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Abstract: Novel bolaamphiphiles, consisting of a biphenyl rigid core, polar 2,3-dihydroxypropoxy groups at
each terminal end, and an additional long alkyl chain in a lateral position have been synthesized. The structures
of these ternary block molecules were systematically changed by variation of the length and position of the
alkyl chain, by introduction of additional spacer units between one of the 2,3-dihydroxypropyl groups and the
rigid core, and by replacement of one of the 2,3-dihydroxypropoxy groups by a single hydroxy group. The
influence of these structural variations on the liquid crystalline properties of these new materials was investigated
by polarized-light microscopy, differential scanning calorimetry, and X-ray diffraction. These investigation
have shown that, by elongation of the lateral chain, a transition from a smectic monolayer structusg (SmA
via a strongly distorted layer structure (SAa centered rectangular columnar phase {€hn) and a
noncentered rectangular columnar phase {g2gg) to a hexagonal columnar phase (Zotmm) takes place.
Elongation of the bolaamphiphilic core leads to the loss of the columnar phases, which are replaced by smectic
phases, whereas reduction of its length favors the hexagonal columnar phase. This phase sequence is explained
as a result of the microsegregation of the lateral alkyl chains from the rigid aromatic cores. The segregated
alkyl chains are organized in columns that interrupt the smectic layers. The hydrogen bonding keep the
bolaamphiphilic cores fixed end to end, so that they form networks of cylinders around the lipophilic columns.
The space required by the alkyl chains with respect to the length of the bolaamphiphilic cores is restricted and
largely determines the geometry of the cylinders, which leads to the observed phase sequence. The obtained
mesophase morphologies, built up by three distinct sets of subspaces, are related to morphologies of some
ternary block copolymers. Furthermore, the investigated compounds represent a novel class of materials, capable
of forming supramolecular columnar mesophases.

Introduction are also of great importance for the structure formation in
biological systems and for the self-organization of low molecular
AR o - weight amphiphiles and liquid crystals. In thermotropic liquid
organization is fonhe Of “re most hexlé:ltlng ?r?d mc;s(; rapgdl¥h crystals, for example, the segregation of flexible chains from
growing areas ot chemicaj research. buring the past decade erigid anisometric (calamitic or disklike) units is a main driving

Igrma_tmn gf well-defm;sd SL;pramoIectgt:?r StLUCt.lirPTS baf't?b(: OE force for the formation of positional ordered (smectic, columnar,
€ microphase separation ot Incompatible Subunits in muiibioc cubic) liquid crystalline phasésTherefore, conventional liquid

1—-3
c0||:)olymebr|s, dg[:]olyellect'rfc')lytet—lsur(fjactant dcorr(ljpllege:s,and' d crystalline materials are designed in such a way that the effects
polymer bienashas significantly advanced and ed to a wide ;¢ microsegregation, the preorganization of the molecular

variety of quite exciting morphologies. Such segregation effects subunits, and the parallel alignment of rigid anisometric units
* Corresponding author: (fax)++49 (0) 345 55 27030; (e-mail)  CoONtribute cooperatively to their self-organization, enhancing

The investigation of the driving forces of molecular self-

tscThierske@chemie.uni-halle.de. each other. For example, calamitic rigid units and flexible alkyl
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(1) Recent reviews: (a) Hamley, I. Whe Physics of Block-Copolymers mers: (a) Sioula, S.; Hadjichristidis N.; Thomas, E.NMacromolecules
Oxford University Press: Oxford, U.K., 1998; p 24. (b) Bates F. S.; 1998 31, 8429. (b) Hekstalt, H.; Gpfert A.; Abetz, V.Macromol. Chem.
Fredrickson, G. HPhys. Today 999 32. (c) Abetz, V. InSupramolecular Phys 200Q 201, 296.
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Figure 1. Schematic presentation of the molecular structures of
mesophase forming binary{&) and ternary block molecules-{&)
comprising a calamitic middle block: (@) conventional calamitic

"lb€bet al.

by a drastic decrease of the mesophase stabilithowever,

the lateral groups are incompatible with the terminal chains,
the layer structures can remain. For example, calamitic me-
sogens, carrying two semifluorinated terminal chains and very
bulky aliphatic lateral groups form stable smectic phas@3q
Even a mesophase stabilizing effect can be achieved, if the
lateral groups provide additional cohesive intermolecular forces.
This was recently shown for calamitic mesogens with two
terminal alkyl chains and a lateral aromatic electron-acceptor
groupf® as well as for molecules with a polar lateral group,
capable of hydrogen bonding, such as the 1,2-diol group (facial
amphiphilese).23 The size of the polar lateral group of the facial
amphiphiles was further increased by introduction of oligooxy-
ethylene chains, which led to the induction of different types

mesogen; (b) polycatenar mesogen; (c) calamitic mesogen with lateralof rectangular columnar mesophases (C6IThe formation of

alkyl chain; (d) calamitic mesogen with semifluorinated side chains
and lateral alkyl chain; (e) facial amphiphile; (f) bolaamphiphile with
lateral alkyl chain.

these columnar phases was explained as the result of the inset
of an additional segregation process occurring between the rigid
aromatic cores and the polar lateral groups, whereby the lateral
groups become organized in separate cylinders, which interrupt

chains are usually combined in such a manner that the twothe smectic layers in regular intervafs.

incompatible molecular parts are located in well-defined separate  Herein we report novel ternary block molecules of tfjggee
molecular regions and they are connected in a strictly linear gigyre 1), in which the positions of the polar diol groups and

way (see Figure 1a).” This designing principle leads to the

the alkyl chains were exchanged with respect to the facial

formation of predominately layer structures (smectic phases) gmphiphiles e15 In such bolaamphiphile$$, the strongest
consisting of segregated sublayers of the parallel aligned rigid aitractive forces (H-bonding) are positioned at both terminal

cores and sublayers of conformational disordered alkyl cifains.

