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Abstract: Novel bolaamphiphiles consisting of a rigid biphenyl unit, two terminal polar 1,2-diol units and
laterally attached (semi)perfluorinated chains have been synthesized via palladium-catalyzed cross coupling
reactions as the key step. The thermotropic liquid crystalline behavior of these compounds was investigated
by polarized light optical microscopy, DSC, and X-ray scattering, and the influences of the length, number,
structure, and position of the lateral chain on the mesomorphic properties were studied. A wide variety of
unique liquid crystalline phases were found upon elongation of the lateral semiperfluorinated chains. For
short- and medium-chain length a series of columnar phases were observed, and upon further elongation
of the lateral chain a series of novel mesophases with layer structures were found. In the columnar phases,
the nonpolar lateral chains segregate into columns, which are embedded in honeycomb-like networks of
cylinders consisting of the biphenyl units. Strings of hydrogen-bonding networks of the diol groups provide
cohesive forces, which maintain the overall structure. Changing the length of the lateral chains influences
the diameter of the columns and thus determines the number of biphenyl units which are required to surround
these columns. The number of these units [four (c2mm, p4mm), five (p2gg), six (p6mm), eight (c2mm) or
10 (p2gg)] defines the shape of the cylinders as well as the lattice type of the columnar phase. It is proposed
that the columnar phases with a p2gg lattice result from the regular organization of pairs of cylinders which
have a pentagonal cross sectional shape. In the mesophases with layer structure the aromatic rodlike
cores are arranged parallel to the layer planes, and the onset of orientational and positional ordering of the
biphenyl segments leads to a sequence of subtypes for these lamellar phases (Lams,—Lamy—Lamy).

Introduction or complimentary units, and (ii) minimization of the free volume,
which in the case of rigid molecules or supermolecular ag-
gregates with a rodlike or disklike shape leads to a parallel
alignment of these anisometric unitsThe self-organized
structures of such conventional LC materials are quite simple:
flexible binary amphiphiles give rise to a sequence of lamellar,

(picontinuous cubic, columnar, and spheroidic cubic mesophases

In the past 26-30 years liquid crystalline materials have
received significant attention. The combination of order and
mobility in these systems leads to novel functional materials
which have had a great impact on recent development of mobile
information technologies Although more than 100 000 liquid

crystalline compounds have been synthesized thus far, their basic”. h h | fracti f the i ol
structures are quite similar. They represent either anisometricWIth respect to the volume fraction of the incompatible parts

molecules with a specific rodlike or disklike shape, or am- (€-9-, surfactant solvent systefhthermotropic mesophases of
phiphilic molecules, as well as oligomers, polymers, and amphiphiles, flexible block copolymer§,and Iow-molecular_
dendrimers derived from these fundamental structtifésere mass block moleculés These mesophases are characterized
are two main driving forces for self-organization in such
systems: (i) segregation of incompatible molecular parts into ®
separate subspaceaccompanied by aggregation of compatible
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D. Mol. Cryst. Lig. Cryst1988 165 317—332. (e) Hendrikx, Y.; Levelut,

A. M. Mol. Cryst. Lig. Cryst 1988 165 233-263.

(4) Seddon, J. M.; Templer, R. H. Ihlandbook of Biological Physics
Lipowsky, R., Sackmann, E., Eds.; Elsevier: Amsterdam, 1995; Vol 1, pp
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by positional order in one, two, or three dimensions. Rodlike with complex morphologies. These compounds can be regarded
and disklike molecules on the other hand align parallel and give as block molecules consisting of three incompatible units: a
rise to orientational order, which leads to the formation of rigid rodlike aromatic unit, two hydrophilic terminal groups,
nematic phases (orientational ordering only), and smectic or and a liphophilic lateral alkyl chain. All three structural units
columnar LC phases if there is additional positional ofdfer.  are incompatible with respect to one another, and therefore, they
New and more complex mesophase morphologies can arise ifare forced to organize within different subspaces. Furthermore,
these driving forces are combined in a competitive way, or if a strong competition arises between the parallel alignment of
there are other forces which compete with these fundamentalthe rodlike biphenyl units and the steric interaction caused by
organizations. Chirality, for example, favors a helical organiza- the lateral alkyl chains. The space requirement of the lateral
tion of molecules, which is in competition with a layered . — ;

B (13) Examples of polyphilic calamitic mesogens: (a) Ostrovskii, B. I. In

organization, leading to quite complex superstructures (TG Structure and Bonding 94, Liquid Crystals Mingos, D. M. P., Eds.;

. Springer: Berlin, 1999, 200240. (b) Kain, J.; Diele, S.; Pelzl, G.; Lischka,
phases, blue phases, and other complex 3D ordered struétures) S Weissfiog, W.Liq. Cryst 2000 29 11-16. (&) Bruce. D WAGc.
In bent-core mesogens, as another example, a polar order results  chem. Re200q 33, 831-840. (d) Tournilhac, F.; Blinow, L. M.; Simon,

i i7ati i i J.; Yablonsky, S. VNature1992 359 621-623 (e) Creed, D.; Gross, J.
from the dlreqtgd Org.amzatlon Of.the mOIeC.UIe.S n layers.' which R. D.; Sullivan, S. L.; Griffin, A. C.; Hoyle, C. EMol. Cryst. Lig. Cryst
is in competition with a layerlike organization, leading to 1987 149 185-193. (f) Robinson, W. K_; Carboni, C.; Kioess, P.; Perkins,
P48 S. P.; Coles, H. JLig. Cryst 1998 25, 301-307. (g) Nishikawa, E.;
frustrated ph_ase structur_es and supramolecglgr chifdlity. Samulski, E. TLiq, Cryst 2000 27, 1457-1462. (h) Lee, M.; Lee D -W..
From the field of multiblock copolymers, it is known that Cho, B.-K.; Yoon, J.-Y.; Zin, W. CJ. Am. Chem. S0@998 120, 13258-
f f f i ; 3 13259. (i) Ohtake, T.; Ogasawara, M.; Ito-Akita, K.; Nishina, N.; Ujiie,
increasing th(nT number of mcor_npatlble units fixed to one another S~ Ohno, H.: Katb, T.Chem. Mater 2000 12, 782-789. (j) Neumann,
is an alternative way to amazingly complex morphologigs. ?b;ggalztke)r, LCd DieIeNS.; PI;)cr;ie'(/slke,sm.Mat(e:r. %helmngGJG,k;lOSP |
. . . . indner, N.; el, M.; Sauer, C.; Diele, S.; Jokiranta J.;
However,. this concept is less explored in low-molecular mass Tschierske, CJ. Phys. Chem. B998 102, 5261-5273. (I) Ewing, D. F..
LC materials. There are some reports about roditké taper- (LSI?V\(I,_ M.:PGthJldbi, J. W.;GHaﬁyhf-é.;gell\lﬂy,tS- %EKOngg%h%kﬁB' u,;
" - 6 . etellier, P.; Mackenzie, G.; Mehl, G. H. Mater. Chem } —
shaped, and dendritic polyphilic molecuféséwhere different 880. (m) Ujiie, S.: Yano, Y&hem. Commur200Q 79-80. (n) lbn-Elnaj,

incompatible units were connected in a linear fashion. However, M.; Mohwald, H.; Cherkaoui, M. Z.; Zniber, Rangmuir1998 14, 504

hi | | | inh ty f th izati 516. (o) Sebastiao, P.; Mery, S.; Sieffert, M.; Nicoud, J. F; Galerne, Y.;
this ‘molecular topology Inherently avors the organization Guillon, D. Ferroelectrics199§ 212, 133-141. (p) Lose, D.; Diele, S;
provided by the molecular shape, leading predominately to the ?e)&éu(i-‘il-é r?l%l_mggpos-: '\\z\legssﬂ&gv Wlsq_- %%/fztnlglaa %\ﬁ,cg%—glé_
formation of triple-layer structures for calamitic molecules and E?ourgogne’, c. Sngsﬂg\o, jp,_M’atefy&;hé}nzool 11, 2700-2708.

i ion-li i - (14) Selected examples of calamitic LC with perfluorinated segments: (a)
formation of onion-like columns or spheroids for taper-shaped Notyen. H T Sigaud, Gr Achard, M. F.. Hardoum. £: Twieg, R. 3.

molecules. Another approach aims at toenpetitve combina- Betterton, K.Lig. Cryst. 1991, 10, 389-396. (b) Doi, T.; Sakurai, Y.;

i i i i iy i Tamatani, A.; Takenaka, S.; Kusabayashi, S.; Nishihata, Y.; Terauchi, H.

tion Of_ _the organization pI’OVIS?SZ(E)y I’Igld segments with a J. Mater. Chem 1991, 1, 169-173. (c) Pensec, S.; Tournilhac, F.-G.;

polyphilic molecular structuré?: Bassoul, P.J. Phys. 111996 6, 1597-1605. (d) Pensec, S.; Tournilhac,
Rigid bolaamphiphiles with flexible lateral alkyl chaifig?! oS Bassoul, B, Durliat, &, Phys. Chem, 8998 102 5260, (©)

X . ’ Johansson, G.; Percec, V.; Ungar. G.; Smith,Gtem. Mater 1997, 9,
represent one class of compounds in which this approach was  164-175. (f) Diele, S.; Lose, D.; Kruth, H.; Pelzl, G.; Guittard, F.; Cambon,
R [P ; A. Lig. Cryst. 1996 21, 603-608. (g) Guittard, F.; Taffin de Givenchy,
very successfully used to obtain novel liquid crystalline phases E': Geribaldi. S.: Cambon, Al. Fluorine Chem1999 100, 85-96. (h)
Guillevic, M.-A.; Bruce, D. W.Lig. Cryst 200Q 27, 153-156.
(7) Stebani, U.; Lattermann, G.; Festag, R.; Wittenberg, M.; Wendorff, J. H. (15) Examples of taper-shaped molecules: (a) Percec, V.; Cho, W.-D.; Ungar,

J. Mater. Chem1995 5, 2247-2251. (b) Pegenau, A.; Cheng, X. H,; G.J. Am. Chem. So200Q 122, 10273-10281. (b) Percec, V.; Cho, W.-
Tschierske, C.; Gung P.; Diele, SAngew. Chemint. Ed 200Q 39, 592— D.; Ungar, G.; Yeardley, D. J. Rl. Am. Chem. So@001, 123 1302-
595. 1315. (c) Percec, V.; Cho, W.-D.; Ungar, G.; Yeardley, D. JCRem.
(8) Tschierske, CCurr. Opin. Colloid Interface Sci2002 7, 69—80. Eur. J. 2002 8, 2011-2025. (d) Percec, V.; Holerca, M. N.; Uchida, S.;
(9) (a) Kitzerow, H.-S.; Bahr, CChirality in Liquid Crystals Springer: New Cho, W.-D.; Ungar, G.; Lee, Y.; Yeardley, D. J. @hem. Eur. J2002 8,

York, 2001. (b) Pansu, BViod. Phys. Lett. BL999 13, 769-782. 1106-1117.

