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Two optically pure derivatives of dibenzotetraaza[14]annulene, bearing four (S)- or (R)- 3,7-
dimethyloctoxy peripheral chiral tails, respectively, and two hydroxybenzoyl meso substituents were
synthesized using a convergent multi-step route. The structure of the products was determined by 1H
and 13C NMR spectroscopy, ESI-MS, and elemental analysis. The mesomorphic behavior of the two chiral
compounds, deciphered by differential scanning calorimetry (DSC), small-angle X-ray diffractometry
(SA-XRD), and polarizing optical microscopy (POM) investigations, revealed the induction of two
lamello-columnar phases, i.e., columnar stacks confined in smectic layers, whose columns may be ar-
ranged either according to the pg rectangular planar symmetry (for the low-temperature phase) or
without registry between vicinal layers (for the high-temperature mesophase). Evidence of a helical
organization of the molecules in the mesophases was obtained using a combination of electronic circular
dichroism (ECD) and SA-XRD results, Molecular Dynamics simulations and quantum-chemical
calculations.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Much interest in liquid crystalline materials arises from their
potential application as active components in organic electronics.1

In particular, mesogens based on chiral disc-like molecules have
recently attracted considerable attention as systems exhibiting
a helical supramolecular organization of the mesophase and
therefore responsible for a number of interesting properties.2 Thus,
ferroelectric switching,3 high charge-carrier mobility,4 and excep-
tional second order nonlinear optical susceptibilities5 were found
to be associated in columnar discotic mesophases with a helical
architecture.

A number of known discotic liquid crystals are based on mac-
rocyclic compounds containing extended aromatic cores and large
polyaromatic hydrocarbons (PAH), and show an intrinsically high
tendency to aggregate into infinite one-dimensional columnar
stacks.1 Typically, porphyrins,6 phthalocyanines,7 hexabenzocor-
onenes,8 and triphenylenes,9 equipped with flexible peripheral
paraffinic tails, represent this type of discotic mesogen. Among
these systems, those containing stereogenic centers in the
x: þ48 12 6340515; e-mail
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peripheral chains are likely to exhibit a helical superstructure of the
columnar mesophases.2,10 It should be noted, however, that helical
self-assembly in the liquid crystalline columnar phases may also
originate from other molecular characteristics, such as shape and
topology.2,11

We have recently shown that the dibenzotetraaza[14]annulene
(DBTAA) ligand 1 (Fig. 1), substituted at the periphery by pro-
Fig. 1. Dibenzotetraaza[14]annulene (DBTAA) 1.17
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mesogenic paraffinic tails, gives rise to materials exhibiting co-
lumnar mesomorphism driven by pep interactions.12 The DBTAA
core in 1 is nearly flat, and rich in p delocalized areas; therefore it
seems to be well suited to play the role of a disc-shaped tecton. In
addition, peripheral reactivity and the capability of accommodating
various substituents on the phenylene rings and imine carbons
make this system very attractive for the design and synthesis of
materials-directed building blocks.

Here, we report our results in preparing DBTAA-based discotic
liquid crystals with a helical architecture of themesophase. In order
to promote helical self-assembly of the molecules in columnar
phases, we have designed and synthesized new optically pure,
chiral derivatives 8 of DBTAA (Scheme 1).
Scheme 1. Reagents and conditions: (i) H2, 10% Pd/C, methanol, rt, 24 h, (41e53%); (ii) NBS, Ph3P, CH2Cl2, rt, 16 h, (68e74%); (iii) catechol, K2CO3, DMF, 80 �C, 5 h, (56e61%); (iv) (1)
CH2Cl2, HNO3, rt, 30 min, (2) H2SO4, rt, 1.5 h, (65e76%); (v) 10% Pd/C, NaBH4, methanol, 65 �C; (vi) 3-formylchromone, methanol, 65 �C, 1 h, (36e41%).
The designedmolecule 8 contains four peripheral (R)- or (S)-3,7-
dimethyloctoxy substituents attached to the phenylene fragments,
and two 2-hydroxybenzoyl groups located at the meso positions of
the macrocyclic ring. In our strategy, we took into account crys-
tallographic results, showing that 2-hydroxybenzoyl meso sub-
stituents in 1 and in other derivatives of 1 were non-coplanarly
arrangedwith respect to the main plane of themacrocycle, and that
phenolic OH groups in these moieties were engaged in effective H-
bonding interactions.12,13 Therefore, in view of the structural data of
known helically organized mesogens,14 we expected that both the
steric requirements and chirality associated with the substituents
in 8 may force the molecules to self-assemble in a helical fashion.
Stabilization of the resulting helicoidal arrangement of the meso-
gens within the supramolecular structures through H-bonding in-
teractions seemed also probable.