If, however, additional alkyl chains are grafted in lateral

ends of the rigid calamitic cores. This, and the strong segregation
of the polar 1,2-diol groups from the biphenyl cores into separate

positions at the rigid core, the layer arrangement is strongly g pjayers, lead to a dramatic stabilization of smectic pHésEs.

disturbed® This is not only due to the steric effect which

Hence, the parent compound of this series without a lateral

disfavors the alignment of the calamitic cores but also to the g pstituent (compountl/0; see Figure 2) forms an extremely

incompatibility of the lateral alkyl chains with the aromatic cores
and especially to their complete compatibility with the terminal

stable smectic A phase with monolayer structure (1A
Therefore, such molecules can provide the unique possibility

alkyl chains. Thereby, the influence of lateral chains strongly {4 change the mesophase structure from a layer structure to more
depends on their position W|t_h respect to t_he terminal chalns_. If complex ones by introduction of long lateral alkyl chains.
they are located at the terminal ends, adjacent to the terminalgecayse the lateral alkyl chains represent a third incompatible

chains (polycatenar mesogeib$, they enlarge the volume
fraction of the flexible chains, which can give rise to a curvature
of the aromatie-aliphatic interface, leading to columnar and
cubic mesophasé&!In contrast, the connection of aliphatic

unit, incompatible with both, the polar terminal diol grogbs
and the rigid biphenyl unitéthese molecules represent ternary
block moleculeg? Furthermore, in such molecules, micro-
segregation and rigidity are combined in such a way that they

chains to other lateral positions, more close to the center of thecompete with each other. This means that segregation of the

calamitic coresd), leads to the complete loss of positional order;

i.e., smectic phases are replaced by nematic phases, accompanie% (12) (a) Arehart, S. V.; Pugh, d. Am. Chem. Sod997, 119, 3027.

(7) Demus, D. IrHandbook of Liquid CrystajdDemus, D., Goodby, J.
W., Gray, G. W., Spiess, H.-W., Vill, V., Eds.; Wiley-VCH: Weinheim,
1998; Vol. 1, p 134.
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C.; Bae, J.-Y.; Dharia, J.; Ge, J. J.; Cheng, S. ZMacromolecule4998
31, 5188.

(13) Hildebrandt, F.; Sctiter, J. A.; Tschierske, C.; Festag, R.; Klep-
pinger R.; Wendorff, J. HAngew. ChemInt. Ed. Engl.1995 107, 1780.

incompatible segments, have also been investigated. Such molecules can (14) (a) Hildebrandt, F.; Schrer, J. A.; Tschierske, C.; Festag, R.;
form bilayer structures or layer arrangements composed of three distinct Wittenberg M.; Wendorff, J. HAdv. Mater, 1997, 9, 564. (b) Schiter, J.

sublayers. If the volume fraction of one segment is significantly larger,

A.; Tschierske, C.; Wittenberg M.; Wendorff, J. H.Am. Chem. S0d998

then modulated smectic, cubic, and columnar mesophases can be formed120, 10669. (c) Plehnert, R.; Sches, J. A.; Tschierske, C. Mater. Chem

(a) Pensec, S.; Tournilhac, F.-G.; Bassoul P.; Durliat) (Phys. Chem
1998 102 52. (b) Ibn-Elhaj, M.; Mdwald, H.; Cherkaoui M. Z.; Zniber,
R. Langmuir 1998 14, 504. (c) Newton, J.; Coles, H.; Hodge, P.;
Hannington JJ. Mater. Chem1994 4, 869. (d) Lindner, N.; Kthel, M.;
Sauer, C.; Diele, S.; Jokiranta, J.; Tschierske,J(Phys. ChemB 1998
102 5261. (e) Lose, D.; Diele; S., Pelzl, G.; Dietzmann, E.; Weissflog, W.
Lig. Cryst 1998 24, 707. (f) Guittard, F.; Taffin de Givenchy, E.; Geribaldi,
S.; Cambon, AJ. Fluorine Chem1999 100, 85. (g) Lee, M.; Lee, D.-W_;
ChoJ. Am. Chem. Sod 998 120, 13258.

(9) (a) Weissflog, W.; Demus, OCryst. Res. Technol983 18, K21.
(b) Weissflog, W. InHandbook of Liquid CrystajDemus, D., Goodby, J.
W., Gray, G. W., Spiess, H.-W., Vill, V., Eds.; Wiley-VCH: Weinheim,
1998; Vol. 2B, p 835. (c) Berdaue, P.; Bayle, J.-P.; Fujimori, H.; Miyajima.,
S.New J. Chem1998 1005.

(10) Nguyen, H.-T.; Destrade, C.; Malthete, J.Handbook of Liquid
Crystals Demus, D., Goodby, J. W., Gray, G. W., Spiess, H.-W., Vill, V.,
Eds.; Wiley-VCH: Weinheim, 1998; Vol. 2B, p 866.

(11) Recent reviews on cubic mesophases: (a) Diele, SinGad. In
Handbook of Liquid CrystajsDemus, D., Goodby, J. W., Gray, G. W.,
Spiess, H.-W., Vill, V., Eds.; Wiley-VCH: Weinheim, 1998; Vol. 2B, p
887. (b) Bruce, D. WAcc. Chem. Re00Q 33, 831.

1998 8, 2611.

(15) Preliminary communication: Kioel, M.; Beyersdorff, T.; Sletvold,
I.; Tschierske, C.; Kain, J.; Diele, 8ngew. Chem., Int. EA999 38, 1077.

(16) Fuhrhop, J.-H.; Fritsch, Dl. Am. Chem. S0d.986 19, 130.

(17) (a) Festag, R.; Hessel, V.; Lehmann, P.; Ringsdorf, H.; Wendorff,
J. H.Recl. Trar. Chim. Pays-Ba4994 113 222. (b) Hessel, V.; Ringsdorf,

H. Makromol. Chem. Rapid Commut993 14, 707. (c) Dahlhoff, W. V.
Z. Naturforsch.1988 43h, 1367.

(18) Hentrich, F.; Tschierske, C.; Zaschke, Ahgew. Chem., Int. Ed.
Engl. 1991 30, 440. (b) Hentrich, F.; Diele, S.; Tschierske, Gq. Cryst.
1994 17, 827.

(19) Columnar mesophases have been found for bolaamphiphiles, in
which the headgroups are connected with each other by flexible alkyl chains.
The self-organization of these compounds is related to those found for
conventional amphiphiles: (a) Gulik, A.; Luzzati, V.; De Rosa, M.;
Gambacorta, AJ. Mol. Biol. 1985 182 131. (b) Gutman, H.; Loewenstein,
A.; Luz, Z.; Poupko, R.; Zimmermann, H.ig. Cryst. 1991 9, 607. (c)
Auzdy-Velty, R.; Benvegnu, T.; Plusquellec, D.; Mackenzie, G.; Haley, J.
A.; Goodby, J. WANngew. Chem Int. Ed. 1998 37, 251.