(10) (a) Niori, T.; Sekine, T.; Watanabe, J.; Furukawa T.; Takezod, Mater. (16) Examples of taper-shaped LC with perfluorinated chains: (a) Johanssson,
Chem 1996 6, 1231-1233. (b) Gorecka, E.; Pociecha, D.; Araoka, F.; G. J.; Percec, V.; Ungar, G.; Zhau, J.Nfacromoleculed996 29, 646—
Link, D. R.; Nakata, M.; Thisayukta, J.; Takanishi, Y.; Ischikawa, K.; 660. (b) Percec, V.; Johansson, G.; Ungar, G.; Zhod, Bm. Chem. Soc
Watanabe J.; Takezoe, Hhys. Re. E 200Q 62, R4524-R4527. (c) 1996 118 9855-9866. (c) Percec, V.; Glodde, M.; Bera, T. K.; Miura,
Nakata, M.; Link, D. R.; Thisayukta, J.; Takanishi, Y.; Ishikawa, K; Y.; Shiyanovskaya, |.; Singer, K. D.; Balagurusamy, V. S. K.; Heiney, P.
Watanabe J.; Takezoe, Bl. Mater Chem2001, 11, 2694-2699. (d) Walba, A. Schnell, I.; Rapp, A.; Spiess, H.-W.; Hudson, S. D.; DuanNdture
D. M.; Kdrblova, E.; Shao, R.; Maclennan, J. E.; Link, D. R.; Glaser M. 2002 419, 384-387. (d) Cheng, X.; Das, M. K; Diele, S.; Tschierske, C.
A.; Clark, N. A. Science200Q 288 2181-2184. (e) Nadasi, H.; Weissflog, Langmuir2002 18, 6521-6529.
W.; Eremin, A.; Pelzl, G.; Diele, S.; Das, B.; Grande JJSMater. Chem. (17) Different columnar phases were reported for thermotropic and lyotropic
2002 12, 1316-1324. (f) Shen, D.; Pegenau, A.; Diele, S.; Wirth |; mesophases of calamiteterphenyl derivatives with lateral polar groups:
Tschierske, CJ. Am. Chem. So200Q 122 1593-1601. (g) Dantlgraber, (a) Hildebrandt, F.; Schiter, J. A.; Tschierske, C.; Festag, R.; Kleppinger,
G.; Eremin, A.; Diele, S.; Hauser, A.; Kresse, H.; Pelzl G.; Tschierske, C. R.; Wendorff, J. HAngew. ChemInt. Ed. Engl.1995 34, 1631-1633.
Angew. Chem., Int. ER002 41, 2408-2412. (h) Bedel, J. P.; Rouillon, (b) Hildebrandt, F.; Schiter, J. A.; Tschierske, C.; Festag, R.; Wittenberg,
J. C.; Marcerou, J. P.; Laguerre, M.; Nguyen H. T.; Achard, Ml.Mater. M.; Wendorff, J. H.Adv. Mater. 1997, 9, 564-567. (c) Schiter, J. A;
Chem 2002 12, 2214-2220. (i) Amaranatha, R.; Reddy, R. A.; Sadashiva, Tschierske, C.; Wittenberg, M.; Wendorff, J. H.Am. Chem. S0d.998
B. K. J. Mater. Chem2002 12, 2627-2642. 120 10669-10675. (d) Plehnert, R.; Sches, J. A.; Tschierske, Q. Mater.

(11) Selected examples of complex morphologies in linear ABC triblock Chem 1998 8, 2611-2626.
copolymers: (a) Mogi, Y.; Nomura, M.; Kotsuji, H.; Ohnishi, K.; (18) Examples for oligomesogens and dendrimers with laterally attached
Matsushita Y.; Noda, I.Macromolecules1994 27, 6755-6760. (b) mesogenic units: (a) Saez, I. M.; Goodby, J. W.; Richardson, RCihém.
Matsushita, Y.; Tamura, M.; Noda, Macromolecules1994 27, 3680— Eur. J. 2001, 7, 2758-2764. (b) Barberal.; Gimaez, R.; Marcos, M.;
3682. (c) Krappe, U.; Stadler, R.; Voigt-Martin,Macromolecule4995 Serrano, J. LLig. Cryst 2002 29, 309-314.
28, 4558-4561. (d) Breiner, U.; Krappe, U.; Abetz, V.; Stadler, R. (19) SmA and SmC phases were reported for calamitic molecules with terminal
Macromol. Chem. Phys€997 198 1051-1083. (e) Breiner, U.; Krappe semiperfluorinated chains and lateral aliphatic substituents: (a) Arehart,
U.; Stadler, RMacromol. Rapid. Commui996 17, 567-575. (f) Breiner, S. V.; Pugh, CJ. Am. Chem. S0d.997, 119 3027-3037. (b) Small, A.
U.; Krappe, U.; Jakob, T.; Abetz V.; Stadler, Rolymer Bull 1998 40, C.; Hunt, D. K.; Pugh, CLig. Cryst 1999 26, 849-857. (c) Pugh, C.;
219-226. (g) Auschra, C.; Stadler, Rlaromolecules1993 26, 2171~ Bae, J.-Y.; Dharia, J.; Ge, J. J.; Cheng, S. ZMacromolecule4998 31,
2174. (h) Abetz, V.; Goldacker, Macromol. Rapid Commur200Q 21, 5188-5200. (d) Pugh, C.; Small, A. C.; Helfer, C. A.; Mattice, W.lLq.
16—34. (i) Cochran, E. W.; Morse, D. C.; Bates, F.8acromolecules Cryst. 2001, 28, 991-1001.
200Q 36, 782-792. (j) Bailey, T. S.; Hardy, C. M.; Epps, T. H.; Bates, F.  (20) Zniber, R.; Achour, R.; Cherkaoui, M. Z.; Donnio, B.; Gehringer, L.;
S. Macromolecule2002 36, 7007-7017. Guillon, D. J. Mater. Chem2002 12, 2208-2213.

(12) Examples of complex morphologies in ABC heteroarm star terpolymers: (21) (a) Kdbel, M.; Beyersdorff, T.; Sletvold, I.; Tschierske, C.; Kain, J.; Diele,
(a) Sioula, S.; Hadjichristidis, N.; Thomas, E. Macromolecules 998 S.Angew. Cheml1999 111, 1146-1149. (b) Kdbel, M.; Beyersdorff, T.;
31, 8429-8432. (b) Hekstalt, H.; Gipfert A.; Abetz, V.Macromol. Chem. Cheng, X. H.; Tschierske, C.; Kain, J.; Diele, 5 Am. Chem. So2001,
Phys 200Q 201, 296-307. 123 6809-6818.
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Figure 1. Dependence of the liquid crystalline phases of compourials
with respect to the length of the lateral alkyl chains and models for the
organization of the moleculéén in their mesophased? Cr = crystal, SmA

= smectic A phase (liquid crystalline phase with layer structure, without
long-range positional order in the layers and with an arrangement of the
bipheny! units parallel to the layer normal), SmAr disordered mesophase
(typical SmA texture, but a diffuse reflection is found adjacent or instead
of the sharp layer reflection in the small-angle region of the X-ray diffraction
pattern)?lb Col, = centered €2mmn) or noncenteredpRgg) rectangular
columnar phase®, Col, = hexagonal columnar phasgéMmn).2” Models:
blue = hydrogen-bonding networks of the terminal diol groups; white
microsegregated regions of the lateral alkyl chains; graygid biphenyl
units.

chains disturbs the original layer structdfeHowever, the
cooperative and dynamic networks of intermolecular hydrogen
bonding? between the diol groups provide sufficient cohesive
energy to inhibit a complete collapse of the molecular order
and support the segregation of the incompatible pateading

to a series of novel mesophases. As shown in Figure 1,

(22) Weissflog, W. InHandbook of Liquid CrystajsDemus, D., Goodby, J.
W., Gray, G. W., Spiess, H.-W., Vill, V., Eds.; Wiley-VCH: Weinheim,
1998; Vol 2B, pp 835863.

(23) (a) Frank, H. S.; Wen, W.-YDiscuss. Faraday Sod 957, 24, 133-140.

(b) Bellamy, L. J.; Pace, R. LSpectrochim. Actd 966 525-534. (c)

Kleeberg, H. Inntermolecular Forces, An Introduction to Modern Methods

and ResultsHuyskens, P. L., Luck, W. A. P., Zeegers, T., Eds.; Springer:

Berlin, 1999; pp 251-280.

The strong incompatibility of the polar 2,3-dihydroxypropyloxy groups and

other diol groups with alkyl chains is well documented and widely used

for the design of amphotropic liquid crystals: (a) Tschierske Pég.

Polym. Sci 1996 21, 775-852. (b) Blunk, D.; Praefcke, K.; Vill, V. In

Handbook of Liquid CrystajsDemus, D., Goodby, J. W., Gray, G. W.,

Spiess, H.-W., Vill, V., Eds.; Wiley-VCH: Weinheim, 1998; Vol 3, pp

305-340. (c) Tschierske, C.; Brezesinski, G.; Kuschel, F.; Zaschke, H.

Mol. Cryst. Liqg. Cryst., Lett1989 6, 139-144. (d) van Doren, H. A.; van

der Geest, R.; Kellog, R. M.; Wynberg, HRecl. Tra.. Chim. Pays-Bas

199Q 109 197-203. (e) Lattermann, G.; Staufer, Gig. Cryst 1989 4,

347-355. (f) Praefcke, K.; Marquardt, P.; Kohne, B.; Stephan, JV.

Carbohydr. Cheml1991, 10, 539-548. (g) Vill, V.; Hashim, R Curr. Opin.

Colloid Interface Sci2002 7, 395-409.

(24)

elongation of the lateral chain of the compourds gives rise
to a transition from a smectic monolayer structune<( 0, 1:
SmA;) via a mesophase with a strongly distorted structare (
= 3—7: SmA"), a centered rectangular columnar phase=(
6—9: Col/c2mm), and a noncentered rectangular columnar
phase it = 10—12: Col/p2gg) to a hexagonal columnar phase
(n = 12: Col/pemn).21b This phase sequence results from the
microsegregation of the lateral alkyl chains from the rigid
aromatic units which occurs above a certain minimum length
for these chainsX3). The segregated alkyl chains organize into
distinct regions. For short-chain compound#3( 1/5) and for
medium-chain compounds at higher temperatudés, (1/7),
there is no long-range correlation between these lipophilic
regions. This leads to a special type of mesophase which is
characterized by a typical SmA-like optical texture and by an
X-ray diffraction pattern in which a diffuse scattering in the
small-angle region appears adjacent to or instead of the sharp
layer reflection (SmA).21b Longer chains organize in infinite
columns which adopt a positional long-range order in two
dimensions, leading to columnar phases. In these mesophases
the bolaamphiphilic units form networks of cylinder shells
around the lipophilic columns (see Figure??)The terminal
diol groups are organized into hydrogen-bonding networks
which stabilize this arrangement by providing attractive forces
at the ends of the calamitic units. The space required by the
alkyl chains with respect to the length of the bolaamphiphilic
units determines the number of biphenyl units which have to
be organized in the shells around the lipophilic cylinder cores.
This influences the geometry of the cylinders and gives rise to
the above-mentioned sequence of two-dimensional(2D) latfiees.
To further extend this designing principle, we have synthe-
sized rigid bolaamphiphiles with perfluorinated (compouds
and semiperfluorinated lateral chains (compouwids3/n, 5/n—
7/n, see Scheme 1). There are several distinct effects of (semi)-
perfluorinated chains which can influence the self-organization
of such molecule$1416.19.28 2Fjrst, the perfluorinated segments
are incompatible with hydrogenated molecular parts and also
with polar segments. This fluorophobic effect usually increases
segregation and stabilizes the mesophases. Second, perfluori-
nated chains have a significantly larger volume than alkyl chains.
Finally, such chains have preferred conformations (helical)
which are different from those adopted by alkyl chains (all-
trans)3° For these reasons, it was hoped that the introduction
of perfluorinated segments would lead to further novel meso-
phases being observed. The structure of all compounds is based
on the bolaamphiphilid-22 4,4-bis(2,3-dihydroxypropoxy)-
biphenyl unit®® Systematically changing the length, the degree

(25) To avoid confusion the terrfcylinder) shellis used for the shell of
bolaamphiphilic units arranged around a lipophilic colurfaylinder) corg.
In the resulting 2D lattice shells of adjacent cylinders form (idinder)
walls, i.e. these cylinder walls separate the cylinder cores.

(26) The model of thgp2gg phase has been revised (see section 2.2) and is
different from the earlier proposed structufés.

(27) In ref 21b two different models were discussed for the, @blases of
compoundsl/12—1/18, but on the basis of the new model for
phases and the other results reported herein the alternative star-like model
can be excluded.

(28) Disclike LC with perfluorinated chains: (a) Dahn, U.; Erdelen, C.;
Ringsdorf, H.; Festag, R.; Wendorff, J. H.; Heiney, P. A.; Maliszewskyjj,
N. C. Lig. Cryst 1995 19, 759-764. (b) Terasawa, N.; Monobe, H.;
Kiyohara, K.; Shimizu, Y.Chem. Lett2003 32, 214-215.

(29) Pegenau, A.; Cheng, X. H.; Tschierske, Cri6g, P.; Diele, SNew. J.
Chem 1999 23, 465-467.

