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Columnar Superstructures of Non-Disc-Shaped Molecules Generated
by Arene—Perfluoroarene Face-to-Face Interactions**

Keiki Kishikawa,* Katsuyuki Oda, Sumihiro Aikyo, and Shigeo Kohmoto

Arene—perfluoroarene interaction is known as a strong face-
to-face interaction between perfluorinated and nonfluori-
nated aromatic rings."? It has been reported that the
interaction was not a donor—acceptor interaction, that it
originated in both dispersion and electrostatic interactions,
and that the dispersion interaction was more effective than
the electrostatic interaction.”! The sum of the dispersion and
electrostatic energies between benzene and hexafluoroben-
zene molecules was estimated to be 3.7-5.6 kcalmol [l In
other reports, the interactions between phenyl and fluori-
nated phenyl groups were estimated to be 0.5 kcalmol ' per
fluorine atom from the study of the rotational barriers of 1-
(fluorinated phenyl)-8-phenylnaphthalenes.”! Further, the
attractive interaction was used for crystal engineering’® and
solid-state stereoselective photoreactions.”!

Despite the wide application of arene—perfluoroarene
interaction in various areas, it is very difficult to maintain the
strong interaction in liquid-crystal (LC) phases. The two
different benzene rings have to be kept at a short distance to
maintain the large attractive forces because the dispersion
and quadrupole-quadrupole forces are proportional to r°
and r~°, respectively (7 is the intercentroid distance between
two benzene rings).

In this study, we designed and synthesized non-disk-
shaped simple molecules 1-6 (Scheme 1) with both penta-
fluorophenyl and nonfluorinated phenyl groups. The com-
pounds 2-5 generated a columnar superstructure in the

1:X=F,R=n-CgHys
X O 2: X=F,R=n-CgHq7
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7: X =H, R=n-CyoHy4

Scheme 1. Structures of compounds 1-7.
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mesophases by using intermolecular attractive interactions,
such as dipole—dipole, arene—perfluoroarene, and CH-F
interactions. In the superstructures, arene—perfluoroarene
face-to-face interactions should be the main attractive force
for the molecular stacking. Although several interactions,
such as hydrogen bonding, dipole—dipole interaction, ionic
bonding, charge-transfer complexation, and microsegrega-
tion, were used recently for generation of superstructures in
LC phases,® arene—perfluoroarene interaction has hardly
been utilized. This suggests that it is difficult to use the
interaction for the construction of superstructures.

For stabilization of a LC phase by arene—perfluoroarene
interactions, only the following two examples are known.
Grubbs and co-workers reported that the clearing point of the
columnar phase of a liquid-crystalline triphenylene derivative
was raised by the addition of an equimolar amount of
perfluorotriphenylene.” In this case, however, it seemed that
the stabilization energy did not originate only in the m—m
interaction, but also in the decrease of the intermolecular
steric repulsion in the column by the insertion of the small
disklike (perfluorotriphenylene) molecules between the
bulky disklike (hexaalkoxytriphenylene) molecules. In the
other example, Marder and co-workers reported that the 1:1
complex of 1,4-di(phenylethynyl)benzene and 1,4-di(penta-
fluorophenylethynyl)-2,3,5,6-tetrafluorobenzene showed
smectic B and nematic LC phases, despite each of them not
exhibiting any LC phase.'” In this case, the spinning of the
rodlike molecules around their molecular long axes seemed to
be so rapid that the arene—perfluoroarene face-to-face
interaction could not be distinguished from the CH-F edge-
to-edge attractive interaction.""! Thus, in those two examples
it was not clear whether the face-to-face interaction was the
main intermolecular interaction in the self-organizations.

The simple molecules 1-6 have one pentafluorophenyl
group and one nonfluorinated phenyl group linked by an ester
junction. We expected the following processes in their
molecular aggregation; 1) the molecules are organized into
dimers in an antiparallel manner by the intermolecular
dipole—dipole interaction of the central ester moieties and
the edge-to-edge CH-F interaction (A —B in Figure 1);2) the
dimers are piled up by using the intermolecular arene—
perfluoroarene face-to-face interaction (B—C); and 3) by
doping of chiral dopant molecules, the column twists helically
(C—D).