(20) Hentrich, F.; Tschierske, C.; Diele, S.; SauerJCMater. Chem
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OH OH changed. Additionally, the triol®/n and some selected com-
Ho\)\,oo\)\,OH pounds, in which the position of the alkyl chains (compounds
1/n') or the position of the spacer unit were shifted (compounds
m'/n), have been synthesized. The influence of these structural
variations on the liquid crystalline properties of these new
50 100 150 200 250 7/°C 300 materials was investigated by polarized-light optical microscopy,

or 245 204 [14.4] differential scanning calorimetry, and X-ray diffraction.

CnHzn+1

Results and Discussion

1. Synthesis.The bolaamphiphile&/4—1/18 were prepared
as shown in Scheme? using Kumad#® and Suzul® coupling
149 [5.8] reactions as key steps. [4-(2,2-Dimethyl-1,3-dioxolan-4-yl-
methyl)benzene]boronic acid)(was the key intermediate for
the synthesis of these compounds. The preparation of this new
boronic acid required some special reaction conditions. So, the
halogen metal exchange reaction of the aryl bromidié0 3!
with n-butyllithium had to be carried out at100°C followed
by quenching with trimethyl borate at90 °C in order to
minimize side reactions due to metalation in a position ortho
to the acetonide unit. The acid-sensitive acetonide group
additionally required a special workup procedure using a
phosphate buffer adjusted to pH 4.5 at 0°C. The coupling
reactions of this boronic acid with the appropriate aryl bromides
VII/n were carried out using standard conditions with PAgPPh
in aqueous glyme and NaHG@s basé? Only in the case of
1/18 were these conditions not successful, due to the poor
solubility of the highly lipophilic aryl bromidé/I1/18. In this
case, the system 2-(thrt-butylphosphino)biphenyl, Pd(OAg)
KF in THF was applied? In the final step, the acetonide groups
141[6.8) of the obtained biphenyl derivative¥lll/n were cleaved
(pyridinium tosylate/MeOH fom < 18, forn = 18: HCI in
EtOH) and the bolaamphiphilgsn were purified by repeated
Figure 2. Mesophases, phase transition temperatdié€y, and phase crystallization.
transition enthalpiesAH/kJ mol?, values in brackets) of the bola- The isomeric 2-substituted tetrabl11 was prepared in an
amphiphilesl/n. At_Jbreviations: cr (k_)lack columns), crystalline solid analogous way, starting with 3-chloroanisole. The schemes
state; SmA, smectic A-phase; SmAlisordered SmA phase (see text); describing the synthesis of all other compounds, the detailed

Col, rectangular_columnar mesophase; dlexagonal columnar experimental procedures, and the analytical data are collected
mesophase. (a) Enthalpy value refers to the transitiop&oA'-is. . P p ” yt
in the Supporting Information.

(b) No transition enthalpy was found for this transition by DSC.

10

11

12

14

18

. - . . . (21) The strong incompatibility of the polar 2,3-dihydroxypropyloxy
|I'p(.)phI|IC chains V\_/0U|d disturb the parallel allgpment of the groups and other diol groups with alkyl chains is well documented and
rigid cores and vice versa. We hoped that this competitive widely used for the design of amphotropic liquid crystals: (a) Tschierske,

inati i ; iidi C. Prog. Polym. Sci1996 21, 775. (b) Lawrence, A. S. QMol. Cryst.
Complr.]"#lon of mlcros?gregatlon and rigidity may open new Lig. Crgyst. 139/69 7, 1. (c) Tschiersk(e,) C.; Brezesinski, G.; Kusc%/el, F.;
possibilities for the design of new and unusual supramolecular Zaschke, HMol. Cryst. Lig. Cryst., Lett1989 6, 139. (d) van Doren, H.
arrangements. A.; van der Geest, R.; Kellog, R. M.; Wynberg, Recl. Tra. Chim. Pays-
Bas199Q 109 197. (e) Lattermann, G.; Staufer, Gig. Cryst 1989 4,
H 347. (f) Praefcke, K.; Marquardt, P.; Kohne, B.; StephanJWCarbohydr.

HO. ol
Chem 1991, 10, 539. (g) Diele, S.; Vorbrodt, H.-M.; Zaschke, ¥ol.
HO 00 " OH Cryst. Lig. Cryst. Lett1984 102, 181.
m (22) The 3,4-substitution pattern of most compounds may suggest some

CHan+s similarity to polycatenar mesoge#but the strong incompatibility of the
m' =1 m/n lateral and terminal chains, makes such molecules quite different.
m=1: m'/n (23) Carreno, M. C.; Ruano, J. G.; Sanz, G.; Toledo, M. A.; Urbano, A.

J. Org. Chem1995 60, 5328.

Ho OH (24) Demuynck, M.; De Clercq, P.; Vandewalle, 81.0rg. Chem1997,
o~ ) Yo 44, 44863
hO OH (25) For the synthesis d¥//3, commercially available 2-propylphenol

Han#1Crl was brominated with DMSO/HBr/AcOH according to: Majetich, G.; Hicks,
i R.; Reister, SJ. Org. Chem1997, 62, 4321.
(26) Van Rheenen, V.; Cha, D. Y.; Hartley, W..NDrg. Synth.1979
OH 58, 43.
Ho O O O\)i (27) Claisen, C.; Eisler, Q.iebigs Ann. Cheml913 401, 21.
OH (28) Kitamura, M.; Isobe, M.; Ichikawa, Y.; Goto, J. Am. Chem. Soc

1984 106, 3252.
(29) Tamao, K.; Sumitani, K.; Kumada, M. Am. Chem. Sod. 972
Pin 94, 4372.
(30) Miyaura, N.; Yanagi, T.; Suzuki, ASynth. Commuri981, 11, 513.
For this purpose, we have synthesized the bolaamphiphilic (b) Miyaura, N.; Suzuki, TChem. Re. 1995 95, 2457.