(30) Smart, B. E. InOrganofluorine Chemistry Principles and Commercial
Applications Banks, R. E., Smart, B. E., Tatlow, J. C., Eds.; Plenum
Press: New York, 1994; pp 588.
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Scheme 1. Structural Formulas of the Molecules under Scheme 2. Synthesis of Compounds 2/n, 5/n (R = H), 6/n (R =
Investigation CrHan+1) and 7/n (R = (CH2)3CrF2n+1)2
OH OH
Ho_L_o O Q o_h_oH OMe OH
S Br i, ii

2/n:R = (CHQ)gCannH III, iv

3/n: R = O(CHy)CrF2ne: OMe

4/n: R = C,Fapey iii, iv

OH OH / ) OH
Ho Lo~ )—{ Yo A ox
OMe
5/n \ v Vf, fol RF
(O Re
OH OH B oM
0 Lo )0 K w—Orome o rom

CrnHonss 6/n
6F 13 Re RF
OH OH MeOOB(OH)Z
vin
HOJ\/O O O O\)\/OH viii R
7in
weo{ ) Y-ous
of fluorination (compound®/n—4/n), and the position (com- R ix l
pounds5/n) of the lateral chain gives rise to a series of different RF
liquid crystalline phases with unique structures.
o o) yon
Results and Discussion
1. Synthesis.Scheme 2 describes the synthesis of most of R
the compounds. Compoun@#n, 5/n, 6/n, and 7/n containing X, Xi Rr
perfluorinated lateral chains attached via a propylene spacer were OH OH
i Pgatalyzed addition of 1-iodoperfluoro-
synthesized by the y _ p Ho_L_o O Q o _L_oH
alkane&®34o 2-allylphenol or 3-allylanisole, followed by para-
selective bromination using HBr/AcOH/DMS®(phenols) or R

NBS/CHCN36 (anisoles). Then a Suzuki-couplitignith ap- Re

propriate benzene boronic acids gave the biphenyl cores, and a Reagents and conditions) Mg, EtO, reflux: i) 1. CH—=CHCHB,
finally the introduction of the terminal propane-Zi&l groups EtO, 0°C, 2. HCI, KO, 0 °C; iii) Pd(PPh)s, Rel, 25 °C, 36 h;iv) 1.
led to the desired compouné&3®The first step in the synthesis  LiAlH 4, EtO, reflux, 2 h, 2. HO, H,S0y, 0 °C; v) NBS, CHCN, 25°C,

of compoundg¥/n with perfluorinated chains directly attached 24 hivi) DMSO, HBI/ACOH, 5°C; vii) CHl, K2COs, CHCN, reflux, 2 h;
to the aromatic core was a coupling reaction between 2- ‘i) PA(EPB NaHCQ, glyme, HO, reflux, 6 hiix) BBrs, CH.Cla x)
pling CH;=CH—CH_Br, K;COs, CHCN, reflux, 6 h:xi) OsQs, N-methylmor-

iodoanisole and 1l-iodoperfluoroalkanes in the presence of pholineN-oxide, HO, acetone, 25C 2 h.
reactive Cu-powdet® This was followed by bromination with

NBS in trifluoroacetic acitt and continued according to Scheme . ) )
2. To further elongate the lateral chain, compouBfdsin which

(31) Fuhrhop, J.-H.; Fritsch, DAcc. Chem. Res1986 19, 130-137. the perfluorinated segments are attached via a hexamethyleneoxy

(32) (a) Festag, R.; Hessel, V.; Lehmann, P.; Ringsdorf, H.; Wendorff, J. H. i ifi~ati ik _
Recl. Tra. Chim. Pays-Bad994 113 222-230. (b) Hessel, V.; Ringsdorf, ~ SPacer, were synthesized by etherification of bis-@@
H. Festag, R.; Wendorff, J. HMakromol. Chem. Rapid Commuh993 dimethyl-1,3-dioxolan-4-ylmethoxy)-3-biphenytél with ap-

14, 707-718. (c) Dahlhoff, W. VZ. Naturforsch1988 43hb, 1367-1369. .
(d) Hentrich, é.;)Tschierske, C.; Zaschke,Ahgew. Chem., Int. Ed. Engl. propriate 1H,1H,2H,2H,3H,3H,4H,4H,5H,5H,6H,6H-perfluo-

%ggi ?g ggg—gésla- (e) Hentrich, F.; Diele, S.; Tschierske, lGg. Cryst. roalkylhalides*? All final products were purified by preparative
(33) Hentrich, F.: Tschierske, C.: Diele, S.: SauerJ(Mater. Chem1994 4, Cent”_fUQal thin-layer chr(_)matography with a Chromat_Otro_n
2 %:5':17—1553- vana. 7. Y - Zhao. C.X.: Oiu. Z. . Chem. Soc.. Perk (Harrison Research) and, if possible, by repeated crystallization

en, Q.-Y.; Yang, Z. Y.; Zhao, C.-X; , Z. NI. Chem. Soc., Perkin - .

(34) Chen, ?1988 e Qiu " from appropriate solvents and characterizedty*3C, and'F
(35) Majetch, G.; Hicks, R.; Reister, 8. Org. Chem1997, 62, 4321-4326. NMR and elemental analysis. The purity was additionally
(36) Carreno, M. C.; Ruano, J. G.; Sanz, G.; Toledo, M. A.; Urband, Rrg. . . .

Chem 1995 60, 5328-5331. checked by TLC. Experimental details and analytical data are
(37) (a) Miyaura, N.; Yanagi, T.; Suzuki, Aynth. Commuri981, 11, 513— reported in the Supporting Information.

519. (b) Hird, M.; Gray, G. W.; Toyne, K. Mol. Cryst. Lig. Cryst1991, P PP 9

206, 187-204 (c) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457—

2483. (40) (a) McLoughlin, V. C. R.; Thrower, Jetrahedronl969 25, 5921-5946.
(38) Grieco, P. A.; Nishizawa, M.; Oguri, T.; Burke, S. D.; Marinovic N. (b) Pozzi, G.; Cavazzini, M.; Cinato, F.; Montanari, F.; Quici,Eir. J.

Am. Chem. Sod 977 99, 5773-5780. Org. Chem.1999 1947-1955.
(39) Van Rheenen, V.; Cha, D. Y.; Hartley, W. [@rg. Synth 1978 58, 43— (41) Duan, J.; Zhang, L. H.; Dolbier, W. R., Bynlett1999 8, 1245-1246.

51. (42) The synthesis of this compound will be reported in a separate paper.
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S0 100 150 200 TI°C Figure 3. Optical photomicrographs (left, crossed polarizers) and X-ray
Figure 2. Dependence of the liquid crystalline phases of compows  diffraction pattern (right) of the columnar mesophases of group | com-
and 3/n with respect to the length of the semiperfluorinated lateral chain Pounds: (a, b) Celphase ¢2mnj of 2/3 at 115°C; (c) Col phase (2gg)
(2In: R = (CHy)3CrFans1; 3N R = O(CHy)6CriFant1). of 2/4 growing into the isotropic liquid at 138 (black areas are residual

regions of the isotropic liquid); (d) Cophase [§2gg) of 2/4 at 127°C; (e)

. . Coln phase oR/i7 at 170°C (here, the black areas are homeotropic domains

2. Mesomorphic Properties in which the columns are perfectly aligned perpendicular to the glass
2.1. General Trends.The obtained compounds were inves- SUPstrates); () Celphase of2/i7 at 175°C.

tigated by polarized light optical microscopy, differential comparison with the corresponding hydrocarbon analodires
scanning calorimetry, and X-ray diffraction. The transition (see Figure 1) with the same number of C-atoms in the lateral
temperatures and corresponding enthalpy values for all com-chain shows that most fluorinated compou@éshave reduced
pounds are collated in Tables—3. All materials with one melting points, but all have significantly enhanced mesophase
(semi)perfluorinated lateral chain show thermotropic liquid stabilities. This gives rise to significantly enlarged mesophase
crystalline phases. The mesophase stability and the mesophaseegions for all fluorinated compounds with the exception of
type are strongly dependent upon the length of the semiperflu- compound2/3, which exhibits only monotropic (metastable)
orinated chain. However, the type of attachment of the perflu- behavior. It is also interesting to note that branching of the
orinated chains to the aromatic units (direct connection in terminal chains (compoun®i7 and2/i9) appears to have no
compoundg/n or via spacer units in all other compounds) and  significant influence upon the mesophase behavior. Compounds
the position of the chains (position 2 in compoura or 2/i7, 2/6 and2/8 all exhibit the same mesophase type (%ol
position 3 in all other compounds) are less important. Figure 2 and the clearing temperature &fi7 lies between those of
graphically shows the dependence of the phase transitions oncompound</6 and2/8 which contain unbranched chains.
the chain length for the 3-substituted compouttsand 3/n. Compounds of group | exhibit four different types of
Three distinct groups of compounds can be distinguished with columnar mesophases. Typical textures and small-angle X-ray
regard to the phase behavior. Compout&-2/i9 (group 1) diffraction pattern of the three main phase types are shown in
have either rectangular or hexagonal columnar mesophasesFigure 3. Diffuse scattering in the wide-angle region of all X-ray
similar to those found for the alkyl-substituted compoufts diffraction patterns confirm the liquid crystalline nature of these
Compound=2/10—2/12 with a medium length of the semiper- mesophases. Mosaic-like textures and spherulitic textures were
fluorinated chain (group IlI) have mesophases with unusually detected for compoun®3 (Figure 3a). The powder-like X-ray
large lattice parameters, and two additional lamellar mesophasediffraction pattern of this mesophase (Figure 3b) is characterized
(Lam) were found for compoun#/12. Compounds/10 and by three non-equidistant sharp reflections in the small-angle
3/12 (group IIl) which have the longest chains show exclusively region, which were indexed on the basis of a centered

lamellar phases. rectangular 2D lattice. In accordance with results obtained during
2.2. Influence of the Length of the Semiperfluorinated previous investigations of bolaamphiphiles with lateral alkyl

Chain on the Mesophase Morphology: Columnar Meso- chaing!® the c2mm 2D space group has been assumed. The

phases of Group | CompoundsIn this section the mesomor- lattice parameters were then calculated t@lze 3.3 nm and

phic properties of compound¥3—2/i9 will be discussed. A = 3.4 nm. These lattice parameters are between the single
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Table 1. Mesophases, Phase Transition Temperatures, Phase Transition Enthalpies (lower lines in italics), and Other Parameters of the

Bolaamphiphiles 2/n—4/n2
OH OH
HO\)\/OO\/I\,OH

XCnFan+1
X n Phase Transitions (7'/ °C) a/mm  b/nm  d/mhm Ve Vmo/nm®  ncen Reellcale  Mwall Jr
Comp nm’
AH/kJ mol”!
2/3 (CHy); 3 Cr, 104 Cr, 133* (Col/c2mm 119) Iso 33 3.4 505  0.603 8.4 8 2.1 033
152 62 6.5
2/4 (CHy); 4 Cr16112001sq 67dc°1,/p2gg 1533 Iso 54° 59 14.34° 0.640  224° 20° 22° 036
2/6 (CH); 6  Cr47Col, 171 Iso 347 469 0.713 6.6 6 22 043
124 85
2/i1  (CHps 7  Cr56 Col, 179 Iso 3.5 477 0749 64 6 2.1 046
9.8 9.7
2/8 (CHp); 8  Cr70*Col, 188 Iso 3.47 469 078 6.0 6 20 048
53 9.3
2/9 (CHy; 9  Cr<20Col, 186 Iso 3.45 464  0.823 5.6 6 1.9 051
8.2
2/10  (CHys 10 Cr59 Col/c2mm 180 Iso 3.7 9.6 1598 0.859 186 16 23 053
13.8 8.0
2/i1l  (CHy); 11  Cr52Col/c2mm 179 Iso 3.7 9.7 16.15  0.896 180 16 23 055
10.8 7.6
2/12  (CH); 12 Cr 141 Col/p2gg 155 Col/c2mm 180 Lamy 181 Lamy, 1851s0 4.0/ 9.7 1746/ 0.933 187 16 2.3 0.56
25.5 1.3 2.7 1.1 1.5 7.7° 39.85° 0933  42.7°  40° 2.1° 0.56
3.85¢ 0.56
3/10  O(CHys 10  Cr135" Lamy 166 Lamy 167 Lamy, 195 Iso 3.94 0.57
67.8 2.6 1.1
3/12  O(CHy)s 12  Cr143*(Lamx141) Lamy 169 Lamy, 235 Iso 45 0.59
69.5 1.0 1.9 1.8
4/4 - 4 Crl13(SmA 81)Iso 0.28
19.1 1.7
4/8 - 8  Cr97Ml 134 Col, 158 Iso 3.41' 453 0712 64" 6 2.1' 043