Esters 1-6 were prepared from pentafluorobenzoic acid
and the corresponding 3,4,5-trialkoxybenzyl alcohol. The
nonfluorinated homologue 7 was also synthesized, and its
behavior was compared with that of fluorinated compound 3
to clarify the influence of the pentafluorophenyl group
(Scheme 1). The transition temperatures and enthalpies of
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Figure 1. Schematic representation of the generation of the columnar
structure. A: monomer; B: dimer; C: columnar aggregate; D: helically
twisted columnar aggregate. (light-gray disk: nonfluorinated benzene

ring; dark-gray disk: perfluorinated benzene ring; gray block: trialkoxy
groups).
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these compounds were investigated by differential scanning
calorimetery (DSC) and their phases were identified by
polarized optical microscopy (POM). Compounds 2-4
showed enantiotropic columnar phases at room temperature
(Table 1). Compound 5 showed a monotropic columnar

Table 1: Phase-transition behavior of 1-7.1

Compound Phase-transition behavior T[°C] (AH [kcalmol™])
1 cryst—Iso 51 (6.3)

2 Col,,—Col,,—Iso 29 ([b]), 46 (5.4)

3 Colp,—Iso 42 (5.8)

4 Colp,—Iso 40 (5.7)

5 cryst—(Col,,,)-Iso 62 (7.6), 37 (1.8)

6 cryst—Iso 23 (4.2)

7 Iso <RT n.a

[a] Cryst, Col,, Coly,, and Iso indicate crystal, ordered rectangular
columnar, ordered hexagonal columnar, and isotropic phases, respec-
tively. [b] The transition enthalpy was too small to be measured, n.a.: not
applicable.

phase. At the transition from the isotropic to columnar
phase, the ribbonlike textures (or peeled apple skins)
appeared from the isotropic liquid (Figure 2a) and coalesced
to focal conic textures (Figure 2b). Even with a slow cooling
rate (0.1°Cmin "), the ribbons were mainly observed at the
transition. The generation of the ribbonlike textures suggests
that the growth of the column in the direction of the column
axis is much faster than that in the perpendicular direction to
the column axis."”! Accordingly, it is assumed that the stacking

Figure 2. Polarized optical micrographs of 2 at 46°C. a) Ribbonlike
textures and b) focal conic textures.
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interactions between the molecules in these columnar phases
are much stronger than those in general columnar phases. The
transition enthalpies (5.4-5.8 kcalmol™) of the ordered
hexagonal columnar—isotropic (Col;,—Iso) phase transitions
of 2-4 were larger than those of other columnar liquid-
crystalline compounds with a similar molecular weight.!>'¥
The nonfluorinated benzoate 7 (X=H, R=n-C(H,,) was a
clear oil even at room temperature and did not show any LC
phase. These results strongly suggest that the driving force for
the self-organization of the molecules into the columnar
superstructures is the intermolecular interaction between the
pentafluorophenyl and trialkoxyphenyl groups.

To investigate the molecular-packing structures, the X-ray
diffraction (XRD) profiles of 24 in liquid-crystalline states
were measured (Table 2). In the cases of 3 and 4, the ratios of
the d spacings (100), (110), (200), (210), and (300) were 1,
1/4/3,1/2, 1/4/7, and 1/3, respectively, which was indicative of
a hexagonal columnar structure. A sharp peak observed at
3.7 A corresponds to the repeat distance of the stacked
aromatic rings and indicates that the phases have a Col,,
structure.

Table 2: XRD results for 2, 3, and 4.1

Compound Phase dobs [A] deaicd [A] Miller index z
2 Coly, 22.2 22.2 100 1.8
a=257A 129 12.8 110
c=37A 11.2 11.1 200
T=35°C 8.5 8.4 210
7.5 7.4 300
5.6 5.6 400
4.5 4.4 500
3.7 - 001
Col,, 22.4 22.4 200 3.7

a=448A 221 22.1 110
b=254A 129 12.9 310
c=3.7A 12.7 12.7 020
T=20°C 11.2 11.2 400
11.0 11.0 220
8.6 8.4 420
8.3 8.3 130