The newmaterial was fully characterized by means of 1H and 1C
NMR spectroscopy, ESI-MS, and elemental analysis and their ther-
mal behavior andmesophase structures were analyzed bymeans of
differential scanning calorimetry (DSC), thermogravimetry (TGA),
X-ray diffractometry (XRD), polarizing optical microscopy (POM),
and circular dichroism (CD).
2. Results and discussion

2.1. Synthesis

The synthetic pathway to chiral derivatives of DBTAA, (all-S)-8
and (all-R)-8, is summarized in Scheme 1. The method involves the
initial preparation of optically pure (R,R)- and (S,S)-4,5-bis(3,7-
dimethyloctoxy)-o-phenylenediamine 7 using a multi-step route
involving the alkylation of catechol with the appropriate chiral al-
kyl bromide 4, followed by nitration of the products.15,16 The (S,S)-
and (R,R)-1,2-dinitro-4,5-bis(3,7-dimethyloctoxy)benzenes 6 were
reduced by means of NaBH4/methanol in the presence of 10% Pd/C
and the corresponding diamines 7 were then condensed with 3-
formylchromone to give optically pure (all-S)-8 and (all-R)-8, fol-
lowing a general procedure reported earlier.17

(S)-3,7-Dimethyl-1-octanol 3was prepared by hydrogenation of
commercially available (S)-(�)-b-Citronellol, and next transformed
to the bromide (S)-4.18,19 In order to prepare the corresponding (R)-
3,7-dimethyl-1-octanol 3, (R)-(þ)-b-Citronellol was first synthe-
sized starting from (R)-(þ)-Pulegone according to the procedure
described in the literature.18

2.2. Thermal behavior (POM, TGA, DSC)

The thermal behavior of (all-S) and (all-R)-8, as well as of the
racemic (rac)-8 prepared previously,12 was first investigated by the
use of POM, TGA, and DSC.

On heating, several phase transitions were detected before
clearing in the isotropic liquid at 192 �C. Characteristic optical
textures of discotic columnar phases (e.g., large growing cylindrical
monodomains, broken fan texture, dendrites) were observed under
polarized light microscopy for all studied compounds ((rac)-8,12

(all-S)-8, and (all-R)-8). The photographs were taken during heat-
ing, and on slow cooling to lower temperatures after annealing the
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sample for a few minutes at high temperature, in the isotropic
liquid near the decomposition temperature. Examples of typical
textures obtained under these conditions are shown in Fig. 2.
Fig. 2. Optical textures of compound (all-S)-8 observed using polarized light micros-
copy: (a) at 112.0 �C (heating 0.1 �C/min), 10�, crossed polarizers; (b) at 162.0 �C
(cooling 5 �C/min, 10�, crossed polarizers); (c) at �4.5 �C (cooling 5 �C/min, 10�,
crossed polarizers).

Fig. 3. DSC traces of the first heating of (all-R)-8 and (all-S)-8.

Fig. 4. DSC traces of (all-R)-8 and (all-S)-8 (first cool and second heat).
Textures of both mesophases on cooling exhibit defects consis-
tent with columnar organizations. Homeotropic domains in the
high-temperature phase, indicative of uniaxiality, are replaced by
weakly birefringent areas in the phase below, which is either uni-
axial or weakly biaxial (Fig. 2).

The thermal stability of the samples was checked using TGA. As
shown in Fig. S1 (Supplementary data), both the racemic mixture,
(rac)-8, and the stereoisomer (all-S)-8 are thermally stable up to
200 �C, at which a small weight-loss is detected (w0.5 wt%). Then
above this temperature, ca. 210e220 �C, the samples begin to lose
weight continuously, and at temperatures higher than 250 �C, the
compounds are fully degraded.
The DSC data (Fig. S2, Supplementary data) show that (rac)-8
only exhibits one measurable, quite broad, transition, at ca. 80 �C,
corresponding to a transition between two mesophases, as shown
by the small temperature shift (DTz4 �C) and the small enthalpy
change (DHw2 J g�1). The clearing transition is not detected by DSC
(the onset of the clearing being determined by POM only at 192 �C)
and is consistent with the slow and progressive transition resulting
in a broadened signal spread over several degrees, with non-
resolvable enthalpy. This thermal behavior is fully reproducible
on subsequent heatecool cycles, providing that the decomposition
temperature is not reached.

The pure enantiomers exhibit indistinguishable thermal be-
haviors from one another, but markedly different to that of the
racemicmaterial (rac)-8. During the first heating, DSC traces of both
(all-S)-8 and (all-R)-8 exhibit two sharp endothermic peaks, a very
intense one at ca. 79e80 �C, attributed to the melting transition
into a mesophase (DH of the order of 20 J g�1) and another one at
ca. 114e115 �C with a much smaller enthalpy change (DH
w6e7 J g�1), likely accounting for a mesophase-to-mesophase
transformation; as above, due to a slow and progressive iso-
tropization, the transition corresponding to the clearing event has
not been detected (Fig. 3.). On cooling, the transition temperature
between the two mesophases is slightly shifted, by ca. 5e6 �C
(Fig. 4). No other thermal event was detected below 0 �C but on
subsequent heating (second and third), a small transition (7e8 �C),
which is attributed to the melting of partially crystalline solid into
the mesophase (Fig. 4) is observed; this behavior is fully reversible.
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2.3. X-ray diffraction

The thermal behaviors recorded by DSC fully match the small-
angle diffraction experiments performed at variable tempera-
tures. XRD results confirm that the various transition temperatures
detected by DSC correspond effectively to phase changes (with the
formation of two lamello-columnar mesophases), and that the
three compounds decompose above 200 �C. At room temperature,
the two isomers are crystalline. In contrast, the racemic mixture
(rac)-8 is not as prone to crystallization, probably owing to the fact
that the stereoisomers cannot pack together in the same crystal
lattice and the coexistence of several crystalline phases in the so-
lidified mixtures implies a crystallization onset temperature con-
siderably lowered with respect to that of the pure isolated isomers.
As shown by SA-XRD, the same low-temperature mesophase, with
almost similar lattice parameters, is present for the three com-
pounds (Table 1, Fig. 5). In the wide angle region, the intense and
unusually slightly broadened reflection at 3.35�A (h0) evidences the
Table 1
XRD data for (rac)-8, (all-S)-8, and (all-R)-8