; ot ; ; (31) Kdlbel, M.; Beyersdorff, T.; Tschierske, C.; Diele, S.; KainChem.
biphenyl derivativesn/n in which the length of the lateral alkyl Eur. 3.2000 6, 3821

chain f) and the length of the spacer unit between one of the (32) Wolfe, J. P.; Singer, R. A.; Yang, B. H.: Buchwald, S.d.Am.
diol groups and the biphenyl coren( were systematically = Chem. Soc1999 121, 9550.

CnHan+1
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Scheme 1. Synthesis of the Bolaamphiphild$n?
IWn OCH, I, OCH;,
liin

CnHan+1 CnHan+1
; T iii

rom Br < 2 O \vin
I CnHan+1
HO@—B« Br 0 \
Vin

l CnHan+1
iv-vi v
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viio l CrHoner  VID
.. vi
vii
Ao o
ojl_\oOB(OH)z B"QO/_&O
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viii
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6/ o ) Thd O vum
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Figure 3. Optical photomicrographs (crossed polarizers) of the
1in mesophases @&/9: (a) fan texture of the SmAphase at 90C; (b)
oily streaks texture of the SmAphase after shearing at 9C; (c)
aReagents and conditions: (i) (1) n+:MgBr, Ni(dppp)Ch, EtO, Col: phase at 70C.

reflux; (2) H:O, HCI2® (i) NBS, CH:CN, 20°C.23 (jii) BBr 3, CH,Cly,
20°C24(iv) BrCH,CH=CH,, K,CO;, CH3CN, reflux2” (v) NMMNO,
catalytic OsQ, acetone, 20C 26 (vi) Me,C(OMe), catalytic Py TosOH,
20 °C.28 (vii) (1) BuLi, —100 °C; (2) B(OMe}, —90 °C; (3) H.0O,
phosphate buffer pH 45. (viii) Pd[PPh],, NaHCQ, H.O, glyme,

sponding to 0.83 molecular lengths € 2.1) at 90°C was
measured. This indicates a smectic monolayer structure {FmA

reflux®® or catalytic Pd(OAg), catalytic 2-(ditert-butylphosphinyl)- as typical for bolaamphiphilic molecules. The intensity of the
biphenyl, KF, THF, 20°C .32 (ix) H;O, MeOH, Py TosOH or EtOH, layer reflection decreases on elongation of the lateral cldi (
aqueous HCI. > 1/5) and, remarkably, beside the sharp layer reflection, a
diffuse scattering is found in the small-angle region. E(,
2. Influence of the Length of the Lateral Chain on the ~ ©only the diffuse scattering in the small-angle region remains

Mesophase Morphology.All synthesized compounds, even (beside the diffuse scattering in the wide angle region). The
1/18 with the extremely long lateral chain, show thermotropic diffuse scattering, however, indicates the loss of a layer
liquid crystalline phases, whereby the mesophase type dramati-periodicity and characterizes thg nematic state, although the
cally depends on the molecular structure. In Figure 2, the Mesophase was clearly classified as a SmA phase by the
influence of the length of the lateral chain on the liquid textures. This contradiction has also been reported for some
crystalline properties of the bolaamphiphilic tetradl is polyelectrolyte-lipid complexes and has been explained by a
shown. As expected, the introduction of the lateral methyl group Superundulated layer structudn the case under consideration,
at position 3 of the biphenyl core df/0?® causes a drastic the increasing size of the lateral alkyl chains could lead to the
decrease of the melting and clearing temperature. By elongationdistortion of the layers and to the formation of locally disordered
of the lateral substituent to a lengthrof= 9 the liquid crystaline ~ inhomogenities, which could represent distinct regions with
phases are further destabilized. Also, the transition enthalpieslocally enhanced concentration of the lipophilic chain. Aligned
of the transition from the mesophases to the isotropic liquid Samples cannot be obtained by applying a magnetic field. This
state strongly decrease by elongation of the lateral chain fromis also a hint on the highly disordered character of this
14.4 (1/0) to 3.0 kJ mot! (1/6); afterward, the transition ~ Mesophase. Only in one exceptional cas@)( it was possible
temperatures and the enthalpy values slightly rise again. {0 get a fairly well aligned sample by surface alignment on a
Smectic PhasesSmectic A-phases, characterized by their glass substrate. Preliminary investigations of this sample suggest
typical fan-shaped textures were observed f—1/7. They that the diffuse scattering occurs perpendicular to the layer
easily align homeotropically, appearing completely black be- reflection. This points to an .ele.ctr_on. den§ity modulation
tween crossed polarizers. Additionally, oily streaks and small Perpendicular to the layers, which is in line with the proposed
orthogonal extinction crosses can be observed, which confirm inset of the segregation of the lipophilic alkyl chains from the
this phase assignment (see, for example, Figure 3a,b). X-ray'igid aromatic cores. However, further detailed investigations
diffraction of the SmA phase df/1 provided a diffuse scattering ~ are necessary to obtain a more detailed picture of the structure
in the wide-angle region, corresponding to the mean distance©f this unusual mesophas¥.
between disordered aromatic cores and a sharp reflection in the™(33) antonietti, M.; Kaul, A.; Thmemann, ALangmuir1995 11, 2633.
small-angle region. A layer thickness df= 1.8 nm, corre- (34) This problem will be treated in a separate paper in more detail.
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mesophase, and the textures are very similar to those observed
for hexagonal columnar phases of disklike molecules.1Fo4

and 1/18 this texture remains on cooling, until crystallization
sets in. Howeverl/12 slightly changes its texture on cooling.

At ~100 °C, the homeotropically aligned regions become
slightly birefringent, which points to an additional phase
transition.

So, it seems that in dependence on the length of the lateral
chains there are at least three different types of columnar
mesophases. To determine their structure, the mesophases were
investigated by X-ray diffraction with the Guinier film method
(Huber), and additionally, well-aligned monodomains were
investigated by means of a two-dimensional detector (HI-STAR,
Siemens). Depending on the chain length, three completely
different types of columnar phases were found.