7.3 7.2 330/600
5.7 5.8 800
5.5 5.5 440
45 - -
3.7 - 001
3.6 - -

3 Coly, 24.0 24.0 100 1.9
a=277A 139 13.9 110
c=36A 12.0 12.0 200
T=20°C 9.1 9.1 210
8.0 8.0 300
3.6 - 001
4 Coly, 25.4 25.4 100 1.9

a=293A 147 14.7 110
c=36A 12.8 12.7 200
T=20°C 9.7 9.7 210
8.5 8.5 300
3.6 - 001

[a] a, b, and c: cell parameters, T: temperature, z: number of molecules in
the unit cell (calculated as the specific gravity was 1.0), dy, and d,q:
observed and calculated layer spacings.
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On the other hand, compound 2 exhibited an ordered
rectangular columnar phase (Col,, phase, Figure 3a) and a
Col,, phase (Figure 3b). The Col,, phase showed two peaks
for the stacking distance at 3.68 A and 3.63 A. Such double
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Figure 3. XRD charts of 2 at a) 20°C and b) 35°C. I =intensity mea-
sured in counts per second.

stacking distances were only observed in the cases of
pseudohexagonal columnar phases of disk-shaped metal-
lomesogens!™!®! in which a rare-earth-metal atom was
sandwiched by two phthalocyanine molecules. In those
cases, the double stacking peak was explained by different
tilt angles of the adjacent columns that had P2,/a as the space
group. In our case, the space group was C2/m from its XRD
peak pattern, and the phase also may belong to a pseudohex-
agonal columnar phase based on a=b,/3. The Col,,Col,
transition of 2 was not observed by DSC and POM because
the enthalpy was too small to be measured. Therefore, it
suggests that the superstructure of the Col,, phase is almost
similar to that of the Col,, phase. In all the columnar phases,
halos were observed at 26 =12° (7.4 A) and 20 =20° (4.5 A),
which corresponds to twice the thickness of a benzene ring
and the diameter of a molten alkyl chain, respectively.

Figure 4 shows the 2D XRD profile of 2 in the Col,, phase.
The sample on a polyimide film was sheared in the direction
indicated by the arrow. The sets of bright arcs at the small-
angle region are the peaks of d,; and d, and the arcs of dy,
dago, dang, dizg, dazg, and dy, are also located on the meridian.
One set of arcs (dy;) on the equator is observed as the wide-
angle scattering, which indicates the stacking distance in the
column and is not observed as double lines because of the low
resolution.
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Figure 4. 2D XRD image of 2 in the Col,, phase at 20°C. The sample
on a polyimide film was sheared in the direction indicated by the
arrow.

In all of the columnar phases, each of the XRD peaks
were very sharp, which suggests that these columnar phases
have well-defined molecular-packing structures. In general,
the sharp scattering peak (dy,) at the wide-angle region is
observed in the mesophases of large conjugated m systems,
such as triphenylenes,'”! perylenes™® truxenes,'”! phtharo-
cyanines,”™ and hexabenzocoronenes,?! all of which have
strong attractive m—m interactions as their stacking forces.
Accordingly, the sharp scattering peaks in the columnar
phases of 2-4 suggest that their stacking interactions are
strong. It is a great surprise to have such strong interactions
even though each of the molecules only has two benzene rings
that are not conjugated. The distances between the rings of
3.6-3.7 A are as short as those in the 1:1 cocrystals of
perfluorinated benzene and benzene derivatives.!*” The short
distance showed that the two kinds of benzene rings have
face-to-face stacking in the direction of the column axis. In the
hexagonal mesophases of 2, 3, and 4, the z values (the number
of the molecules in the unit cell) were 1.8, 1.9, and 1.9,
respectively. Usually, the z values of disk-shaped mesogens in
hexagonal columnar phases are around 1.0. Accordingly, it
can be assumed that association of the two molecules with an
antiparallel manner generates a full disk shape to cancel out
their dipoles (B in Figure 1 and Figure 5a)."! The electro-

Figure 5. Molecular models for a) disk-shaped dimer of 3 (R=n-
CioH2) and the most stable conformer of phenylmethyl pentafluoro-
benzoate shown from the front (b) and side (c) views (calculated by
AMT).

