen, L.; Dou, X.; Pisula,
W.; Yang, X.; Wu, D.; Floudas, G.; Feng, X.; Müllen, K. Chem.
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Scheme 1. Synthesis of HBCNO from HBC-Br
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