Compounds dexp/�Aa [hk]b Ic dtheo/�Aa,d Parametersd,e

(rac)-8 21.86 11 vs (sh) 21.9 T¼60 �C
18.0 20 m (sh) 18.0 LamColr-pg
12.7 12 w (sh) 12.85 a¼36.0�A, b¼27.5�A
4.8 hh1 vs (br) Alkyl chains S¼990�A2

4.1 hh2 vs (br) Alkyl chains h¼3.83�A
3.35 h0 vs (sh) p-Stacking Z¼2, N¼1

21.76 001 vs (sh) 21.76 T¼140 �C

4.5 hh s (br) Alkyl chains LamCol
3.5 h0 s (sh) p-Stacking d¼21.76�A

A¼87.3�A2

(all-S)-8 22.12 11 vs (sh) 22.12 T¼80 �C
18.06 20 s (sh) 18.06 LamColr-pg
12.75 12 w (sh) 13.05 a¼36.1�A, b¼27.95�A
4.8 hh1 vs (br) Alkyl chains S¼1009�A2

4.2 hh2 s (sh) Alkyl chains h¼3.75�A
3.35 h0 s (sh) p-Stacking Z¼2, N¼1

21.8 001 vs (sh) 21.75 T¼140 �C
10.85 002 w (sh) 10.9 LamCol
4.5 hh vs (br) Alkyl chains d¼21.75�A
3.5 h0 vs (sh) p-Stacking A¼87.35�A2

(all-R)-8 22.1 11 vs (sh) 22.1 T¼80 �C
18.05 20 s (sh) 18.05 LamColr-pg
12.86 12 w (sh) 13.03 a¼36.12�A, b¼28.0�A
4.8 hh1 vs (br) Alkyl chains S¼1011�A2

4.2 hh2 s (sh) Alkyl chains h¼3.75�A
3.35 h0 s (sh) p-Stacking Z¼2, N¼1

21.75 001 vs (sh) 21.77 T¼140 �C
10.9 002 w (sh) 10.9 LamCol
4.5 hh vs (br) Alkyl chains d¼21.77�A
3.5 h0 vs (sh) p-Stacking A¼87.3�A2

a dexp and dtheo are the experimentally measured and theoretical diffraction
spacings. The distances are given in �A.

b [hkl] is the indexation of the reflections, and h0, hh1, hh2 and hh are the various
short-range periodicities determined by XRD corresponding to the stacking distance
(h0), the liquid-like or quasi-liquid-like order of the molten chains (hh1, hh2 and hh),
respectively.

c Intensity of the reflections: vs: very strong, s: strong, m: medium, w: weak; br
and sh stand for broad and sharp reflections, respectively.

d dtheo, the lattice parameters a and b or the periodicity d are deduced from the
following mathematical expressions: for LamCol, d ¼ P

l
d00l=N00l where N00l is the

number of 00l reflections and for LamColr, 1/dhk¼O((a/h)2þ(b/k)2).
e S is the lattice area, S¼a�b, and Scol, the columnar cross-section, Scol¼a�b/2. Vmol

is themolecular volume; h is the intracolumnar repeating distance, deduced directly
from the measured molecular volume and the columnar cross-section according to
h¼ZVmol/S¼NVmol/Scol. (Z is the number of molecules per lattice, N: number of
molecules per periodic stacks; here Z¼2, N¼1, Vmol¼1900�A3); A is the molecular
area, A¼Vmol/d.

Fig. 5. Diffractograms of (rac)-8 (top), (all-R)-8 (middle), and (all-S)-8 (bottom) of the
low-temperature LamColr phase.
well-developed p-stacking of the mesogens into columns (corre-
lation length from Scherrer formula: x w170�A, i.e., 50 stacked
macrocycles). In the small-angle region, two first order reflections
testify for a rectangular columnar ordering, and thanks to the
presence of an additional higher-order reflection, the assignment of
the three observed reflections to the (11), (20), and (12) reflections
of the lattice is unambiguous. Within the two columns contained in
the rectangular lattice, the macrocycles stack without significant
out-of-plane tilting, as shown by the absence of significant differ-
ence between the molecular stacking distance, h0, and the intra-
columnar periodicity, h, deduced from the estimated molecular
volume (by assuming a density of 1.0 g cm�3) and from the lattice
area. The rectangular lattice is primitive, as shown by the (12),
which excludes centered groups according the extinction rule
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hþk¼2nþ1. The symmetry break between the columns can either
result from a shift of the intercalated row from the lattice center or
by a change of the columns themselves, presumably over alter-
nating in-plane tilts. Depending upon the mechanism considered,
three non-centered rectangular planar groups are theoretically
compatible with the indexation of the observed reflections, namely
p2gg, p2mg and pg as displayed in Fig. 6.20
Fig. 6. Sketches representing the various non-centered, rectangular planar symme-
tries: A, p2gg; B and C: p2mg, D: pg (a and b are the lattice parameters, and the blue
rectangle symbolizes the molecular cores, the chains being not represented for clarity).