static attractive CH-F interaction also interacts between the
two benzene molecules."!! These results support the self-
organization postulated in Figure 1. The dimer stacks on
another dimer and changes the positions of the perfluorinated
and nonfluorinated benzene rings alternately as shown in B—
C in Figure 1. This is also suggested by the repeat distances
(7.4 A) observed as the halos in XRD analysis (Figure 3).
To estimate the conformation of molecules 2-4, an AM1
calculation™ of phenylmethyl pentafluorobenzoate was car-
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ried out to give a bent-shaped conformer as the most stable
form (Figure 5b,c). The stacking distances in the mesophases
can be explained by using the bent-shaped molecular model
as follows. In the Col,,, phase of 2, the bent-shaped molecules
are not tilted in the column (Figure 6a) and this packing
model gives one repeat distance (d=3.67 A). On the other
hand, in the Col,, phase of 2, each of the molecules slightly
tilts in the column (Figure 6b), which generates the two
repeat distances, d' (3.63 A) and d” (3.68 A). This packing
model is not consistent with the C2/m symmetry of the
rectangular columnar phase in which the tilt directions and tilt
angles of the columns are uniform.

Figure 6. The molecular-packing structures in the core parts of the
columns of a) Col,, and b) Col,, phases (dark gray: pentafluoroben-
zene ring; light gray: nonfluorinated benzene ring).

The circular dichroism (CD) spectra of 2 in the Col,, phase
were measured. Although no CD signal was observed in the
case of pure 2, doping with 5 mol % of chiral dopant 6 induced
a large negative CD signal at 306 nm (solid line in Figure 7).
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Figure 7. CD spectra of 2 doped with 5% of 6 in the LC state (solid
line; quartz plate, cell gap: 5 pm, 23°C) and a chloroform solution of
2 doped with 5% of 6 (broken line; 9.2x107° m, quartz cell, cell
length: 1 cm, 23°C).

On the other hand, a chloroform solution of 2 doped with 5%
of 6 (9.2x 107 m) did not show any CD signal (dashed line).
This means that the CD signal observed in the mesophase
originates not in each of the molecules but in the aggregate. It
is assumed that the helically twisted columnar structure D (as
shown in Figure 1) is generated in the mesophase.

We demonstrated that the molecules that possess both
pentafluorophenyl and nonfluorinated phenyl groups were
self-organized into rigid columnar superstructures in the
mesophases by the strong arene—perfluoroarene face-to-face
interaction. In this study, it has been clarified that the
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attractive stacking interaction in the columns mainly origi-
nates not in the CH-F interaction or volume effect but in the
arene—perfluoroarene face-to-face interaction as 1) the pen-
tafluorophenyl and trialkoxyphenyl groups strongly stacked
in the column can not rotate around the molecular long axis,
and the edge-to-edge (CH-F) interaction only takes place in
the perpendicular direction to the column axis and 2) the
replacement of phenyl with pentafluorophenyl group (7—3)
induces the liquid crystallinity, whereas the replacement
hardly changes the molecular shape or volume. Control of the
interaction is still difficult and it is highly sensitive to the
intermolecular distance between perfluorinated and non-
fluorinated phenyl groups. Further study on the effective
arrangement of these benzene rings in the molecular design is
now in progress.

Received: September 2, 2006
Revised: October 13, 2006
Published online: December 13, 2006

Keywords: aromatic interactions - columnar superstructures -
liquid crystals - self-assembly - supramolecular chemistry

[1] a) C. R. Patrick, G. S. Prosser, Nature 1960, 187, 1021; b) R. K.
Castellano, F. Diederich, E. A. Meyer, Angew. Chem. 2003, 115,
1244; Angew. Chem. Int. Ed. 2003, 42, 1210.

[2] a) J. H. Williams, Acc. Chem. Res. 1993, 26,593;b) C. A. Hunter,
Angew. Chem. 1993, 105, 1653; Angew. Chem. Int. Ed. Engl.
1993, 32, 1584.

[3] a) O. R. Lozman, R. J. Bushby, J. G. Vinter, J. Chem. Soc. Perkin
Trans. 2 2001, 1446; b) S. Lorenzo, G. R. Lewis, I. Dance, New J.
Chem. 2000, 24, 295.

[4] a) J. Herndndez-Trujillo, F. Colmenares, G. Cuevas, M. Costas,
Chem. Phys. Lett. 1997, 265, 503; b) A. P. West, Jr., S. Mecozzi,
D. A. Dougherty, J. Phys. Org. Chem. 1997, 10, 347.