(a) Centered Rectangular Columnar Phases of Com-
pounds 1/6-1/9 and 3/9.The Guinier pattern of the low-
temperature mesophasesléb and1/7 as well as the mesophase
of 1/9 shows a diffuse wide-angle scattering which excludes
crystalline phases or highly ordered smectic phases. In the low-
angle regions few (two or three) nonequidistant reflexes were
found (see Table 1 in the Supporting Information). However, it
was not possible to get aligned samples with one of these
compounds. Only in the case 8f9, which differs from1/9 by
the slightly longer spacer between one of the diol groups and
Figure 4. Optical photomicrographs (crossed polarizers) of (a) the Col the biphenyl core, was it possible to get fairly well aligned
phase €2mn) of 2/9 at 70°C, (b) the Calphase |p2gg) of 1/11at 110 samples. The diffraction pattern of the low-temperature me-
°C, and (c) the hexagonal columnar phaseltif4 at 130°C. sophase 08/9 (see Figure 5a) can be indexed on the basis of

a centered rectangular 2D lattice (space gra2mpm) with the

Columnar Phases.For 1/6 and 1/7, an additional phase lattice parametea = 3.58 ando = 3.74 nm. The length of this
transition can be observed within the liquid crystalline state at molecule in its most stretched conformation between the ends
79 and 96°C, respectively. This phase transition is accompanied of the headgroups amounts to 2.4 nm. Thus, both lattice
by significant changes of the texture. In regions with a fan parameters are in between the molecular length and twice it.
texture, the fans get broken and in the homeotropically aligned As the relative positions of these reflections in the columnar
regions the occurrence of a strongly birefringent texture can be phases ol/6—1/9 are almost identical to those in the diffraction
observed (see, for example, Figure 3c). For the higher homo- pattern of the columnar phase 8f9, we have indexed their
logues, the smectic phases get completely lost 0). Instead, diffraction pattern in the same way, which means on the basis
textures as typical for columnar phases occur on cooling from of a two-dimensionalc2mm lattice. The obtained lattice
the isotropic liquid state. In dependence on the chain length parameters are in good agreement with the molecular dimensions
three different types of textures can be found. Spherulitic and (see Table 1). Only the ratio between the parametensdb is
mosaic-like textures are typical fdr9 (similar to Figure 4a). different for the different compounds.

The textures of the mesophased fOand1/11have a distinct To deduce a suitable model for these columnar phases, the
appearance, characterized by mosaic-like regions and regionsiumber of molecules located in the unit cell with a height of
with broken spherulites (Figure 4b). Compouddt2, 1/14, and 0.45 nm (corresponding to the average distance between the
1/18have large pseudoisotropic areas, occasionally interruptedmolecules as indicated by the position of the diffuse wide-angle
by lancetlike birefringent regions, as shown in Figure 4c. The scattering) have been calculated by two different methods (see
pseudoisotropic areas indicate the optically uniaxiality of this Table 1),3%yielding values of about eight molecules. Figure 5b

Table 1. Compound Parametérs

compd L/nm phase type a/nm b/nm Vee/Nme Vino/NM? M/g mol? Ny ny Nay

1/6 2.1 Col, c2mm 3.43 3.22 4.97 0.479 419 10.4 7.1 8.8
1/9 21 Col, c2mm 3.21 3.43 4.95 0.553 461 8.9 6.5 7.7
1/10 2.1 Col, p2g9 55 6.2 15.35 0.578 475 26.5 19.5 23.0
11 2.1 Col, p2gg 54 5.8 14.09 0.603 489 23.4 17.3 20.4
1y 2.1 Col, p2gg 5.38 5.38 13.02 0.603 489 21.6 16.1 18.9
12 2.1 Col, p2gg 5.33 6.17 14.80 0.628 503 23.6 17.7 20.7
112 2.1 Col, 3.36 4.40 0.628 503 7.0 5.3 6.2

114 2.1 Col, 3.59 5.02 0.677 531 7.4 5.7 6.6

1/18 2.1 Col, 3.66 5.22 0.777 587 6.7 54 6.1

3/9 2.4 Col,,c2mm 3.58 3.74 6.03 0.603 489 10.0 7.4 8.7
419 2.5 Col, c2mm 3.82 3.65 6.27 0.628 503 10.0 7.5 8.7
P/11 1.7 Col, 2.94 3.37 0.513 415 6.6 4.9 5.8

aMolecular lengthsl(, distances between the head groups in the most extended conformation, CPK models), phase types, lattice parameters (
b), calculated volumes of the unit cells, assuming a height of 0.45\gg),( molecular volumes\{(no), calculated using volume incremests,
molecular massed\), and number of molecules in each 0.45-nm-thick section of the unit ¢gelisgs calculated from the molar volume; was
calculated according to the formufa = Vcei(Na/M)p , assuming a density of 1 g cn3, whereN, is the Avogadro constanty, is the average
value ofn; andn,) of the columnar mesophases of the investigated bolaamphiphiles.
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Rigid
cores’

Diol

(b) groups

Micro-
segregated
regions of the
alkyl chains

(c)

Figure 5. (a) X-ray diffraction pattern of an aligned sample of the
columnar phase 08/9 at 62 °C; (b) arrangement suggested for the
molecules 3/9 in the rectangular columnar phase with the two-
dimensional space growg2mm (c) CPK models showing an arrange-
ment of eight molecule8/9 arranged in such a manner that the alkyl
chains form a separate region surrounded by the bolaamphiphilic cores.

shows a possible arrangement of the molec@&in the
columnar mesophase. Accordingly, the fluid alkyl chains are
segregated in infinite columns. These columns interrupt the
smectic layers in regular intervals with formation of ribbonlike

“lb€bet al.

Figure 6. (a) X-ray diffraction pattern of aligned samples of the
columnar mesophases @711 at 113 °C; (b) model of a possible
arrangement of the moleculd@l1in the rectangular columnar phase

segments. The biphenyl cores are held together via hydrogenwith the two-dimensional space gropggg, (c) CPK models showing

bonding at both of their terminal ends and form cylinders around

an arrangement of 10 moleculesfl1, organized in such a manner

the lipophilic columns. Thereby, each column is enclosed by that their bolaamphiphilic cores enclose the microsegregated regions

four bolaamphiphilic cores. So, on average, two biphenyl cores
are arranged side by side within each of the cylinder walls
separating the columns. The H-bonding networks at the ends
of the biphenyl units are organized in separate ribbons where
about eight diol groups are arranged on average in their cros
section. The dimensions of this arrangemen8.6 nmx 3.6

nm according to CPK models; see Figure 5c) are in good
agreement with the experimentally determined lattice parameter
for 3/9. Related models can be constructedif—1/9. It seems

that this special organization allows an efficient space filling
for molecules with a medium length of the lateral chain<
6—9). However, there is an upper limit of the space available
within these cylinders, enclosed between the four bola-
amphiphilic cores. If the lateral chains are further elongated,
the supramolecular organization is expected to change.