Fig. 7. Diffractograms of rac-8 (top), (all-R)-8 (middle), and (all-S)-8 (bottom) of the
high-temperature LamCol phase.
The p2gg lattice (Fig. 5) can be disregarded because of the high-
intensity ratio between both the fundamental reflections (11) and
(20) (Fig. 5). Indeed, this indicates that the electronic density con-
trast is strongly reduced along the a-vector lattice (low-intensity of
the (20) reflection) and consequently that rows of columns stack in
this direction with little or no intercalation of the low-electronic
density aliphatic chains. This also implies that the tails are rejec-
ted between the rows, forming alternating strips of high- and low-
electronic density. Thus, a lower packing symmetry ought to be
considered. Considering first the p2mg lattice (Fig. 6), two models
are theoretically conceivable. For the first one, the columns are
piled in a strict fashion along the a-vector with an alternation of the
in-plane tilt, generating strips of chevron along the b-vector lattice.
For the rectangular lattice, resulting from the undulations of the
strips, one would expect a higher intensity contrast along the b-
vector, and therefore high-intensity (0l) reflections. Although, the
fact that the (12) higher-order reflection is the only one detected
strongly suggests that themaximum electronic density contrast lies
close, but is tilted from the b-lattice vector. This is however realized
in the case of the other p2mgmodel, whose glide plane occurs from
a lateral shift between neighboring columns, consistent with the X-
ray patterns. From a simple molecular point of view, this model
does not appear satisfying, as interactions between vicinal columns
stacked along the a-direction are not favored because of the lateral
shift. On the contrary, the combination of lateral shifts and alter-
nate tilts is consistent with the X-ray and molecular views, since
interactions between the tips of the columns are restored. This
leads to further symmetry breaking, and to the columns distribu-
tion according a pg lattice (Fig. 6).

It should bementioned that long-time patterns recorded in both
phases revealed additional very weak reflections corresponding to
twice the first order periodicities (Fig. S3, Supplementary data).
Stricto sensu, the real size of the lattices should then be a multiple
of the lattices described above, but since these additional signals
arise from minute deviations in the respective location/orientation
between second neighboring columns, it is nevertheless more
convenient to use the small lattice periodicities for the description
of the supramolecular organization.

On further heating, the three compounds also cross a transition
to the same high-temperature mesophase with similar lattice pa-
rameters (Table 1, Fig. 7). In this phase, the persistence of the in-
tense reflection attributed to the p-stacking of the macrocycles (h0
w3.5�A; x w90�A, i.e., 25 mesogens) demonstrates the persistence
of the columns. However the registry of the columns vanishes and
the small-angle region just contains reflections occurring from the
lamellar piling, i.e., a first order reflectionwith a periodicity close to
the one of the (11) reflection in the former mesophase and the first
harmonics. The structure of the mesophase is therefore similar to
lamello-columnar organizations shown by sanidic materials,6f,21
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consisting in sublayers of stacked mesogens alternating with ali-
phatic sublayers. Since the orientation of these mesogens stacks
varies beyond correlation distances, this mesophase appears uni-
axial, as evidenced by polarizing microscopy. With the assumption
of an untilted stacking within the columns, the average inter-
columnar distance in the sublayers is estimated to V/d/h0 w25�A,
which is close to the distance between columns in the {11} plane
(w23�A) and that along the b-lattice vector (27�A), distances pre-
figuring the layers in the low-temperature mesophase. Another
difference between both mesophases concerns the p-stacking
distance, which changes from a value close to the minimum one in
crystalline phases (3.3�A) to slightly larger values, which are typical
for columnar phases of discotic macrocycles.22 As expected, this
change toward more classical stacking distances is concomitant to
a change toward more classical correlation lengths. Moreover,
presumably because of the steric constraints connected to the un-
usual close packing of macrocycles in the low-temperature meso-
phase, the diffuse scattering of the molten aliphatic chains differs
from the classical profile, consisting of a broad cusp-like band with
a maximum at about 4.5�A (hh). Thus, two maxima at about 4.1e4.2
(hh2) and 4.8�A (hh1) are observed instead, which should reveal
a symmetry break in the average close packing of the proximal
aliphatic segments. This wouldmerit a nearer investigation, but the
connection to the close packing of the macrocycle is certain, since
the classical shape of the diffuse scattering is recovered in the high-
temperature mesophase.
2.4. ECD and UVevis spectroscopy