[5] E. Cozzi, F. Ponzini, R. Annunziata, M. Cinquini, J. S. Siegel,
Angew. Chem. 1995, 107, 1092; Angew. Chem. Int. Ed. Engl.
1995, 34, 1019.

[6] a) M.-H. Yoon, A. Facchetti, C. E. Stern, T.J. Marks, J. Am.
Chem. Soc. 2006, 128, 5792; b) A. Sundararaman, L.N.
Zakharov, A.L. Rheingold, F. Jakle, Chem. Commun. 2005,
1708; ¢) S. Zhu, S. Zhu, G. Jin, Z. Li, Tetrahedron Lett. 2005, 46,
2713; d) S. W. Watt, C. Dai, A.J. Scott, J. M. Burke, R. L.
Thomas, J. C. Collings, C. Viney, W. Clegg, T. B. Marder, Angew.
Chem. 2004, 116, 3123; Angew. Chem. Int. Ed. 2004, 43, 3061;
e) J. C. Collings, J. M. Burke, P. S. Smith, A. S. Batsanov, J. A. K.
Howard, T.B. Marder, Org. Biomol. Chem. 2004, 2, 3172;
f) C. E. Smith, P.S. Smith, R. L. Thomas, E. G. Robins, J. C.
Collings, C. Dai, A.J. Scott, S. Borwick, A. S. Batsanov, S. W.
Watt, S.J. Clark, C. Viney, J. A. K. Howard, W. Clegg, T. B.
Marder, J. Mater. Chem. 2004, 14, 413; g) J. C. Collings, P.S.
Smith, D. S. Yufit, A. S. Batsanov, J. A. K. Howard, T. B. Marder,
CrystEngComm 2004, 6, 25; h) M. Gdaniec, W. Jankowski, M. J.
Milewska, T. Potofiski, Angew. Chem. 2003, 115, 4033; Angew.
Chem. Int. Ed. 2003, 42, 3903; i) J. C. Collings, K. P. Roscoe,
E. G. Robins, A. S. Batsanov, L. M. Stimson, J. A. K. Howard,
T. D. Marder, New J. Chem. 2002, 12, 1740; j) V. R. Vangala, A.
Nangia, V. M. Lynch, Chem. Commun. 2002, 1304; k) W. J. Feast,
P. W. Lovenich, H. Puschmann, C. Taliani, Chem. Commun.
2001, 505; 1) J. C. Collings, K. P. Roscoe, R. L. Thomas, A.S.
Batsanov, L. M. Stimson, J. A. K. Howard, T. D. Marder, New J.
Chem. 2001, 11, 1410; m) F. Ponzini, R. Zagha, K. Hardcastle,
J. S. Siegel, Angew. Chem. 2000, 112, 2413; Angew. Chem. Int.

www.angewandte.org

Chemie

767


http://www.angewandte.org

Communications

768

Ed. 2000, 39,2323; n) M. L. Renak, G. P. Bartholomew, S. Wang,
P.J. Ricatto, R. J. Lachicotte, G. C. Bazan, J. Am. Chem. Soc.
1999, 121, 7787.

a) R. Xu, V. Gramlich, H. Frauenrath, J. Am. Chem. Soc. 2006,
128, 5541; b) G. W. Coates, ; A. R. Dunn, L. M. Henling, J. W.
Ziller, E. B. Lobkovsky, R. H. Grubbs, J. Am. Chem. Soc. 1998,
120, 3641; c) G. W. Coates, A. R. Dunn, L. M. Henling, D. A.
Dougherty, R. H. Grubbs, Angew. Chem. 1997, 109, 290; Angew.
Chem. Int. Ed. Engl. 1997, 36, 248.

For reviews of supramolecular liquid crystals, see: a) T. Kato, N.
Mizoshita, K. Kishimoto, Angew. Chem. 2006, 118, 44; Angew.
Chem. Int. Ed. 2006, 45, 38;b) I. M. Saez, J. W. Goodby, J. Mater.
Chem. 2005, 15, 26; c) T. Kato, Science 2002, 295, 2414; d) C.
Tschierske, J. Mater. Chem. 2001, 11, 2647; e¢) C. Tschierske,
Annu. Rep. Prog. Chem. Sect. C 2001, 97, 191; f) T. Kato in
Handbook of Liquid Crystals, Vol. 2B (Eds.: D. Demus, J.
Goodby, G.W. Gray, H.-W. Spiess, V. Vill), Wiley-VCH,
Weinheim, 1998, p. 969; g) V. Percec in Handbook of Liquid
Crystal Research (Eds.: P.J. Collings, J.S. Patal), Oxford
University Press, New York, 1997, p. 259.