17.8 A 5.8

aThe transition temperatures were determined by DSC (first heating scan, 10 K)nairb,d= lattice parameters/ce; = volume of a unit cell with a
height ofh = 0.45 nm#3 Vi, = volume for a single molecule as calculated using the crystal volume increments reported by thmisizi= number of
molecules in a unit cell, calculated accordingnte= Vee/Vimol; Neell.calc = Number of molecules arranged in the cross section of a unit cell as theoretically
required by the model of the mesophase, this number is calculated from the number of biphenyl units required for the formation of the polygon and the
number of columns per unit celyya1 = average thickness of the cylinder walls given by the average number of biphenyl units arranged side by side in the
walls separating two adjacent cylinder cofedz = volume fraction of the lateral chains; abbreviations: Lam¥ lamellar phase with an arrangement of
rodlike units parallel to the layer planes and without additional order;J.amamellar phase with an arrangement of biphenyl units parallel to the layer
planes and with an in-plane orientational order; lkam lamellar phase for which an arrangement of biphenyl units parallel to the layer planes with an
in-plane orientational and possibly also an positional order is proposed (see Figure 153 Gquare columnar mesophase; Gelrectangular columnar
phases, the lattice type is additionally given; Mlmesophase with unknown structure; ksaisotropic liquid; the perfluorinated segments of compounds
2/i7, 2/i9 and2/i11 are branched at their terminal enés{(perfluoroalkyl segments) whereas all other chains are lifeBnis phase transition was only
observed in the first heating sceValues for the Celp2gg phased This phase transition was only observed by X-ray diffractfofihe phase transitions
Col/c2mm—Lamy—Lamis, are not resolved.Values for the Colc2mmphaseg Value for the Lam, phase! On cooling additional transitions to crystalline
mesophases can be observed at Akand 77°C. ' The phase transitions LagmLamy—Lamys, are not resolveds On cooling, an additional transition to
a crystalline mesophases can be observed atC22Value for the Cal phase.

a height of 0.45 ni? has been calculated according to the
equatiomn = Vce/Vmar, yielding a value of approximately eight

(44) Immirzi, A.; Perini, B.Acta Crystallogr., Sect. A977, 33, 216-218.
(45) The molecular lengths are calculated as the distance between the ends of

molecular lengthl{ = 2.1 nm}® and twice that length. The
number of molecules located within a hypothetical unit cell with

(43) Herein, the valub = 0.45 nm was used in all calculations, independent of

the actual position of the maximum of the wide-angle scattering in the
diffraction pattern. The reason is that the bolaamphiphilic units (their
average diameter is 0.45 nm) are responsible for the lattice of the cylinder
shells, whereas the semiperfluoralkyl chains only fill the channels within
this structure. Because the cross section of the perfluorinated segments is
larger than the rest of the molecules, there is a drift of the maximum of the
diffuse scattering in the X-ray diffraction pattern to larggvalues with
increasing degree of flourination. However, this shift is due to a change of

a molecular parameter rather than due to a change of the structrure. Because
the diameter of the flourinated segments is larger than that of the
nonfluorinated bolaamphiphilic moieties, which form the cylinder walls,
there is a mixing of the chains of adjacent (hypothetical) unit cells along
the cylinder, i.e. the perfluorinated chains in one unit cell also contribute
to the space filling in the adjacent unit cell. This is in line with the models

of the mesophases (see Figures 4f, 6¢, and 10b), where some vacant space
is available for parts of the chains from the neighboring cells.

10982 J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003

the terminal propane-2,3-diol units and have a value between 1.7 and 2.1
nm, depending on the conformation assumed for the propane-2,3-diol units.
The molecular length of 2.1 nm is found in all cylinder structures of
compoundsl/n, 2/n, and5/n. It seems that the organization into cylinders
leads to a maximum stretching of the bolaamphiphilic cores due to the
confined geometry in which the flexible chains are enclosed. To get minimal
interfaces the cross section of the cylinders should be as large as possible,
which leads to a stretching of the cylinder walls. In contrast, a value of
only 1.7 nm was found for a correlated layer structraVithin layer
structures, expansion of the lipophilic regions is easily achieved by changing
the thickness of the nonpolar sublayers, so that the conformation of the
hydrogen bonding is more independent from the organization of the
nonpolar chains. Here the molecules organize in such a way that a maximum
number of hydrogen-bonding sites are utilized most efficiently. This is
obviously achieved if the propane-2,3-diol groups adopt a compact
conformation with strong interdigitation.
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molecules per unit cell (see Table 1). A cylinder model, in which with the previously discussed lattice shown in Figure 4a),
approximately four molecules are arranged in the cross-sectioncomposed of only two cylinders per unit cell is more likely.

of each cylinder and two cylinders are arranged in the unit cell, These small lattices, shown in Figure 4c, are more likely as
provides the most accurate fit to these data. This organizationthey only contain one type of hydrogen-bonding network (three-

of cylinders with an elliptical cross-sectional area ic2mm wall connections), whereas tip2gg lattice described in Figure
lattice is similar to the model proposed for the @@mmphases 4b contains three distinct types of hydrogen-bonding networks,
of 1/6—1/9 shown in Figure 1. i.e. two-, three-, and four-wall connections.

The high-temperature mesophase 2 shows a quite A similar p2gg lattice containing four cylinders arranged in

different optical texture. Upon cooling from the isotropic, a fern- pairs is possible when five biphenyl units form the cylinder shell.
like texture is observed (see Figure 3c¢) which coalesces to form These biphenyl units would form a pentagonal shape around
mosaic-like and spherulitic regions. To determine the structure the cylinder cores as shown in Figure 4fdWhen a pentagonal

of this and other mesophases X-ray scattering investigationscross-sectional shape is adopted, the formation of pairs of
were performed on aligned samples. The alignment was cylinders is the only possible structure by which a regular 2D
achieved by slow cooling (0.01 K ntii) of a droplet of the organization of this type of column can be realized, i.e. smaller
sample (diameter ca.-11.5 mm) on a glass plate. Surface lattices are not possible. Furthermore, in this structure only two
interactions at the sample-glass interface or at the sample-airtypes of hydrogen bonding are combined, three-wall connections
interface cause a special alignment of the cylinders within the (as found in thepemm lattice of the higher homologues) and
columnar phases: their long axes are packed in planes parallefour-wall connections (as found in til@mmlattice of the shorter

to the surfaces of the sample. Within these planes, the cylinderhomologue). In this respect p2gg lattice formed by the
axes are orientationally disordered around the layer normal with organization of pentagons is intermediate betweencgmem

a more or less equal distribution of domains with different and thepemmilattice. As shown in Figure 4f, the model con-
orientations. The incident X-ray beam (wavelength of the Cu sisting of slightly distorted pentagonal cylinders is in very good
Ko line, 0.154 nm) is applied parallel to the substrate glass agreement with measured lattice parametefis model also
plate, and the scattering beam intensity was recorded in predicts the large value of the number of molecules contained
transmission using a 2D detector (HI-Star, Siemens). The X-ray Within the unit cell (e = 22). Assuming that the wall thickness
diffraction pattern of an aligned sample of compouzid at in the network structure is approximately twice the width of
127°C clearly excludes a centered cell due to the appearancethe biphenyl units, a theoretical valugeicac = 20 can be

of the 21 and 12 reflections (see Figure 3d). These reflections calculated (five molecules in each cylinder shell and four
can be explained if @2gg 2D noncentered rectangular lattice  cylinders forming the unit cell) which is very close to the experi-
is assumed. The lattice parameters were then calculatedato be mental valuence. Therefore, it is suggested, that tp2gg

= 5.4 nm ancb = 5.9 nm. These values are more than twice lattices of compoundsl/10-1/12 and compound2/4 are

the molecular lengthl( = 2.1 nm), and approximately 22  organized in this type of arrangement. Moreover, it is proposed
molecules are arranged in the cross section of the unitell. thatin this class of compounds th2gg lattice containingour

The model shown in Figure 4a was first proposed for the cylinders in each unit cell is an indication of a regular 2D

p2gg lattice of compoundsl/10-1/122! Generally, ap2gg organization of pairs of cylinders witlpentagonal cross-
, ) pa o i
lattice requires a herringbone-like arrangement within the lattice, S€ctional shapé®#7In thesep2gg mesophases, the specific pen

which was realized in the model in Figure 4a by including two ta_lgonal shape is proyic_ied by the self-organization 9f the rigid
elliptical cylinders per unit cell, separated by bilayer-like biphenyl cores, and |t_|s not averaged o_ut by r_otat!oq aro_und
aggregates of the bolaamphiphilic urfilsHowever, such a the long axis of the cylinders, because this rotation is inhibited
model does not fit with the cylinder-shell models of the other by the segregation (,)f thg intermolecular hydr.ogen-bond[ng
columnar mesophases discussed in this article. Alternatively, networks_of the terrr_nnal_ diol groups _from the r|g!d aromatic
the formation of ap2gg lattice is also possible by the regular cores. This sggregatlon f|xes_th<_e posmon_s of the biphenyl cores
organization of four cylinders per unit cell. This is achieved if (and H-bonding ne.tworks) W'th'r‘.the cylinder walls.. )

the large cylinders shown in Figure 4a are divided into pairs of ©On further cooling, an additional phase transition was

cylinders at the same geometrical positions. Such a model with ©bserved in the X-ray diffraction pattern of compouié at
four cylinders per unit cell can easily explain the large lattice @PProximately 67C. At this temperature the spotlike reflections
parameter found. in the small-angle region are replaced by a single sharp ring at

6 = 2.09, corresponding ta = 2.14 nm (the diffuse wide-
angle scattering remains). It is interesting to note that this
reflection shows clear maxima positioned at the equator and at
the meridian. A possible explanation for this observation (square
columnar phase Cg) will be given in section 2.4.

Mesophase textures of compour#s—2/i9 are identical and
can be optically characterized by the observation of large

Thep2gg lattice is located between the @oPmmphase and
the Co}, (p6mm) phase. Thec2mm lattice is formed by the
arrangement of four molecules around a cylinder, whereas the
pémmlattice has six molecules arranged around each cylinder.
Therefore, it can be assumed that in th2gg lattice each
cylinder is surrounded by the bolaamphiphilic units of either
five or six molecules. If a six-molecule arrangement forpgg
lattice is assum?d' then the Cyllr_]der She”. must adopt an (46) In thep2gg phase of the hydrocarbon compourids0—1/12 a number of
elongated quadrilateral shape. This shape is formed by the 19-23 molecules per unit cell was calculadyhich is also in perfect

i7ati _to- i i i agreement with the pentagonal cylinder model.

organization of an end-to-end dlmer _On two sides and a Smgle (47) This model corresponds to an elemental tilling of 2D space with the
molecule on the others, as shown in Figure 4b. However, a much™  topological class [34-3-], for details see: (a) Gnbaum, B.; Shepard, G.
simpler lattice, such as the2mmlattice or an alternative2gg C. Tillings and PatternsW. H. Freeman: New York, 1986. (b) Simon, J.;

. . . . Bassoul, PDesign of Molecular Materials: Supramolecular Engineering
lattice (however, this two-cylinder-lattice should not be confused John Wiley: Chinchester, 2000.
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Figure 4. Models for the molecular arrangementld10—1/12 and2/4 in rectangular columnar mesophases. (a) Model with only two elliptical columns per
unit cell as initially proposed for thp2gg phases of compoundd10—1/1221 (b) p2gg lattice containing four columns per unit cell as formed by the
organization of pairs of cylinders with a quadrilateral cross sectional shape (only the biphenyl units are shown); (c) other 2D lattices of dwlaemar p
arising from the regular organization of cylinders with a quadrilateral cross-sectional shape (additional oblique lattices are pogsbtghat{ie containing

four columns per unit cell as formed by the organization of pairs of cylinders with a pentagonal cross-sectional shape; (e) revised moleculath@odel fo
arrangement ol/10—1/12 and2/4 in the Col/p2gg phases; the dotted lines indicate the pairs of columns; (f) CPK models showing 10 molec®iés of
forming a pair of pentagons (central pair of the model shown in d and e).

homeotropic aligned regions containing birefringent filaments, of biphenyl units organized in the shells around the cylinder
typical for hexagonal columnar phases (see Figure 3e). X-ray cores, and this number increases from four in the/€yhm
diffraction also proof a hexagonal columnar structure for these and Col/p4mm phases (see section 2.4) via five in the Lol

mesophases and the diffraction pattern of compo?iid is p2gg phases to six in the Ggbmmphases. Hence, the number
shown in Figure 3f as an example. The lattice parameters areof biphenyl units arranged around the nonpolar cylinder cores
calculated to be betweehex = 3.45 NM anthhex = 3.50 Nm is well defined, and this leads to distinct polygonal shapes of

for all investigated Catphases. In all cases approximately six  the cylinder shells. These shapes must enable a regular and
molecules are arranged (on average) in the cross section of €aclyniform packing in 2D space as well as a segregation of the
cylinder (see Tables 1 and 2). In this mesophase six biphenyl yinhenyi units from the diol groups, which allows interconnec-

units form the cylinder shells around the nonpolar cores as yj5, of the hiphenyl units to occur exclusively at their H-bonding
shown in Figure 1 (for the Cplphases of compoundg12— sites (commensurate packing).