Chiroptical properties of chiral discotics (all-S)-8 and (all-R)-8
were investigated by electronic circular dichroism spectroscopy
(ECD). The results obtained are collected in Fig. 8 together with
UVevis spectra of both solution and films prepared on quartz
slides. The UVevis spectrum of the thin film of 8 shows no signif-
icant differences in comparison with the solution spectrum. In
general, absorption bands associated with the aromatic core occur
in the same energy range, however, they are slightly broadened and
red shifted in the case of the thin film (Fig. 8A, bottom).
Fig. 8. (A) Comparison of ECD spectra of 8 in the LamCol mesophase and in dichloromethane solution (top) and UVevis spectra of solution and thin film (bottom); (B) variable-
temperature ECD spectra of (all-S)-8 drop-casted films.
Much more fundamental differences are observed in the ECD
spectra. As can be seen in Fig. 8A, the ECD spectrum recorded in
dichloromethane indicates the presence of four relatively weak
Cotton effects (CEs), located at around 540, 410, 340, and 260 nm,
respectively. As expected, the effects are rather weak or even very
weak because of the distance between the stereogenic centers
placed in the flexible side-chains and dibenzotetraaza[14]-
annulene core.
Analysis of the solution and thin film spectra of 8 show differ-
ences in their shape and magnitude. Apart from the appearance of
an additional ECD band at 700 nm in (all-R)- and (all-S)-thin film
spectra of 8, the signs of remaining CEs present in both solution and
thin film spectra are opposite with one exception, namely the band
at 410 nm. Furthermore, compared with the spectra in solution the
CEs of films of 8 are relatively strong, both at ambient and higher
temperatures (Fig. 8B). The temperature-dependent data moni-
tored as a dependence of ellipticity at 454 nm (in mdeg) on tem-
perature indicated their good stability from ambient temperature
up to 140 �C. Further heating causes slow decomposition of the
system, which is expressed by a reduced intensity of ECD bands at
temperatures above 185 �C and by the disappearance of ECD band
at 700 nm.

The above-mentioned behavior strongly suggests the creation of
a chiral superstructure in which molecules are highly ordered en-
abling the occurrence of CEs. Moreover, the practically identical
intensity of the ECD bands of the thin film at different temperatures
suggest a similar type and degree of self-organization of individual
chiral molecules. Since the ECD spectra of drop-casted thin films
differ to a large extent from those obtained for the solutions, it
seems reasonable to assume that chiroptical activity of the lamello-
columnar mesophases results from a helical stacking of the mole-
cules, induced and controlled by the chiral tails attached to the
macrocyclic units.
2.5. Theoretical modeling

Additional support for such a conclusion may be obtained from
the ECD spectra calculated at the B3LYP/3-21G for n-mers of (all-S)-
8 (n¼1, 2, 3, and 4) with different twist angles (Fig. 9). Evolution of
the spectrum with increasing n shows that for twisted oligomers
(4¼�30� or 150�) negative CD band appears between 600 and
700 nm, in agreement with experimental CD spectrum of thin film.
Conversely, for untwisted structures CD values at these wave-
lengths are positive. Thus, the CD spectra calculated for twisted
structures reproduce the experimental data at long wavelengths
and therefore exclude the untwisted molecular stacking.
Single-point energies calculated for dimers of (all-S)-8 at the
B97D/6-31þG** level for a molecular distance of 3.5�A and different
twist angles show that the potential energy profile exhibits two
mimima: one for 4¼141� and the other, with energy only 3 kcal/
mol higher, at 4¼�11� (Fig. 10). The energy of the untwisted dimer
(4¼0�) is remarkably higher, by about 800 kcal/mol. Such behavior
results from steric repulsion between the aliphatic chains and/or
benzoyl groups, which is minimized for twist angles close to �10�



Fig. 10. Dependence of the potential energy calculated at the B97D/6-31þG** level on
the twist angle 4 for (all-S)-8 dimer with 3.5�A distance between molecular planes.
Energy values are given relative to the lowest minimum.

Fig. 11. Typical plot of potential energy changes in MD simulation for systems of 12
columns�12 (all-S)-8 molecules with different values of initial column twist.

Fig. 12. Snapshot of the LamColr phase of (all-S)-8 after about 0.1 ns of MD simulation.
View of the local arrangement of the columns in the pg lattice.

Fig. 9. Electronic CD spectra calculated at B3LYP/3-21G level for (all-S)-8 dimers, tri-
mers, and tetramers with different twist angles. CD values for n-mer were scaled by
factor 1/n.
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and 140�. Although this suggests that the helical twist of the col-
umn of molecules is preferred, one should note that this result was
obtained for frozen molecular geometry, optimized in B3LYP/6-
31G** calculations. In real structures molecules will adapt their
geometry to minimize the energy of the system.

To test the twisting in more realistic systems, we performed MD
simulations for structures with columns of (all-S)-8 twisted by 0�,
�30� or 150�. Such twist angle values were chosen because for 12
molecules in column they commensurate with periodic boundary
conditions of the simulation box. Spacing between molecules was
3.5�A in all structures. In the course of simulations untwisted
structures were unstabledwe observed shifts and twists of the
molecules leading to disorder in the column. Moreover, potential
energy of the initially untwisted structures was higher than for
twisted columns; in the latter case there was no significant differ-
ence between the two twist angles. A typical plot of potential en-
ergy is shown in Fig. 11. Snapshots from the MD trajectories for
LamColr and LamCol structures are displayed in Figs. 12 and 13,
respectively. Therefore, both quantum-chemical energy calcula-
tions and Molecular Dynamics simulations lead to the conclusion
that twisted columns are favored.