(b) Noncentered Rectangular Columnar Phases of Com-
pounds 1/10-1/12.Indeed, the diffraction patterns &f10and
1/11and of the low-temperature phaseléi2are quite different
from those of the mesophasesid6—1/9 and3/9, but similar

(35) Immrizi, A.; Perini, B.Acta Crystallogr. Sect. A977, 33, 216.

of the alkyl chains.

to one another. Aligned samples were obtained for the me-

sophase ofl/1115 (Figure 6a,b). The outer diffuse scattering

Sforms a closed ring, indicating a strong deviation of the

molecular long axis from a preferred direction. In the small-
angle regions a lot of spotlike reflections can be found, which
can be indexed on the basis of a noncentered rectangular 2D
lattice of the two-dimensional space gropyg (the X-ray data

are collected in Table 2 of the Supporting Information).
Remarkably, the lattice parametess=€ 5.5 nm andb = 6.2

nm) are much larger than those of the Quitases ofl/6—1/9
and3/9 and also significantly larger than twice the molecular
length L = 2.1 nm).

In the columnar phase df/11, ~20 molecules are arranged
on average side by side in the cross section of each unit cell
(see Table 1). Taking into account the special symmetry
requirements of thp2gg space group, the herringbone arrange-
ment shown in Figure 6c¢,d is in good agreement with the
experimentally determined lattice parameter. In this model, the
molecules are organized in bilayer ribbons withO molecules
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Table 2. Transition TemperatureS{°C) and Corresponding
Enthalpy Values AH/kJ mol1)2 of Compoundsl/1' and1/11

OH OH
Ho_h_o O O 0 _A_OH
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Table 3. Transition Temperature§{°C) and Corresponding
Enthalpy Values AH/kJ mol-1)2 of Compoundsn/9

OH
HO \)\MOO/YOH
m OH

Han+1Cn CgHig
compd n phase transitions compd m phase transitions
vr cr 97 SmA 164 is 99 9 cr83 SmA 96 is
[16.4] [5.4] [27.1][7.6]
v1r 11 cr64 cr 78 (Col 76) is 6/9 6 cr 80 SmA 84 is
[16.3][12.1] [3.8] [23.6][4.1]
- 4/9 4 cr79 (SmA 72) is
aValues in brackets. [26.1] [2.3]
3/9 3 cr 79 (Col74) SmAr 92 is
[20.7][1.8] [3.1]
2/9 2 cr66 Col78is
[14.9][3.8]
19 1 cr67 Col98is
[11.6] [4.9]

Figure 7. (a) X-ray diffraction pattern of an aligned sample of the
hexagonal columnar phase bfl4at 135°C; (b) starlike arrangement

of the molecules in a Cplphase; (c) arrangement of cylinders; (d)
CPK models showing six molecules bfl4arranged in such a manner

Two different arrangements of these molecules in thg, Col
phases are conceivable. (i) They can be arranged radially as
schematically shown in Figure 7b. Here, in contrast to the
rectangular columnar phases wimmlattice, only two, instead
of four alkyl chains are located side by side in the cross section
of the elliptical lipophilic cylinders. Because the chain length
of these compounds is doubled in comparison to the molecules
forming the c2mm lattice, the cross-sectional area of the
lipophilic cylinders should be approximately the same in both
phases. However, in the Ggbhase, the cylinder walls have a
thickness of only one aromatic core. (ii) The other possibility
is shown in Figure 7c: The bolaamphiphilic cores form
hexagonal cylinders around the circular lipophilic columns of
the alkyl chains. Such an arrangement of six moleculesf,
forming a hexagon around the segregated lipophilic chains, is
displayed in Figure 7d, which shows that a quite good space
filling within the cylinders is indeed possible. The cylinder
model allows the segregation of the lipophilic chains into regions
with a significantly larger and more circular cross-sectional area,
so that their interfaces to the aromatic regions are reduced.
Additionally, in this model, each of the columns of the

that the bolaamphiphilic cores enclose the microsegregated regions ofhydrogen-bonding networks has six diol groups in the cross

the alkyl chains.

in the cross section, i.ex5 molecules are arranged in their

lateral diameter. In this way, the lipophilic regions are signifi-

section. In the radial model (Figure 7b), only half of the number
of diol groups are arranged in polar columns with this diameter,
whereas the other polar cylinders are smaller. As the cooperative
effect of hydrogen bonding between alcoholic OH groups leads

cantly enlarged and simultaneously the diameter of the cylindersto a preference of large aggregatéthe cylinder model seems

containing the hydrogen-bonding networks can remain rather more favorablé? However, on the basis of our present

large. Compound/12shows this type of columnar arrangement experimental results, we are not able to certainly exclude one

only in the low-temperature mesophase. At higher temperatures,of the two possible arrangements.

a different columnar phase was found. Also, on further elonga- 3. Influence of the Position of the Lateral Chain. The

tion of the lateral chain, the mesophase type changes again. influence of the position of the lateral chain on the mesomorphic
(c) Hexagonal Columnar Phases of Compounds 1/32L/ properties was investigated withil' and 1/11 (see Table 2).

18.The high-temperature mesophasétf2and the mesophases I both cases, the mesophase stability of the 2-substituted

of 1/14 and 1/18 show the typical diffraction pattern of (36) (a) Frank, H. S.; Wen, W.-Discuss. Faraday Sod957, 24, 133.

hexagonal columnar phases (see Figure 7a; the X-ray data aréb) Bellamy, L. J.; Pace, R. Spectrochim. Actd966 525. (c) Kleeberg,

collected in Table 3 of the Supportina Information). which is H. In Intermolecular Forces, An Introduction to Modern Methods and
PP 9 ), ResultsHuyskens, P. L., Luck, W. A. P., Zeegers, T., Eds.; Springer: Berlin,

in accordance with the phase assignment made by polarizing,gg1-

microscopy. The hexagonal lattice parameter amaygt =
3.36-3.66 nm forl/12—1/18(L = 2.1 nm) and slightly increase
with elongation of the chains (see Table 1). In all Quihases,

p 251.