V18 Although the ph b dis th that
Therefore, with respect to the changes in chain length, the ough the phase sequence observed 1s the same as fha
phase sequence GlePmm Col/p2gg, Col/psmmwas found, found for the hydrocarbpn analogué#, the overall c_ha|r_1 3
which is the same as that found for the alkyl-substituted length necessary to achieve these columnar phases is signifi-
compounds/n 21 Also similar molecular arrangements for the  c@ntly reduced. The Cophase, for example, occurs for the
fluorinated compoun@/6 (with a total of nine C-atoms in the

mesophases of the fluorinated group | compowi@s-2/i9 and ) ’ !
the hydrocarbon compound®n can be proposed. These 'ateral chain), whereas the same phase is not observed in the

mesophases represent cylinder structures in which the semiperd/n series until the lateral hydrocarbon chain contains at least
fluorinated lateral chains form infinite columns around which 12 Ch: groups (compound/12). This observation can be
the rigid bolaamphiphilic units form a shell. These bola- €xplained due to the much larger volume occupied by semi-
amphiphilic units are connected end-to-end and side-by-side byfluorinated chains when compared to that of the corresponding
elongated hydrogen-bonding networks between the diol groups,alkyl chains. Indeed, the volume fraction of the lateral chains
and these are arranged parallel to the nonpolar columns. The(fr, see Table 1), required for the formation of the different
relative volume required by the semifluorinated chains with types of columnar phases is identical for the bolaamphiphiles
respect to the length of the rigid segments determines the numbemith fluorinated and nonfluorinated lateral chains: @G@mm
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Table 2. Mesophases, Phase Transition Temperatures, Phase Transition Enthalpies (lower lines in italics) and Other Parameters of the

Bolaamphiphiles 5/n2
OH H
o Ao~ H-0 S or

CnFan+1
comp. n T/I°C AH/kJ mO[I a/nm an Vnm/ nm: Rey Peeiicate Ry f;z
nm!
5/4 4 Cr, 107 Cr, 121 (Col,/p4mm 102) Iso 214 206 0640 32 4 1.6 0.36
15.5 14.0 4.2
5/6 6 Cr<20Col, 134Is0 348 472 0713 66 6 22 0.43
6.0
5/8 8 Cr<20Col, 161 Iso 347 469 078 6.0 6 2.0 0.48
6.1
5/10 10 Cr80M2 114 Col, 147 Iso 347" 469" 0859 55 6 1.8 0.53

11.6 1.6 2.0

a Abbreviations: Cal; = columnar mesophase with square lattice; M2inknown mesophas@Refers to the Calphase.

fr = 0.28-0.36; Col/p2gg: fr = 0.36-0.43; Col/pémm fr semifluorinated chains with the rigid biphenyl units (compounds
= 0.43-0.53. 4/n) and position of the lateral chain (compourtls) will be

The organization into hexagonal columnar phases can bemade.
found over the broadest range of volume fraction of the lateral  2.3. Compounds with Directly Attached Perfluorinated
chains, which indicates that it is especially favorable. Further- Chains. Two compounds¥/4 and4/8 have been synthesized,
more, it is remarkable that the diameter of the columns of the in which the perfluorinated chain is directly attached to the
Col, phases does not change upon elongation of the lateral chairPiphenyl units (see Table 1). Compoudt, which has the
from compound2/6 to compound?/i9. This shows that the shortest chain of all synthesized molecules shows a fanlike
diameter of the columns is wholly defined by the length of the texture, typical for SmA phases. This is the only bolaamphiphilic
bolaamphiphilic units forming the cylinder shells. Therefore, it compound, reported herein, which shows a smectic A phase
can be deduced that the additional space required by the largeVhere the biphenyl units are thought to be arranged in average
chains is provided by the stretching of the cylinders along the Perpendicular to the layer plafié,but this phase is only
cylinder long axis, leading to a reduction in the average number MONOtropic, so further investigations were not possible.
of molecules per cylinder segment with= 0.45 nn#3 from Compound4/8 shows a Caqlphase and an additional low-
Neel = 6.6 (COMpound/6) to Neey = 5.6 (compound/i9) for temperature phase (M1), which was not investigated in detail.
the serie€/n (and fromnee; = 6.6 tonee = 5.5 for compounds This material slhows an. unusually I.ow-meltmg traqsmon for
5/n, see Table 2, section 2.4). This stretching of the cylinders cpmpounds which contain a perfluorinated aIky] chain attached
is accompanied by a slight reduction in the thickness of the directly to the mesogenic core. When the trar.15|t|'on temperatures
cylinder walls. This means, that the number of biphenyl units 2nd mesophase type for compoutél (Ce-chain) is compared
located side by side within the walls separating the columns With compounds of thé/n series it was found to fit between
(nwai, Se€ Table 1) can vary to optimize the overall space filling 24 (Cr-¢hain, Colp2gg) and2/6 (Ce-chain, Col). This means
within the nonpolar regions of the cylinders. In most cases, an that the volume fraction of the lateral chain with respect to the

average of two bipheny! units are arranged side by side. Forlength of the bolaamphiphilic unit is the dominating factor which

the Col, phases the value is between 2.2 and 1.8, but in S‘Omepletermmes the mesophase structure. There is no significant

. influence of the type of connection between the fluorinated
cases this value can be as low as 1.6 {(atase of compound seament and the biphenvl unit on mesophase tvoe and meso-
44, see section 2.4, Table 2) or as high as 23mm 9 X pheny P yp

. . phase stability.
mesophases of the group Il compounds, see section 2.5). It is 54 Infl f the Positi f the Lateral Chain: A
also important to note here, that all these structures are highly _ = ™ nruence ot the Fosition ot the Lateral thain.
. . L Square Columnar Phase.For bolaamphiphiles with lateral
dynamic and the positions of the molecules within the columns

. . . . .~ alkyl chains, it was found that the position of substitution at
are not fixed. This means that there is no formation of disklike . . .
. . L the biphenyl unit only has an influence upon the mesophase
entities or any long-range correlation of the positions of the

biphenyl units along the cylinder shells, i.e. there is no perfect stability, and not the mesophase tyjdeTo check if this also

. applies for the perfluorinated compounds a series of compounds
order as the models shown might suggest. Therefore, the numbe[s/ip 5/6 5/8 aFr)ld 5/10 have beer? synthesized, in whicrl? the
of biphenyl units arranged side by side in the cross section of __ .~ " -~ '

th lind s i | d it b semiperfluorinated chain is attached at the 2-position on the
ari 2('(';\]’\,;; walls IS an average value and noninteger NUMDETS ;o matic core. Compound#6 and5/8 which are related to the

isomeric compoundg/6 and2/8 show Col phases; however,
Before discussing compoun@ and3/n with longer chains

(group Il and Ill) a discussion of the connection of the (48) Also a SmAF structuré® could be possible for this mesophase.
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these materials have significantly reduced clearing temperatures
(see Table 2). This reduction in clearing temperature was also
observed in other amphiphifit and non-amphiphilic liquid
crystal§® when the lateral chain is moved to a more central
position. Two possible explanations for this phenomenon have (a)
been proposed: (i) that changing the position of the lateral
substitution would cause a change of the conformation of the
biphenyl unit, i.e. a change in the dihedral angle between the
planes of the adjacent benzene rings and (ii) that a change of
substitution would disturb the parallel alignment of the rigid
units.

However, compound/4 is different from5/6 and5/8. This
compound shows a texture (Figure 5a) which is quite different
from that of the isomeric compoun®4. The mesophase is
optically uniaxial, and the texture is similar to those found for (b)
the hexagonal columnar phases in sefiesand4/n. However,
the 2D X-ray diffraction pattern of an aligned sample (Figure
5b) indicates a liquid crystalline phase with a square lattice
(p4mm), which is in full accordance with the optical uniaxiality
of this mesophas®. The lattice parameter can be calculated to
asq = 2.14 nm, which is close to the molecular length in a
stretched conformatiorL(= 2.1 nm)#> The model shown in
Figure 5c is in good agreement with the experimentally
determined lattice parameter. Accordingly, the arrangement of
the molecules in this mesophase is similar to those found in
the centered rectangular columremm phase of compound
2/3. In both mesophases four bolaamphiphilic units form the
cylinder shells around the nonpolar columns of the semifluori-
nated chains. The main difference is that the columns in the
Colsgphase have a circular to square-fkiastead of an elliptical
cross-sectional shape. This enhances the symmetry and gives (c)
rise to the change in lattice type. Hence, thesgphase ob/4
can be regarded as an intermediate stage in the transition from
the c2mm lattice to thep2gg lattice. In this square-columnar
phase the space between the four bolaamphiphilic units is filled
to the maximum possible extend, and therefore the columns
adopt a square cross section. However, it was found that in this
mesophase approximately 3.2 molecules are contained within
the unit cell. It is thought that this unusually low number of
molecules contained within the unit cell arises due to an
overcrowding of the interior of the columns in this square phase.
This leads to an expansion of the columns along their long axes
(as discussed in section 2.2. for the Quhases), and therefore (d)
a reduction in the number of molecules organized in the cross
section of the cylinder walls is found. The same results were
obtained from the CPK model shown in Figure 5d. The length
of each side of this square is ca. 2.3 nm, which means that the

(49) Kolbel, M.; Beyersdorff, T.; Tschierske, C.; Diele, S.; KainChem. Eur.
J. 200Q 6, 3821-3837.

(50) (®) Gray, G. W.; Hird, M.; Toyne, K. Mol. Cryst. Lig. Cryst1991 195 Figure 5. (a) Texture (crossed polarizers) of the G@hase of compound
\2/21%?7@(?35'?”?’@“/"‘cTﬁjﬁ??ggg"z'éQd?Sisﬂ(f "(‘g’”zf]a‘é'rgc'h'v“\;‘t_er' 5/4 at 95°C; (b) X-ray diffraction pattern of an aligned sample of the gol
Tschierscke, C.; Diele, S.; Lose, D. Mater. Chem1996 6, 1297-1307.  Phase at 99C (small-angle region); (c) model of the organization of the

(51) Earlier reports about Cglphases: (a) Ohta, K.; Watanabe, T.; Hasebe, Mmolecules in the Cgdphase (two bipheny! units are shown in each cylinder
H.; Morizumi, Y.; Fujimoto, T.; Lelievre, D.; Simon, Mol. Cryst. Lig. wall; however, in reality this number is only about 1.6). (d) CPK models

(52)

Crys 1991, 196 13_26 (b) Praekae, K.; Marqual’dt, P.; Kohne, B.; Showing four molecules d¥/4 forming a square.

Stephan, WMol. Cryst. Lig. Crys. 1991 203 149-158. (c) Komatsu, T.;

Ohta, K.; Watanabe, T.; lkemoto, H.; Fujimoto, T.; Yamamotd, Mater.

Chem 1994 4, 537-540. (d) Hatsusaka, K.; Ohta, K.; Yamamoto, I.; Shirai,  |attice parameter of 2.14 nm can only be realized if the effective
H. J. Mater. Chem200Q 11, 423-433. . . .

In Figure 5¢, the cross-sectional shape of the cylinder cores is representedthickness of the cylinder walls is less than the usually observed
by a circle; however, the shape of the cylinder shells is a square. Therefore, yglue of two molecules.

the cylinder cores must, in actual fact, have a cross-sectional shape which . i

is between a circle (minimized interfacial areas) and a square (maximal A Colsgphase could also be one possible explanation for the
space filling), i.e. it should be a “square with rounded corners”. Related ~ ; i ;

arguments also concern the models of all other columnar phases discussecJOW temperature ph_ase observed in the isomeric co_mpﬁﬂhd .
herein. Although no well-aligned samples have been obtained for this
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mesophase, the observation of a sharp ring in the small-angle
region could result from the 10 and 01 reflections of asgol
phase (multidomain sample). Assuming such an indexation
would lead toa = 2.14 nm, which exactly corresponds to the
lattice parameter found for the Ggphase of/4. This means
that changing the position of the (GRBC4F9 chain has a (a)
stabilizing effect upon the Cgfp4mm phase with respect to
the Col/p2gg phase. This would seem to suggest that a chain
in the 2-position requires less space than that in the 3-position
and hence enables a slightly more efficient packing. Probably,
the more pronounced T-like shape®# is also favorable for

the organization in a square lattice.

A similar influence of the position of the chain on the
mesophase type is evident if the isomeric compoitie and
5/10 are compared. CompouBL0 exhibits a broad region of
a Col, phase, whereas the isomeric compo@itD exhibits a (b)
mesophase with a nove2mmlattice (see section 2.5). However,
at low temperature a mesophase with unknown structure (M2)
was found for5/10, which could possibly be related to the
mesophase type found f@f10.