At this point, it is interesting to compare data obtained from all
these experiments. The twisted association between neighboring
molecules calculated by conformational geometry optimization,
and confirmed by ECD measurements, leads to their helicoidal
stacking into columns with a shift along the columnar axis as evi-
denced by MD calculations (Fig. 12). This helicoidal wrapping
around the columnar axis produces in the lattice cross-plane a off-
set from the lattice center and the change of the molecular orien-
tation, in consistency with the columnar pg lattice deduced by the
XRD measurements. The particular molecular structure of the
mesogens, i.e., a chain deficit with respect to a classical discotic
molecule and the presence of two H-bonding sites at both ex-
tremities, leads to the anisotropic arrangement of columns. In the
low-temperature phase, the rows of columns are almost continu-
ous in one direction (a-lattice vector), as evidenced by both XRD
and MD. In the high-temperature phase, the aliphatic chains are
completely expelled from the rows, forming lamellae of columns
alternating with layers of chains (Fig. 13). Finally, the effect of the
chirality is restricted to mixing effect, i.e., the decrease of the
melting and of the LamColr-to-LamCol transition temperatures in
the racemic mixture with respect to the enantiomers, but has no
significant impact on the supramolecular organization.



Fig. 13. Top and side views of the LamCol phase of (all-S)-8 after about 0.1 ns of MD
simulation.
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3. Conclusions

New chiral mesogens were prepared, based on a DBTAA mac-
rocyclic core, substituted at the periphery by four chiral (R)- and
(S)-3,7-dimethyloctoxy groups and two 2-hydroxybenzoyl meso
substituents. A lamello-columnar mesomorphism of sanidic-type
has been assigned to the new materials on the basis of SA-XRD
and DSC measurements, as well as of POM observations. Chiroop-
tical properties of the drop-casted thin film were examined with
use of temperature-variable ECD spectroscopy and compared with
those of the solution. The results were interpreted in terms of
a helical organization of the molecules in the mesophases, induced
and controlled by the chiral and bulky substituents attached to the
macrocyclic units. Experimental results have been supported by
theoretical modeling using quantum-chemical calculations andMD
simulations.

4. Experimental

4.1. General

Elemental analyses were performed on a CHNS Vario MICRO
Cube microanalyzer. 1H and 13C NMR were run on a Bruker AMX
(500 MHz) spectrometer. Chemical shifts (d) are expressed in parts
permillion and J values in hertz. Signal multiplicities are denoted as
s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). ESI
and MALDI-TOF mass spectra were taken on Esquire 3000 and
Bruker Reflex IV spectrometers, respectively. The IR spectra were
recorded in KBr with a Bruker IFS 48 spectrophotometer. Melting
points were measured using a Boethius apparatus and were
uncorrected.

The transition temperatures and enthalpies were measured by
differential scanning calorimetry with a TA Instruments DSC-
Q1000 instrument operated at a scanning rates of 1e5 �Cmin�1

on heating and on cooling.
The TGA measurements were carried out on a SDTQ 600 appa-

ratus at scanning rate of 10 �Cmin�1.
The XRD patterns were obtained with two different experi-

mental set-ups (I, II). In all cases, a linear monochromatic Cu Ka1
beam (l¼1.5405�A) was obtained using a sealed-tube generator
(900W) equipped with a bent quartz monochromator. In all cases,
the crude powder was filled in Lindemann capillaries of 1 mm di-
ameter and 10 mm wall-22 thickness. The initial set of diffraction
patterns (I) was recorded with a curved Inel CPS 120 counter gas-
filled detector linked to a data acquisition computer; periodicities
up to 70�A can be measured, and the sample temperature con-
trolled to within�0.01 �C from 20 to 200 �C. Alternatively, patterns
were also recorded on an image plate; periodicities up to 120�A can
be measured (scanned by STORM 820 from Molecular Dynamics
with 50 mm resolution). The second set of diffraction patterns (II)
was recorded on an image plate, where periodicities from 25 up to
350�A can be measured, and the sample temperature controlled to
within�0.1 �C from 20 to 200 �C. In each case exposure times were
varied from 1 to 24 h.

A Zeiss Axio Scope A1 polarizing microscope combined with
Linkam LTSE 420 hot stage, LNP95 cooling system, Linkam T 95
central processor, and Canon EOS 7D camera were used to char-
acterize optical textures.

UVevis absorption spectra were recorded with a Cary 100
UVevis spectrometer and electronic circular dichroism spectra
with a JASCO J-815 spectrophotometer. For solution measurements,
dichloromethane for spectroscopy UVsol(TM) from MERCK was
used as a solvent. Dichloromethane solutions with concentrations
of 2.3�10�4 mol dm�3 or 2.5�10�4 mol dm�3 were examined in
quartz cells with a path length of 0.1 or 2 cm with a band width of
2.0 nm, response 1 s, scanning speed 50 nm/s and five accumula-
tions per spectrum. For thin film (solid state) measurements the
neat samples were prepared by drop-casting from dichloro-
methane solution onto quartz plates. To avoid artifacts due to linear
dichroism or/and linear birefringence, the quartz plates were ro-
tated in a plane perpendicular to the light beam and the final ECD
spectrumwas the average of six spectra rotated through successive
60�, as proposed by Kuball et al.23

Temperature ECD spectra were recorded on thin film deposited
on a quartz plate with a JASCO J-715 spectrophotometer equipped
with a Specac Variable Temperature Cell Holder.