(37) Additionally, if the molecules under discussion are regarded as
amphiphiles with an especially large headgroup (both diol groups and the
biphenyl core are assumed to form the headgroup region), it can be expected
that the alkyl chains are organized inside the cylinders formed by the polar

about six mplecules are arranged ir_] average in the cross sectioroups as shown in model 7c. This organization is related to normal-type
of each cylinder (see Table 1). It is also remarkable that the columnar mesophases of lyotroffiand thermotropic systems: (a) Borisch,

lateral chains of the moleculdgn forming the Col phasesr{
= 12-18) have twice the length of those forming the Col
phases wittc2mmlattice (W = 6—9).

K.; Tschierske, C.; Giing, P.; Diele, SChem. Commurl998 2711. (b)
Fischer, S.; Fischer, H.; Diele, S.; Pelzl, G.; Jankowski, K.; Schmidt, R.
R.; Vill, V. Lig. Cryst 1994 17, 885. (c) Borisch, K.; Tschierske, C.; @ug,

P.; Diele, S.Langmuir200Q 16, 6701.
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Table 4. Transition TemperatureS{°C) and Corresponding Table 5. Transition Temperature§{°C) and Corresponding
Enthalpy Values AH/kJ mol%)2 of Compoundsn’/9 Enthalpy Values AH/kJ mol%)2 of CompoundsP/n
OH
ooy o
H
oo onhs avalsee
OH CoHo CnHan+1
compd m phase transitions compd n phase transmc-)ns
9/9 9 cr 120 (SmAD 76) is P/0 0 cr [25%91?1)”[“2’*6?60 is
d +) H . .
6/9 6 cr [8346(%”;1“0]74) Is PIL 1 cr 155 SmA 172 is
. ; S [29.6][11.3]
4/ 4 cr 70 (Col61) is PI3 3 cr 107 (SmAD 75) is
[25.9][2.2] [27.9] [2.7]
e 1 cr 67 Col100 is PI9 9 cr 126 (Col85) is
[11.6] [4.9] 148.0]
aValues in brackets. P/11 11 cr 109 (Cal102) is
[42.3][7.5]
moleculesl/1" and1/17 is significantly reduced in comparison aValues in bracket® Sum of the transitions between different

to the related 3-substituteld1 and1/11 (see Figure 2). Thisis  crystalline modifications: r99 cr 200 cg 218 cy, 239.
in accordance with results obtained with other amphipHilic
and non- difference is tha#'/9 has a columnar phase whereas the isomeric
amphiphilic liquid crystal® and could be due to changes of 4/9is smectic. This shows that in time'/9 series the formation
the conformation of the biphenyl unit (dihedral angle between of columnar phases is slightly more facilitated than in n/@
the planes of the adjacent benzene rings) and to a strongerseries. However, in both series, the columnar phases are replaced
disturbance of the parallel alignment of the rigid cores by by SmA™ phase® on elongation of the spacer units; i.e., the
substituents in a central position. However, the mesophase typeeffect of elongation of the bolaamphiphilic backbone is reverse
remains unchanged; i.e., both methyl-substituted compoundsto the effect of elongation of the lateral alkyl chain.
exhibit SmA phases, and even more interestingly, the columnar  (b) Size of the Polar Groups.Quite surprisingly, even the
phase of the undecyl-substituted moleclilél has the same  phenolsP/n, in which one of the 2,3-dihydroxypropoxy groups
p2gg lattice @ = b = 5.38 nm3° the X-ray data are collected s replaced by a phenolic OH group, show liquid crystalline
in Table 2 of the Supporting Information) as that of the isomeric properties (see Table 5). Due to the lower hydrogen-bonding
1/11(see Figure 6¢). This indicates that the position of the lateral density, the stability of their mesophases is reduced in com-
chain has obviously no influence on the mesophase type. Thisparison to the related tetradlén. Again, the length of the lateral
behavior is completely different from that observed with chain determines the mesophase type. Hexagonal columnar
polycatenar compounds for which a shifting of one alkyl chain phases can be observed for the homolod®@sandP/11 with
from a peripheral to a central position at the rigid core leads to long lateral chains, and the stability of this mesophase rises with
the loss of columnar and cubic mesophases and leads to nematielongation of the chains. The comparison with the tetraéfs
phases without positional long-range oréet’ and 1/11 indicates that reduction of the length of the bola-
4. Influence of the Length of the Bolaamphiphilic Core. amphiphilic core by replacement of one of the 2,3-dihydroxy-
(@) Spacer Length.The influence of the length of the spacer propoxy groups by a single OH group leads to a transition from
unit, connecting the rigid core with one of the diol headgroups, rectangular columnar phase2fimandp2gg, respectively) to

was investigated with the bolaamphiphilegd bearing a nonyl hexagonal columnar arrangements. This shows that reduction
chain in position 3 at the biphenyl unit (Table 3). Centered of the length of the bolaamphilic central unit has the same effect
rectangular columnar mesophasegnfm lattice) with well- as elongation of the lateral chains. This observation is in line
developed spherulitic textures were observedL{®y2/9 (Figure with our models of the mesophase structures. Because less space

4a), and3/9 (Figure 3c) with rather short spacer units. In the is available within the cylinders built up by the significantly
case 0f3/9 an additional SmA phase was found above the shorter cores oP/9 andP/11 (L = 1.7 nm), the length of the
columnar phase, an&f9, 6/9, and9/9 with longer spacers have  alkyl chains required to fill this space is reduced. Indeed, the
exclusively SmA phases (Table 3). For the Sm#hase of hexagonal lattice parameter B.1amounts t@nex = 2.94 nm,
3/9, only a diffuse scattering in the small-angle region can be which is significantly smaller than that of the columnar phases
observed beside the diffuse wide-angle scattering, as typical forof the tetraoll/12

the distorted SmA phase ofl/6. However, in the diffraction

pattern of the SmA phase 0f9/9, a sharp reflection can be  Summary and Conclusions

observedd = 2.5 nm,L = 3.2) beside the diffuse small-angle
scattering of low intensity. Hence, increasing the length of the
aliphatic spacer reduces the disturbance of the layer arrangemen