2.5. Mesophases of Group Il Compounds: Columnar
Phases with Large Lattice Parameters.Compounds2/10,
2/i11, and2/12 show two new columnar phases. The texture of
the mesophase @10 (Figure 6a) is different from any other
known liquid crystalline phase. In the X-ray pattern only
reflections withh + k = 2n have been observed in the small-
angle region (Figure 6b). These reflections can be assigned to
a centered rectangular lattice2(nm) with the lattice parameters
a= 3.7 nm andb = 9.6 nm. An additional weak reflection on (c)
the meridian corresponding to a periodicity= 3.4 nm could
be explained by a contribution of a differently aligned
monodomain. The lattice parameterin this c2mm phase is
much larger than that found for tte@mmphase of compound
2/3. One possible explanation for the organization of molecules
within this columnar mesophase is shown in Figure 6, c and d.
In this model the bolaamphiphilic units again form shells around
the cylinder cores of microsegregated semiperfluorinated chains.
In this phase the shells contain eight bolaamphiphilic units in
the cross section instead of six as found for the,@dlases.
As regular octagons cannot efficiently pack into a 2D lattice,
the shell adopts a deformed hexagonal shape. Within these
hexagons two opposite sides are stretched, i.e. two sides of these
hexagons are formed by an end-to-end dimer. This causes a (d)
reduction of the symmetry, leading to a change of the lattice
type frompémmto c2mm.Within this c2mmlattice the lattice
parameter has the same order of magnitude asx for the
Col, phases of compound&n, (about 32 L), whereas the . _
parameteb s significantly enlarged and has a value equivalent COUR 5 () Tuie Bl necoptise of enposin o o eben o
to 4-5 times the molecular length. This can be seen in Figure of an aligned sample @10 at 150°C; (c) molecular arrangement within

6c, and these lattice parameters predicted are in excellentthe rectangular columnar mesophase, @6th a c2mm 2D space group;
agreement with the experimental data. (d) CPK model of eight molecule2/10 arranged so that the semiperflu-

. - . . orinated chains form a central region around which eight bolaamphiphilic
The optical texture of compour@ill (see Figure 7a, b) is  ynits are arranged.

quite different from2/10. However, both diffraction patterns _ ) o
can be indexed on the basis of a centered rectang@am pound?2/i1l the crystallographic (110) plane of_the Iatt!ce is
lattice, and the lattice parameters obtained for these two Parallel to the surfaces; thus, the sample is rotationally
compounds are almost identical. Therefore, the model for the disordered about the normal to this plane. Figure 7c shows two

organization of the molecules in this mesophase is similar to

(53) In contact preparations of compour1$0 and2/i11 a continuous change

that shown in Figure 68 The apparent differences in the of the isotropization temperature was found without any minimum. This

; ; ; ; ; may be another indication that both materials show a mesophase structure
d'_ﬁracuon pajtte_ms are thOUth t_o arise due to dlﬁe”ng of the same type. Also in the contact region betw2gwn (Col,) and3/12
alignments within the rotationally disordered sample. In com- (Lam) only one single new columnar mesophase is induced, as expected.
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Figure 7. (@) Texture of the mesophase of compouBi$1 as obtained
on cooling from the isotropic liquid at 17&; (b) X-ray diffraction pattern
of an aligned sample /i1l at 177°C; (c) the same pattern showing the
two orientations of the 2D reciprocal lattice.

Figure 8. Optical textures (crossed polarizers) of compoitl2 as
observed on cooling a homeotropically aligned sample (layers are parallel
to the surfaces of the glass substrates, left) and a sample showing a fan-
shaped texture (layers are perpendicular to the glass substrates, right): (a)
Lams, phase at 181.8C (in the upper part the schlieren texture of the
Lamy phase develops; (b) Lag phase at 183C; (c, d) Lamy phase at

181 °C; (e, f) Col/c2mm phase at 160C; (g) transition from the Cgl
c2mmphase (lower right corner) to the GipRgg phase (upper left corner)

at 155°C; (h) Col/p2gg phase at 145C.

fall together. This different sample alignment could also be a
possible explanation for the different optical textures observed
between crossed polarizers.

Compound?12 shows four different mesophases (see Figures
8 and 9). The two high-temperature mesophases are lamellar
phases (Lam, and Lany phases) which are described in the
next section. Figure 8 shows changes in the textures of these
lamellar mesophases upon cooling (between crossed polarizers),
and the corresponding X-ray diffraction patterns of aligned
samples are shown in Figure 9.

The mesophase which is observed below the lamellar phases
appears to have a 2D lattice. The diffraction pattern of this
mesophase (Figure 9b) can also be assigneccfoman lattice,

orientations of the reciprocal lattice that give rise to the where the lattice parameters are= 9.7 nm,b = 4.0 nm. The
diffraction pattern. The different reflection intensities observed value ofb is slightly larger than that observed for tkgmm

for both orientations may be due to a “nonperfect” disorder in phase of2/i11 (b = 3.7 nm). At first glance the diffraction
the sense that a nonequally distributed orientation of the cylinder pattern looks quite distinct from those obtained for 62enm
axes exists around the normal of the (110) plane. In the samplelattices of2/10 and2/i11l. This is due to the almost perfect
of 2/10 the (010) plane is parallel to the surface, and the rotation cylindrical averaging in the sample, which is again aligned
axis is perpendicular to this plane. Since this axis lies within parallel to the (110) plane of the lattice as in the cas#/idfl.

one mirror plane of the lattice, the reflections of both orientations
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section 2.2 for thep2gg phase of2/4. When a comparison of
the area of the high-temperaturBmm lattice (S = 38.8 nn#,

two columns per cell) and the lower-temperatpgg lattice

(S = 88.8 nn#, four columns per cell) oR/12 is made, it is
apparent that the area of thiRgg lattice is more than twice

the area of the2mmlattice. This is thought to arise due to an
increase in the number of molecules within the cross section of
each column. Calculations based on these areas give a value of
9.3 molecules per column in tlp2gg phase. If it is additionally
assumed that a more efficient packing of molecules occurs at
lower temperature, then it is reasonable to assume that this
number is in fact 10 molecules per column. As each unit cell
contains four columns, then a numbemgfj caic= 40 molecules

is expected to be located in each unit cell with a height ef

0.45 nm. A value ofne = 42.7 was calculated from the
experimental data, and this is in good agreement with the ideal
value proposed. As suggested in section 2.2 the occurrence of
ap2gg lattice in this class of compounds is a strong indication
for a columnar mesophase formed by the organization of
cylinders with a pentagonal cross-sectional shape. Furthermore,
a pentagon can be easily built up by a number of 10 molecules
if each side of the pentagon is formed by two molecules.
Therefore, the most probable arrangement for pRigg lattice

is a regular and commensurate packing of four cylinders, each
cylinder having a pentagonal cross-sectional shape made up of
10 molecules in the cross section in which each side of the
pentagon is formed by end-to-end dimers as shown in Figure
10a. Figure 10b shows the CPK model of 10 moleculed i
arranged in a pentagon, and the lattice parameters measured
for the model are in good agreement with the experimental
values obtained. The formation of such an unusual structure is
thought to arise due to an increase in the stiffness of the
perfluorinated chains upon reducing the temperature.

These results show that further elongation of the lateral chains
leads to a further expansion of the cylinders which gives rise
to a transition from the Cglphases to new columnar phases
with a cylinder-shell morphology and very large unit cell
parameters. In these mesophases at least two sides of the cylinder
shells are elongated, and these sides are formed by two end-
to-end connected bolaamphiphilic units. These columnar phases
are thought to represent intermediary phases at the transition
from hexagonal cylinder structures to a novel type of lamellar
organization, and these lamellar phases will be discussed in the
next section.

2.6. Lamellar Mesophases of Group Ill CompoundsAs
mentioned in the previous section compowid2 forms not
only two distinct columnar mesophases, but also two lamellar

Figure 9. X-ray diffraction pattern of an aligned sample2.2 (a) Lan, high-temperature mesophases. Much broader regions of these
phfgel ég 184C; (b) Col/cZmmphase at 167C and (c) Calp2ggphase lamellar mesophases were found for compousitie® and3/12
at 151°C.

which have longer lateral chains. In this section attention will
be focused on the lamellar phases of these two compounds. Both

and of the texture (see Figure 8, g and h) was observed on . . .
. . - - compounds contain three different mesophases with layered
further cooling at 155C. The diffuse outer scattering remains, structure

but more than 100 sharp spots appear in the small-angle region . . .

of the diffraction pattern. These reflections can be assigned to Fi;l:]ri ?Cazzaﬂ?f ti?(?urcec;ol?gths:zﬂfiggtar:weessgpc))i\:\g] S;Z are
tered rect lar latti ith th d . )

anoncentered rectanguiar fattice wi € space gpagg an collated in Figure 12. Upon cooling the first mesophase behaves

lattice parametera = 11.5 nm andb = 7.7 nm. These lattice like a conventional SmA phase. This is characterized by a tvpical
parameters are much larger than those found for all other IKE vent . phase. This IS ' 1zec Dy _typl
fanlike texture (Figure 12b) which can be easily aligned

mesophases of compountis—5/n. Such large lattice param-

eters _WOl_Jld squeSt that th“_‘zgg Iatt|c_e results from the . (54) Preliminary communication: Prehm, M.; Cheng, X. H.; Diele, S.; Das, M.
organization of four columns in the unit cell, as proposed in K.; Tschierske, CJ. Am. Chem. So@002 124, 12072-12073.
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Figure 10. (a) Possible molecular arrangement of the molecules in the
rectangular columnar mesophase (Qflcompound2/12 with ap2gg2D
space group, the dotted lines indicate pairs of columns; (b) CPK models
showing an arrangement of 10 molecu®k2 in a pentagon, in which each
side is formed by end-to-end connected dimers (the upper right cylinder
within the frame of thep2gglattice in (a) is shown, the hydrogen-bonding
site A is located in the center of the unit cell, the distance®3dand A-C
correspond to 0.5 and 0.5b, respectively).

Lamlso

Heat Flow (mK)

cooling

Lamiso
Lamx

38.0

T
225.0

Figure 11. DSC heating and cooling scans of compoGH® (10 K mirr2).

T T 13 T
125.0 150.0 175.0 200.0

homeotropically (in this alignment the layers are parallel to the

Figure 12. Optical textures (crossed polarizers) of compo8& observed

on cooling a homeotropically aligned sample (left) and a sample with fan-
shaped texture (right): (a, b) Lamphase at 180C; (c) Lamy phase at
168 °C; (d) Lams,—Lamy transition at 169C; (e, f) Lamy phase at 163
°C; (g, h) Lanx phase at 139C.

feature of this schlieren textures is the absence of any four-
brush-disclinations. This excludes a SmC-like organization in
which the molecules are tilted with respect to the layer planes,
as often found below the SmA phases in conventional LC
materials. Upon cooling, in the regions with a fan-shaped texture
a strong change in the birefringence can be observed at the phase
transition; however, the fans themselves are unaffected (see
Figure 12, d and f). These textural features are typical for
transitions from uniaxial SmA phases to biaxial Syphase® 56

in which the layer structure remains unchanged; however, there
is a change of the ordering within the layers.

Upon transition to the third mesophase the fan texture remains
unaffected (see Figure 12h), whereas in the schlieren texture a
distinct featherlike pattern appears, as well as an increase in
birefringence (Figure 12g). There is also an associated increase
in the viscosity of the sample at the transition to this low-
temperature mesophase.

glass surfaces of the measuring cell) and which appears almost However, the X-ray diffraction patterns of all three phases
completely black between crossed polarizers, but contains someare almost identical, and are characterized by a diffuse scattering
oily streaks and some other defects due to a nonperfect
alignment when viewed through crossed polarizers (Figure 12a).(55) %’ggd' H. R, Cladis, P. E.; Pleiner, Macromolecules992 25, 7223~
Upon further cooling of this homeotropically aligned sample a (56) (a) Pratibha, R.; Madhusudana, N. V.; Sadashiva, Bsdience00Q 288
fluid schlieren texture appears (Figure 12c), indicating the 2184-2187. (b) Hegmann, T.; Kain, J.; Pelzl, G.; Diele, S.; Tschierske, C.

. R K o L Angew. Chem., Int. E@001, 40, 887—890. (c) Sadashiva, B. K.; Reddy,
transition to a fluid, optically biaxial mesophase. A characteristic A.; Pratibha, R.; Madhusudana, N. €hem. Commur2001, 2140-2141.
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Figure 14. Temperature dependence of the v stretching frequency in
the IR spectra of compour®i10 in the region measured between 150 and
180°C at 3 K intervals.