[9] M. Weck, A.L. Dunn, K. Matsumoto, G. W. Coates, E.B.
Lobkovsky, R.H. Grubbs, Angew. Chem. 1999, 111, 2909;
Angew. Chem. Int. Ed. 1999, 38, 2741.

[10] C. Dai, P. Nguyen, T. B. Marder, A. J. Scott, W. Clegg, C. Viney,
Chem. Commun. 1999, 2493.

[11] V. R. Thalladi, H.-C. Weiss, D. Bliser, R. Boese, A. Nangia,
G. R. Desiraju, J. Am. Chem. Soc. 1998, 120, 8702.

[12] 1. Paraschiv, M. Giesbers, B. van Lagen, F. C. Grozema, R. D.
Abellon, L.D. A. Siebbeles, A.T.M. Marcelis, H. Zuilhof,
E. J. R. Sudholter, Chem. Mater. 2006, 18, 968.

[7

—

[8

=

[13] K. Kishikawa, S. Furusawa, T. Yamaki, S. Kohmoto, M.
Yamamoto, K. Yamaguchi, J. Am. Chem. Soc. 2002, 124, 1597.

[14] K. Kishikawa, S. Nakahara, Y. Nishikawa, S. Kohmoto, M.
Yamamoto, J. Am. Chem. Soc. 2005, 127, 2565.

[15] K. Ban, N. Nishizawa, K. Ohta, A. van de Craats, J. M. Warman,
1. Yamamoto, H. Shirai, J. Mater. Chem. 2001, 11, 321.

[16] R.Naito, K. Ohta, H. Shirai, J. Porphyrins Phthalocyanines 2001,
5, 44,

[17] a) C. Destrade, M. C. Mondon, J. Malthéte, J. Phys. Collog. 1979,
C3, 17; b) N. Boden, R. C. Borner, R.J. Bushby, A. N. Cam-
midge, M. V. Jesudason, Lig. Cryst. 1993, 15, 851.

[18] C. Goltner, D. Pressner, K. Miillen, H. W. Spiess, Angew. Chem.
1993, 105, 1722; Angew. Chem. Int. Ed. Engl. 1993, 32, 1660.

[19] a) C. Destrade, H. Gasparoux, A. Babeau, N. H. Tinh, Mol
Cryst. Lig. Cryst. 1981, 67, 37; b) C. Destrade, J. Malthéte, N. H.
Tinh, H. Gasparoux, Phys. Lett. A 1980, 78, 82.

[20] a) J. F. van der Pol, E. Neelman, J. W. Zwikker, R. J. M. Nolte,
W. Drenth, J. Aerts, R. Visser, S. J. Picken, Lig. Cryst. 1989, 6,
577;b) T. Sauer, ; G. Wegner, Mol. Cryst. Liq. Cryst. Sci. Technol.
Sect. B 1988, 162, 97; ¢) R. I. Gearba, A. 1. Bonder, B. Goderis,
W. Bras, D. A. Ivanov, Chem. Mater. 2005, 17, 2825.

[21] a) M. Lee, J.-W. Kim, S. Peleshanko, K. Larson, Y.-S. Yoo, D.
Vanknin, S. Markutsya, V. V. Tsukruk, J. Am. Chem. Soc. 2002,
124, 9121; b) C.-Y. Liu, A. Fechtenkotter, M. D. Watson, K.
Miillen, A. J. Bard, Chem. Mater. 2003, 15, 124.

[22] AM1 calculation was carried out using WinMOPAC Ver. 3.9
(Fujitsu, Ltd.): 1. J. P. Stewart, J. Comput. Chem. 1989, 10, 209
and J. J. P. Stewart, J. Comput. Chem. 1989, 10, 221.

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2007, 46, 764—768


http://www.angewandte.org