4.2. Computational methods

Molecular modeling has been performed for the all-S enantio-
mer of compound 8. Gaussian 09 rev. A.0224 was used in quantum-
chemical calculations reported in this work. Geometry of single
(all-S)-8 molecule was optimized in the density functional theory
calculationswith B3LYP functional and 6-31G** basis set. To find the
preferred values of the twist angle in columns of 8, single-point
energies were computed for dimers of (all-S)-8 with the 3.5�A
distance between molecular planes and varying twist angle 4. For
better reproduction of interaction energies these calculations
employed the 6-31þG** basis set and the B97D functional including
semiempirical dispersion correction.25 Electronic circular di-
chroism spectra of single molecules, dimers, trimers, and tetramers
were calculatedwithin the TDDFTmethodology at the B3LYP/3-21G
level; the size of the basis set was decreased to reduce the
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computational cost. Structures of n-mers were obtained after ap-
plying a short energy minimization procedure in MM3 force field
(see below) to the column of (all-S)-8 molecules. Tinker v 4.2
modeling package26 and all-atom MM3 force field was used in
Molecular Dynamics. Simulations were performed for 4 or 12 stacks
of 12 (all-S)-8 molecules with periodic boundary conditions in all
directions. Positions of the columns in the initial structures were
chosen consistently with crystallographic data for LamColr or
LamCol phase. The NVT ensemble with Berendsen thermostat was
used, the temperature was set to 350 or 410 K for rectangular and
lamcol structures, respectively. Timestep in simulations was 1 fs,
length of MD runs was at least 0.1 ns.

4.3. Syntheses

(S)-(�)-b-Citronellol (S)-2, R-(þ)-Pulegone, and other chemicals
(Pd/C, NaBH4, catechol, 3-formylchromone) were purchased from
commercial sources and were used as received. (R)-(þ)-b-Citro-
nellol, (R)-2, and bromide 4 were synthesized as described in the
literature.18 Compounds 3, 5, and 6 were prepared according to
reported procedures.15,16,19 The solvents were dried using standard
methods and were freshly distilled before use.

4.3.1. (S,S)-1,2-Dinitro-4,5-bis(3,7-dimethyloctoxy)benzene (S,S)-6.
A solution of (S)-5 (2.0 g, 5.1 mmol) in dichloromethane (30 mL)
was added, dropwise, to vigorously stirred, concentrated nitric acid
(10 mL) over a period of 30 min. Concentrated sulfuric acid (5 mL)
was then added in stages and the stirring of the reaction mixture
was continued for 1.5 h at room temperature. The reaction mixture
was next poured onto crushed ice and the resultant suspensionwas
extractedwith dichloromethane (2�30 mL). The combined extracts
were washed thoroughly, first with saturated aqueous sodium
carbonate, then with water, twice, and were next dried over an-
hydrous MgSO4. The solvent was removed under reduced pressure
to leave a yellow solid, which was recrystallized from ethanol to
give pale-yellow crystals of (S,S)-6 (1.9 g, 76%), mp 81e82 �C, [a]D20

�3.91 (c 2.00, CH2Cl2). 1H NMR (300 MHz, CDCl3, d ppm): 0.87 (d,
J¼6.6 Hz, 12H, Hh,i), 0.96 (d, J¼6.4 Hz, 6H, Hj), 1.1e2.0 (m, 18H,
Hb,c,d,e,f), 4.13 (m, 2H, Hg), 4.13 (t, J¼6.5 Hz, 4H, Ha), 7.30 (s, 2H, H2,5);
13C NMR (75 MHz, CDCl3, d ppm): 19.6 (Cj), 22.6, 22.7 (Ch,i), 24.7,
28.0, 29.9, 35.6, 37.2, 39.2 (Cb,c,d,e,f,g), 68.7 (Ca), 107.8 (C2,5), 136.5
(C1,6), 151.8 (C3,4); ESI-MS m/z 481.3 (Mþ1)þ; IR (KBr) nmax (cm�1):
3072, 2957, 2925, 2869, 2844, 1538, 1221, 1046, 874. Anal. Calcd for
C26H44N2O6: C, 65.0; H, 9.2; N, 5.8. Found: C, 65.0; H, 9.0; N, 5.8%.

4.3.2. (R,R)-1,2-Dinitro-4,5-bis(3,7-dimethyloctoxy)benzene (R,R)-6.
(R,R)-6 was synthesized analogously to the procedure described
above, starting from (R,R)-5.

Yield 1.6 g, 65%, mp 81e82 �C, [a]D20 þ4.39 (c 2.00, CH2Cl2). 1H
NMR (300 MHz, CDCl3, d ppm): 0.80 (d, J¼6.6 Hz, 12H, Hh,i), 0.89 (d,
J¼6.4 Hz, 6H, Hj), 1.1e1.7 (m, 18H, Hb,c,d,e,f), 1.82 (m, 2H, Hg), 4.06 (t,
J¼6 Hz, 4H, Ha), 7.23 (s, 2H, H2,5); 13C NMR (75 MHz, CDCl3, d ppm):
20.2 (Ci), 23.2, 23.3 (Ch,i), 25.3, 28.6, 30.5, 36.2, 37.8, 39.7 (Cb,c,d,e,f,g),
69.3 (Ca), 108.4 (C2,5), 137.1 (C1,6), 152.4 (C3,4); ESI-MS: m/z 481.3
(Mþ1)þ; IR (KBr) nmax (cm�1): 3073, 2957, 2927, 2871, 2845, 1528,
1223, 1048, 875. Anal. Calcd for C26H44N2O6: C, 65.0; H, 9.2; N, 5.8.
Found: C, 65.1; H, 9.5; N, 5.8%.