However, the layer thickness does not change at the transitions
between the different phases. Only the number of higher-order
reflections increases with decreasing temperature. Another
important feature of the X-ray diffraction pattern of aligned
samples is the diffuse wide-angle scattering which forms a
noncircular ring with maxima corresponding Bb= 0.53 nm

at the equator and t® = 0.48 nm at the meridian. The
maximum at the equator is thought to be due to the perfluori-
nated chains, whereas the maxima at the meridian result from
the rest of the molecule. Therefore, it is assumed that the
10000+ perfluorinated chains are aligned in average parallel to the
meridian (layer normal), whereas the aromatic parts are aligned
perpendicular to it.

Compound3/10 was investigated by IR spectroscopy between
150 and 180C to include all three mesophases. This investiga-
tion focused on the ©H stretching frequency region of the IR
spectra; however, no significant changes in the spectra were
observed (see Figure 14). The OH stretching region for all
phases was characteristic of extended intermolecular hydrogen-
bonding network&58and would seem to indicate that structural

. ; . ; . ; changes are due to the reorganization of the biphenyl units rather
10 15 20/° 20 than to significant changes in the hydrogen-bonding networks.

) ) ) ) This is supported by the observation of low enthalpies (Figure
Figure 13.  X-ray difffaction pattemoOf an aligned Samp'? of compound 11) at the transitions between the different lamellar phases and
3/10 (a) at 147°C (Lamy), (b) at 167°C (Lamy), (c) at 185°C (Lamso), - \ HOTS
and (d) scans of the pattern obtained at 18%along the meridian (1) and  into the isotropic liquid.
along the equator (2, 3). The optical observations in conjugation with the X-ray
patterns give rise to the proposed molecular arrangements,
shown in Figure 15, ad. The layer structure arises due to
segregation of the nonpolar lateral chains from the bola-
amphiphilic units (biphenyl units and terminal diol groups) into
distinct sublayers, however, unlike conventional smectic phases,
the calamitic biphenyl units are organizpdrallel to the layer
planes The aromatic layers are separated by the nonpolar layers

(57) This strong increase a with the chain length is unexpectedly large  of the lateral chains. These chains are strongly disordered
compared to observations made with smectic phases of conventional LC
materials. A detailed discussion of this effect is however difficult, because
not only the degree of intercalation of the chains, but also the thickness of (58) Siegel, G. G.; Huyskens, P. L. Intermolecular Forces, An Introduction
the aromatic sublayers can change, depending on the chain length, and to Modern Methods and Resultduyskens, P. L., Luck, W. A. P., Zeegers,
both have a strong influence upon the layer distances. T., Eds.; Springer: Berlin, 1999; pp 383895.

(c)

f/a.u.
(d)
5000+

N

in the wide-angle region, and in the small-angle region by
several sharp equidistant reflections on the meridian, indicating
the presence of well-defined fluid layer structures. The X-ray
diffraction patterns for the mesophases36f0 are shown in
Figure 13. The layer thickness is 3.94 nm 810 and strongly
increases by elongation of the lateral ch@i®: d = 4.5 nm)%’
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(liquidlike) but with a certain preferred direction of the
fluorinated segments perpendicular to the layer planes (the
maximum of the diffuse scattering at the equator is very close
to the value for the mean distance between perfluorinated chains
corresponding t® = 0.54 nm). The experimentally determined
layer distance requires that the chains are intercalated and that
the thickness of the aromatic sublayers should correspond to,
on average, approximately 3 times the width of the biphenyl
unit. The diffraction pattern and the layer distances do not
change at the phase transitions, and therefore, the biphenyl units
remain parallel to the layer planes in all three lamellar phases.
It is suggested that the symbol Lam should be used for each of
these special types of lamellar mesophases, to distinguish them
from the conventional smectic phases of rodlike mesogens and
the smectic phases of the bolaamphiphil#s-1/9, and4/4, in
which the rodlike cores are aligned perpendicular to the layer
planes (SmA) or tilted (SmC). As indicated by the IR investiga-
tions, the phase transitions seems to be accompanied by a chang:
of the shape and distribution of the hydrogen-bonding networks
rather than by a change in the size of the networks as all phasesl———
have quite large dynamic hydrogen-bonding networks. In the (b) (c) (d)

isotropic liquid phase these networks are thought to be randomly Figure 15. (a) CPK model of six molecules @10 arranged into layers.
distributed in space, whereas in the Lam phases they areon average the aromatic sublayers have a thickness 3 times the width of
concentrated within the sublayers of the bolaamphiphilic the aromatic unit. The marketispacing corresponds to the experimentally

P ; _determined value. (bd) Models of the organization of the molecules in
moieties. Hence, there are clusters of molecules in all meso the different lamellar mesophases. The rigid bolaamphiphilic units (gray)

phases. are arranged parallel to the layer planes, and the space between the layers
Three subtypes of Lam phases were observed, which showiis filled by the fluid lateral semiperfluoroalkyl chains. The Lagstructure

different optical properties as a function of temperature. The shown in (d) represents a possible structure of the Low-temperature

. . . . phase of compound3/n.
high-temperature phase is optically uniaxial as observed for
SmA and lyotropic I, phases, and upon cooling a transition to temperature. This would lead to a preferred direction within
an optically biaxial Lam phase is observed. These two meso-the fluorinated sublayers, and as a consequence correlation
phases and the transition between them will be discussed first.between the layers would arise. However, there is no direct
There are two different organizations which could explain the experimental evidence for either of these two possibilities, but
uniaxiality of the high-temperature phase. One possible structurereplacement of the biphenyl unit by an elongapettrphenyl
for the uniaxial phase is a lamellar organization in which there unit®° leads to a complete loss of the optically uniaxial phase
is no other ordering within the plart&.The bolaamphiphilic and a strong stabilization of the biaxial mesophase, which is
moieties are organized in clusters which are irregularly distrib- predicted by using the Lagg model of the uniaxial mesophase.
uted within the layers, as shown in Figure 15b. Because thereTherefore, it seems likely that the optically uniaxial high-
is an isotropic distribution of the calamitic units within the layer temperature phase is a Lagphase and that the formation of
planes this phase is assigned as |sa(D.n Symmetry). At the a long-range orientational order within the individual layers is
transition to the optically biaxial mesophase below the kgm  coupled with the formation of long-range orientational correla-
phase, the biphenyl units adopt a long-range orientational tion between adjacent layers.
ordering within the aromatic sublayers, and the individual layers  The structure of the low-temperature mesophasesyLfam
become orientationally correlated to one another. Therefore, compounds3/10 and3/12 is even more difficult to understand
biaxiality is observed throughout the bulk (see Figure 15c). This and still remains somewhat unclear. A crystallization in one of
phase can be regarded as a lamellar phase built up of quasi-2the sublayers can be excluded due to the presence of diffuse
layers with nematic-like ordering within the plane, separated scattering in the wide-angle region of the X-ray diffraction
by layers of the fluid lateral chains, and therefore this mesophasepattern. If an analogy is drawn with the phase sequence Iso
is designatedaminated nematic (Lany) and exhibits aDay, N—Sm, seen for calamitic molecules upon decreasing temper-
symmetry. Another model for the optically uniaxial phase is ature, it can be assumed that the same sequence occurs in the
also possible, in which a nematic order within the aromatic 2D sublayers of the bolaamphiphilic units. Hence, it is thought
sublayers is already present, but in which an orientational that in the low-temperature phase an additional periodicity
correlation between adjacent layers does not exist (noncorrelatecbccurs parallel to the aromatic sublayers arising from the
Lamy phase). This arrangement would also be optically uniaxial, organization of the hydrogen-bonding networks into stripes.
and the transition to the optical biaxial mesophase in this caseThese stripes are separated by ribbons of biphenyl units
would arise due to the onset of the orientational correlation organized in a parallel fashion. Such a phase should exhibit a
between the layers, which may be caused by a reduction in thereflection at the equator of the diffraction pattern; however, this
conformational (internal) mobility of the molecules at reduced has not been observed. A possible explanation for the absence
(59) A related mesophase was reported for anthracene derivatives: Norvez, S.;Of this reflection may be that the number of scattering units

Tournilhac, F. G.; Bassoul, P.; Hersonn,Ghem Mater2001, 13, 2552
2561. (60) Cheng, X. H.; Tschierske, C. Unpublished results.
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contributing to the overall scattering volume is small and that Table 3. Transition Temperatures (7/°C) of the Bolaamphiphiles
the electron density modulation parallel to the layer planes is 6/n

much lower than perpendicular to the layers. Both effects would Ho\).f/o O O o\)O\H/OH
cause this reflection to have very low intensity. There are two

possible organizations of layers with such an additional in-plane Crbzns

periodicity; the layers could be either correlated or noncorrelated, CeF13
positionally. A correlated layer structure was recently reported cmpd N ¢
f0|_r a molecule, rela_ted t8/n but with a branched sgmlperﬂu-_ o1 1 Cr 97 Col 134 10
orinated lateral chain, and as expected, a 2D lattice as typical 6/6 6 Cr 137 Iso
for a columnar phase (Gfh2mm) was indicated by several 6/12 12 Cr 134 Iso
reflections out of the meridian of the diffraction patt&this oH oH
shows that such a 2D lattice should be detectable by X-ray

diffraction. Therefore, the other possible structure, i.e. a Ho Ao O Q oA oH
mesophase without positional correlation between adjacent

layers (but with orientational correlation), designated herein as CrFaonet CrFant

Lamsm (see Figure 15d), seems more likely for this mesopPase.
Theoretically, a streaky vertical reflection should be observed
on the equator of the diffraction pattern of such a mesophase,
but according to the arguments given above such a reflection
might not be detected due to its low intensity. Therefore, it is OH OH
proposed that a Lagy, structure is the most likely possibility Ho_L_o O Q o_A_oH
for the Lank phase, but further investigations are necessary to
completely understand this special type of mesopkase.

Apart from a temperature dependence, the chain length (i.e. 1/9,9: mp.: 123°C
the space required by the lateral chains) also has a significant
influence on the subtype of Lam phases observed. The broadest
regions of the Lang, and Lamy phases were found fd/12, crystalline phase. This shows that enlargement of the nonpolar
whereas a stabilization in the Lanphase was observed on  regions is not possible by attaching two lateral chains to a
reducing the chain length. This leads to a rather small region pipheny! unit.
of the Lamy phase for compoun&105* It seems that the space
required by the lateral chains in the nonpolar sublayers also 3. Summary and Conclusions
has an influence upon the organization of the rigid calamitic
units within the aromatic sublayers. It is thought that upon
increasing the chain length there is not only an increase of the
layer distancel but also an expansion of the area required by
the chains within the layer planes. This leads to an increased
separation of the rigid units, which disfavors the occurrence of
orientational and positional in-plane ordering. For this reason
compound2/12, which has a shorter chain than compouslds
has only very short Lagy- and Lamy-phase regions. However,
this compound does not exhibit a Lanphase, but instead,
different columnar mesophases; this has already been discusse
in section 2.5.

2.7. Compounds with Two Lateral Chains.Three different
types of bolaamphiphiles with two lateral chains have also been
synthesized. Compoundin (see Table 3) have a semiperflu-
orinated chain and an alkyl chain, whereas compoufukave
two semiperfluorinated chains. Compousid is similar t02/6,
but has an additional methyl group attached to the aromatic core.
As with compound?/6 it forms a hexagonal columnar phase,
but the mesophase stability is significantly reduced. All bo-
laamphiphiles with two long lateral chains rapidly crystallize
at high temperatures without the observation of any liquid

7/6: n=6mp.: 147 °C
7/iT: n="T7mp.: 143 °C

H1gCg CoHig

In this investigation novel complex mesophase morphologies
were obtaineded by careful molecular design. This was achieved
by attaching a nonpolar chain laterally to a rigid rodlike
bolaamphiphilic core. Rodlike bolaamphiphiles are known to
form extremely stable smectic monolayer phases due to the
parallel organization of the rodlike moieties, the segregation of
the polar terminal groups from the aromatic units, and the
cohesive forces provided by the hydrogen-bonding networks
between terminal diol grougdd-e33ntroduction and successive
Snlargement of lateral alkyl-, semiperfluoroalkyl-, or perfluo-
roalkyl chains disturb the parallel organization of the biphenyl
cores within these layer structures. However, the cohesive forces
(H-bonding) inhibit the complete collapse of positional ordering
to yield nematic or isotropic liquid phases as usually obsef¥ed.
Instead, a variety of new columnar phases with eateell
morphologies and novel types of smectic phases, in which
rodlike aromatic units are organized parallel to the layer planes
(Lam), were observed. As shown in Figure 16, all the columnar
phases occur as intermediary phases at the transition between
conventional SmA phases and the novel laminated phases (Lam).

As shown in Table 4, there is a remarkably strong correlation
between the mesophase type and the volume fraction of the
(61) Prehm, M.; Diele, S.; Das, M. K.; Tschierske,ZZAm. Chem. So2003 lateral chain. The elongation of the lateral chain causes

125, 614-615. Listinctive changes in the molecular shape, amphiphilic pattern,

(62) Arelated phase, designated as sliding columnar phase was recently propos: . . . .
as a possibility of the organization of DNA strands in LC phases of BNA  and segregation regime. Molecules with very long chains (group

lipid complexes: Lubensky, T. C.; O'Hern, C. S. 8low Dynamics in i i imi H _
Complex Systemaokuyama, M.. Oppenheim. I.. Eds. The American [ll) organize |n' Lgm phases and behave similarly to single
Institute of Physics: Woodbury, NY, 1999; pp 10516. headed amphiphiles. In these molecules the whole bola-

(63) Arelated phase sequence was also found for bolaamphiphilic triols: Cheng, inhili ; ; ; ;
X_H.. Das, M. K.. Diele, S.: Tschierske, @ngew. Chemint. Ed 2002 amphiphilic unit (the biphenyl unit together with the two polar

41, 4031-4035. groups) can be regarded as polar “headgroup”. In the meso-
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Phase Sequence Depending on the Length of the
Lateral Chain

Figure 16. Liquid crystalline phases formed by the rigid bolaamphiphiles with respect to the size of the nonpolar lateral chain.

Table 4. Correlation between Volume Fraction of the Nonpolar Lateral Chain (fz) and Observed Mesophase Type for the Bolaamphiphiles
1/n—5/n

Mesophase Shape of the Number of Cylinders per ik
cylinder shell molecules forming unit cell
the cylinder shell

SmA, SmA+ <0.28

Col,/c2mm 4 2 0.28-0.36

Colgy/pdmm 4 1 =~0.36

Col./p2gg 5 4 0.36 - 0.43

Coly/pbmm 6 1 0.43-0.53

0.53-0.56

Col/p2gg 10 4

%

&

O

O
O

Lamy,, Lamy, Lamy >0.56

phases of these materials an equivalent space filling of the polartemperature the rodlike polar groups are rotationally disordered,
units and the intercalated nonpolar chains allows these molecules.e. their specific shape is not recognized (Lgmn but by
to adopt an organization in layer structures. At enhanced reducing the temperature, the rigid rodlike structure of these
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“headgroups” becomes important, and this leads to a stepwiseand rod-coil molecules’ where ribbonlike aggregates of
onset of orientational (Lag) and possibly also positional order  calamitic units form the interiors of the columns which are
within these sublayers. surrounded by the fluid continuum of the attached alkyl chains.
Compounds with intermediate chain lengths form numerous The columnar phases reported herein represent channel
different columnar phases that arise from a mismatch of the structures, built up by the bolaamphiphilic units and filled with
space required by the nonpolar chaing;,(Rg) and the polar the semiperfluorinated chains. Channel structures have also been
molecular parts (see Table 4). The fluid nonpolar parts are reported for crystal structures of shape-persistent organic
organized in the interior of the columns, whereas the rigid macrocycle$® " the solid-state structures of some H-bonding
bolaamphiphilic units form shells around these columns. In this organic molecule8 and coordination polymers:"*Mesoporous
respect these phases can be regarded as type | (normal type()hannel structures were also obtained by surfactant based sol
columnar phase®, as for example often found in lyotropic ~ gel synthesig> However, in contrast to these solid-state
systemg.However, in contrast to conventional amphiphiles, the structures, the mesophases reported here représihtself-
“headgroups” have a distinct rigid and bolaamphiphilic sub- organized systen{srdered fluids) as indicated by the rheologic
structure, which is recognized during self-organization in properties (fluidity) and the X-ray diffraction patterns (diffuse
columns. The segregation of the biphenyl units from the attachedwide-angle scatteringf. This means that there is a high mobility
diol groups, as well as the rigid rodlike shape of the polar group in these systems, provided by rapid molecular motions and
only allows organization into certain distinct 2D structures. rotations of the whole molecules, as well as conformational
Furthermore, within the cylinder shells, only commensurate mobility. Therefore, the interfaces between the segregated
structures are possible, which means, that the cylinder shellsregions are diffuse. This means that the different regions shown
must contain a well-defined number (4, 5, 6, 8, or 10) of the in the models represent regions with an enhanced concentration
bolaamphiphilic units organized around the nonpolar cylinder of one of the incompatible components with respect to that of
cores. The resulting columns must be able to arrange in 2D the other. Hence, these structures are highly ordered on a
space regularly, and within the resulting 2D lattice the intercon- macroscopic scale but are rather disordered on a microscopic
nection between the cylinder walls occurs exclusively at the scale.
H-bonding sites. Two of these columnar mesophases are TO the best of our knowledge, there are only two other LC
especially remarkable; these are figg lattices (compounds systems with morphologies related to those reported herein.
2/4 and2/12), in which the columns adopt a pentagonal cross- These are semirigid LC-main-chain polymers containing long
sectional shape, and tt@mm lattice of compound£/10— lateral alkyl chains. Some of these polymers form columnar
2/12, in which eight molecules are organized into a deformed mesophases (Golwith special cylinder morphologies, where
hexagon. These unusual mesophases have never been observ#te semirigid polymer backbones form the cylinder walls, filled
for any other liquid crystalline system. It is also remarkable by the lateral alkyl chain&’ Other polymers of this type form
that in this class of compounds no cubic or any other 3D-ordered smectic mesophases, where the semirigid polymer backbones
mesophase has been detected at the transition between column&re segregated and organized parallel to the layer planes as in
and lamellar organization, as is typical for most other LC the Lam phase¥ 8 Another class of mesophases is formed
systems. In these systems it appears that there is a direcby the organization of rigid aromatic molecules with peripheral
transition from cylinders t'o layers. Cylinders with eight ) Lee, M.; Cho. B.-K.: Zin. W.-CChem Re. 2001, 101, 3869-3892,
molecules in the cross section seem to represent the largest ofeg) (a) Zhao, D.; Moore, J. hem. Commur2003 807—818. (b) Venkat-
the stable cylinder structures; however, under special conditions .. araman, D.; Lee, S.; Zhang, J.; Moore, JNBture 1994 371, 591-593.

i (69) Hager, S.; Morrison, D. L.; Enkelmann, \J. Am. Chem. So2002 124,
(e.g. at reduced temperature) a larger cylinder can also be  6734-6736.
(70) Werz, D. B.; Staeb, T. H.; Benisch, C.; Rausch, J.; Rominger, F.; Gleiter,
observed (g.g., thngg phase 0f2/12). . R. Org. Lett 2002, 4, 339342,
Another interesting feature to note about these systems is that(71) Gleiter, R.; Werz, D. B.; Rausch, B. Them. Eur. J2003 9, 2676~

- . . L 2683.
the rigid units are located at the interfaces between the individual (72) Holman, K. T.: Pivovar, A. M.; Ward, M. DScience2001, 294, 1907

columns (i.e., at the WignerSeitz lattice), whereas the fluid 1911. (b) Holman, K. T.; Martin, S. M.; Parker, D. P.; Ward, M.DAm.
. ( gn . ) . Chem. Soc2001, 123 4421-4431.
chains are located at the interior of the resulting networks of (73) (a) Xu, Z.: Lee, S.: Kiang, Y.-H.; Mallik, A. B.; Tsomaia, N.; Mueller, K.

i 65 i T. Adv. Mater. 2001, 13, 637-641. (b) Xu, Z.; Kiang, Y.-H.; Lee, S.
cylmplers. In columnar LC. phasqs forrr-led. by conveqthnal Lobkovsky, E. B.; Emmott, NJ. Am. Chem. So200Q 122, 8376-8391.
disklike LC molecules the WignerSeitz lattice is located within ~ (74) (a) zaworotko, M. JChem. Commur2003, 1-9. (b) Abourahma, H.;
the fluid continuum between the columns, and the rigid parts 2"2‘2{";%'@;0?595?“50“ V.; Zaworotko, M..JJ. Am. Chem. So2002
are located in the centers. In this respect the mesophases reporteds) (a) Attard, G. S.: Glyde, J. C.; Gper, C. G.Nature1995 378 366-368.

(b) Raimondi, M. E.; Seddon, J. M.ig. Cryst 1999 26, 305-339. (c)
here_are the reverse _of the mesophases of polyca_tenar mesogens ;o Margolese. D. I.: Stucky, G. [ehem. Mater 1996 8, 1147
(rodlike molecules with multiple or branched terminal ch&ifis) 1160.
(76) Columnar phases formed by taper-shaped or dendritic LC molecules with
polyether chains or crown ether units at the apex can also be regarded as

(64) Borisch, K.; Tschierske, C.; @ag, P.; Diele, SLangmuir200Q 16, 6701 channel structures incorporating three distinct subspaces (central polar core,
. aromatic inner shell, and aliphatic or perfluoroalkyl outer shell). However,
(65) A liquid crystalline macrocycle, which represents a disklike molecule built with these compounds segregation leads to onion-like structures. In such
up by a rigid frame and an interior of fluid alkyl chains, was recently structures the rotation of the tapered segments around the column long
reported, but only a nematic phase is formed by this compoundyeiio axis is not restricted, and therefore ¢phases were observé.16b
S.; Enkelmann, V.; Bonrad, K.; Tschierske Ahgew. Chemint. Ed.200Q (77) (a) Watanabe, J.; Sekine, N.; Nematsu, T.; Sone, M.; Kricheldorf, H. R.
39, 2267-2270. Macromoleculed996 29, 4816-4818. (b) Fu, K.; Sekine, N.; Sone, M.;
(66) (a) Nguyen, H.-T.; Destrade, C.; Malthete JHendbook of Liquid Crystajs Tokita, M.; Watanabe, Folymer J 2002 34, 291-297.
Demus, D., Goodby, J. W., Gray, G. W., Spiess, H.-W., Vill, V., Eds.; (78) Thinemann, A. F.; Janietz, S.; Anlauf, S.; Wedel JAMater. Chem200Q
Wiley-VCH: Weinheim, 1998; Vol 2B, pp 865885. (b) Gharbia, M.; 10, 2652-2656.
Gharbi, A.; Nguyen, H. T.; Malthete, Curr. Opin. Colloid Interface Sci (79) (a) Voigt-Martin, I. G.; Simon, P.; Yan, D.; Yakimansky, A.; Bauer, S.;
2002 7, 312-325. (c) Barberal.; Donnio, B.; Gimeez, R.; Guillon, D.; Ringsdorf, H.Macromoleculed995 28, 243-254. (b) Herrmann-Scim
Marcos, M.; Omenat, A.; Serrano, J. L.Mater. Chem2001, 11, 2808— herr, M.; Ebert, O.; Wendorff, J. H.; Ringsdorf, H.; Tschirner_ig. Cryst
2813. 199Q 7, 63—79.
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polar groups (some dyes and drugs) in wétein these the unfavorable effect of the entropy of mixing, and this can be
chromonic lyomesophases, the space required by the waterachieved if the individual blocks have a high degree of
molecules coordinated around these rigid cores (instead of theincompatibility with respect to one another. The competitive
nonpolar chains in compoundé—>5/n) determines the meso-  combination of cohesive hydrogen-bonding, the fluorophobic
phase type. Hollow-pipe structures (related to the columnar effect, and the rigie-flexible incompatibility have turned out
phases of groups | and Il materials) and optically biaxial to be a successful approach in this direction. Remarkably, the
brickwork-layer structures (related to the Lam phases of group wide variety of different phases was obtained using one, single,
Il materials) have been proposed for the organization of such basic molecular structure, where the only structural change
molecules’! However, in these LC materials only two distinct involved the elongation of the laterally attached chain. This
sets of subspaces exist, whereas most of the mesophases reportatiows that careful design of quite simple block molecules by
herein have three distinct sets of subspaces, i.e. columns of thdiny changes of the molecular structure can lead to unexpectedly
lateral chains, ribbons of the aromatic units, and strings of complex superstructures.

H-bonding networks. In this respect these morphologies are _
unique in LC systems but are related to those observed in some Acknowledgment. This work was supported by the Deutsche
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polymers also with low-molecular mass LC materials. A major

challenge in such low-molecular weight systems is to overcome Supporting Information Available: Tables with crystal-
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