4.3.3. 2,3,11,12-Tetrakis((S)-3,7-dimethyloctoxy)-7,16-bis(2-
hydroxybenzoyl)-5,14-dihydrodibenzo[b,i][1,4,8,11]-tetraazacyclote-
tradecine (all-S)-8. Powdered NaBH4 (1.59 g, 42 mmol) was added
to a reaction mixture containing 6 (1 g, 2.1 mmol) and 10% Pd/C
(0.2 g) in methanol (75 mL), slowly and in small amounts, so as to
maintain the gentle boiling of the mixture until the supernatant
solution became colorless (about 30 min). The catalyst, solid by-
products, and excess undissolved NaBH4 were removed by means
of filtration through a pad of Celite under argon. 3-
Formylchromone (0.36 g, 2.1 mmol) was immediately added to
the filtrate and the mixture was allowed to reflux under argon for
2 h. The crude product, which precipitated after cooling was fil-
tered off and recrystallized from acetone/methanol (4:1) to give
brown crystals of (all-S)-8 (0.49 g, 40.8%), mp 192 �C. 1H NMR
(300 MHz, CDCl3, d ppm): 0.87 (d, J¼6.6 Hz, 24H, Hh,i), 0.94 (d,
J¼6.3 Hz, 12H, Hj), 1.1e1.4 (m, 24H, Hd,e,f), 1.5e1.7 (m, 12H, Hb,c,g),
1.84 (m, 4H, Hb), 3.96 (m, J¼6.7 Hz, 8H, Ha), 6.64 (s, 4H, H1,4,10,13),
6.88 (dd, J¼7.5, 7.5 Hz, 2H, H24), 7.06 (d, J¼7.8 Hz, 2H, H22), 7.44 (dd,
J¼7.8, 7.8 Hz, 2H, H23), 7.54 (d, J¼7.8 Hz, 2H, H25), 8.34 (d, J¼6 Hz,
4H, H6,8,15,17), 11.36 (s, 2H, OH21), 14.95 (t, J¼6.6 Hz, 2H, HN5,N14); 13C
NMR (75 MHz, CDCl3, d ppm): 19.7 (Cj), 22.7, 22.8 (Ch,i), 24.8 (Ce), 28
(Cg), 30.0 (Cc), 36.3 (Cb), 37.5 (Cd), 39.4 (Cf), 68.1 (Ca), 100.7
(C1,4,10,13), 109.0 (C20), 118.2 (C24), 118.5 (C22), 120.3 (C7,16), 130.2
(C5a,9a,14a,18a), 131.2 (C25), 134.7 (C23), 148.7 (C2,3,11,12), 150.8
(C6,8,15,17), 161.6 (C21), 196.0 (C19); IR (KBr) nmax (cm�1): 2955, 2927,
2869, 1639, 1522, 1258, 1011, 816; MALDI-MS: m/z 1152.5 Mþ. Anal.
Calcd for C72H104N4O8: C, 74.96; H, 9.1; N, 4.86. Found: C, 74.9; H,
9.0; N, 4.8%.

4.3.4. 2,3,11,12-Tetrakis((R)-3,7-dimethyloctoxy)-7,16-bis(2-
hydroxybenzoyl)-5,14-dihydrodibenzo[b,i][1,4,8,11]-tetraazacyclote-
tradecine (all-R)-8. The procedure was analogous to that described
above. The product was recrystallized from acetone/methanol (4:1)
to give brown crystals of (all-R)-8 (0.44 g, 36.4%), mp 192 �C. 1H
NMR (300 MHz, CDCl3, d ppm): 0.87 (d, J¼6.6 Hz, 24H, Hi,h), 0.94 (d,
J¼6.4 Hz, 12H, Hj), 1.1e1.4 (m, 24H, Hd,e,f), 1.5e1.7 (m, 12H, Hb,c,g),
1.83 (m, 4H, Hb), 3.93 (m, 8H, Ha), 6.58 (s, 4H, H1,4,10,13), 6.86 (dd,
J¼7.5, 7.5 Hz, 2H, H24), 7.05 (d, J¼7.8 Hz, 2H, H22), 7.43 (dd, J¼7.8,
7.8 Hz, 2H, H23), 7.51 (d, J¼7.8 Hz, 2H, H25), 8.28 (d, J¼6 Hz, 4H,
H6,8,15,17), 11.33 (s, 2H, OH21), 14.95 (t, J¼6.6 Hz, 2H, HN5,N14); 13C
NMR (75 MHz, CDCl3, d ppm): 19.7 (Cj), 22.6, 22.7 (Ch,i), 24.7 (Ce),
28.0 (Cg), 29.9 (Cc), 36.2 (Cb), 37.4 (Cd), 39.3 (Cf), 67.9 (Ca), 100.4
(C1,4,10,13), 108.9 (C20), 118.1 (C24), 118.4 (C22), 120.3 (C7,16), 130.0
(C5a,9a,14a,18a), 131.0 (C25), 134.5 (C23), 148.5 (C2,3,11,12), 150.6
(C6,8,15,17), 161.5 (C21), 195.8 (C19) ; MS (ESI) m/z 1153.5 (Mþ1)þ; IR
(KBr) nmax (cm�1): 2955, 2927, 2869, 1639, 1522, 1258, 1011, 816.
Anal. Calcd for C72H104N4O8: C, 74.96; H, 9.1; N, 4.86. Found: 75.05;
H, 9.3; N, 4.95%.
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