In the series of compound®/9, 6'/9, and9'/9, which have the structure (SmA) via strongly distorted layer structures (S
spacer at the other end, neighboring the lateral alkyl chain, the ucture (SmA) v astrongly d Y )
iQ a variety of quite interesting new columnar phases. There

same phase sequence can be observed (see Table 4). The maare at least three different columnar phases that differ in the

The investigations have shown that attachment of a lateral
fallkyl chain to a bolaamphiphilic rigid core and its successive
elongation leads to a transition from a smectic monolayer

(38) (@) Gray, G. W.; Hird, M.; Toyne, K..Mol. Cryst. Lig. Cryst. symmetry and in the values of their lattice parameter, so that
1991 195 221. (b) Hird, M.; Toyne, K. J.; Hindmarrsh, P.; Jones, J. C.. on glongation of the lateral chain, the phase sequence;SmA
Minter, V. Mol. Cryst. Lig. Cryst 1995 260, 227. (c) Andersch, J.; SMA" — Col(c2 — Col(p2 — Col(06 b
Tschierske, C.; Diele, S.; Lose, D. Mater. Chem1996 6, 1297. m ol(c2mm) ol(p2g9) Oly(p6mm) can be

(39) Because the texture b1 is identical with that ofl/11and because observed (Figure 8).
of the fact that no homeotropically aligned regions can be obtained, it can
be assumed that this mesophase is optical biaxial. Therefore, this mesophase (40) Due to rapid crystallization 08'/9 and 9'/9, the confirmation of
cannot be a tetragonal phase, though the lattice parametensl b are the smectic phase type (SmAs SmA") by X-ray scattering was not
identical. possible with these molecules.
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10-12), the herringbone-like organization within h2gg lattice
represents the best compromise betweencdtram and the
pémm lattice. Hence, the phase sequence on increasing the
length of the lateral chains can be explained by rather simple
geometric considerations.
- This explanation also allows us to understand the effect of
the spacer units im/9 andm’/9. As elongation of the spacers
increases the length of the bolaamphiphilic core, the space
available for the accommodation of the lateral alkyl chains is
enlarged. Furthermore, the aliphatic spacers are compatible with
the lateral chains. In this way, the segregation tendency of the
lateral chains is reduced. As a consequence, the columnar phases
Incrsasin get lost and they_ are replacn_ad by SthAphases. Qn t_he other
length ofg hand, the reduction of the size of the bolaamphiphilic core by
the core replacement of one of the 2,3-dihydroxypropoxy groups by an
OH group P/9 andP/11) leads to the change of the mesophase
type in the other direction; i.e., Gglhases are replaced by ol
phases.

The fact that the mesophase type does not change by variation
of the position of the lateral chainlfll vs 1/11) is very
important. It confirms that, although in compounil& the
lateral substituents are positioned adjacent to one of the terminal
groups as in polycatenar mesogens, their organization should
be quite distinct from them. The main difference is the
incompatibility of the lateral alkyl chains with the terminal diol
groupg! which requires their segregation into different sub-
spaces.

It should also be pointed out that the hydrogen-bonding
yis networks between the hydroxy groups are highly dynaifié,

Col, allowing a high degree of fluidity in these systems. Also the
Figure 8. Change of the mesophase morphology of the bolaamphiphilic @lignment of the biphenyl cores is by far not so perfect as
molecules in dependence of the length of the lateral chains with respectsuggested by the shown models. The high degree of local
to the length of the rigid bolaamphiphilic core. disorder is also confirmed by the diffuse scattering in the wide-

. . angle region of all diffraction pattern. Because of this dynamic
This phase sequence should be the result of the segregationharacter, slight variations of the volume fraction of the
of th_e three incompatible bu_|Id|ng blocks,_tr_]e attr‘_actlve forces lipophilic chains can be compensated by changes of the
provided by hydrogen bonding and the rigid rodlike shape of gimensions of the cylinders, before at a certain critical volume

the biphenyl cores. The well-defined layer structure of the parent ¢.4ction the mesophase type suddenly changes.
bolaamphiphilel /0, b_uiIt up by biphenyl cores on the. one side The proposed morphologies of the columnar mesophases are
and hydrogen-bonding n(_etworks on the other S'd?’ IS dISturbquuite different from those of all other liquid crystalline systems.
by the lateral alkyl substltuents._ It leads to the dlstorte_d layer | the columnar phases of disklike molecdfeand polycatenar
structures of the SmAphases, first. On further elongation of compound® as well as in the thermotropitand lyotropic

the Iattgral Cha'ns’dthﬁ tendency of segraeglgatg)n tbetvvleen the: o lumnar mesophaséef conventional amphiphilic molecules,
aromatic cores and chains increases and leads to columns ofpe columns are surrounded bycantinuum in most cases

g}icrolsegrega:ed rﬁgiolns, arranfgeﬁl in; t\go'dilmen.Sionaléatthe'consisting of fluid alkyl chains (or formed by solvent molecules
imultaneously, the layers of the biphenyl units and the iy the case of normal lyotropic systems). In the new phases
hydrogen-bonding networks are interrupted in regular intervals, o0 herein, space is subdivided into three distinct sets of
'ead'F‘g to ribbons of blphenyl_ cores and ribbons of hydmg?”' subspaces: columns of hydrogen-bonding networks, ribbons of
bonding netwo'rks arranged in a regular way. The attractive 5.5 matic cores, and cylinders filled with the alkyl chains. This
hydrogen-bonding networks at both molecular ends of the rigid ;5 4e to the fact that these molecules are built up by three

bolaan;lph:)pt}lhc corr](_ash_fll_x the mo]lecules S|dekby Sf'de'l_ ":j this instead of only two chemically incompatible building blocks
}"1?3:1 t 'eh %aafrrpd'p"'('cl Cﬁr?s o;m nﬁtwozksl OhCY'” €IS, and due to their nonlinear combination, which enhance the
lled with the fluid alkyl chains. So, the alkyl chains are ., hjaxity of the self-organized systems. Interestingly, similar
enclosed in constrained environments. Therefore, the space
required by the lipophilic chains with respect to the length of  (41) Siegel, G. G.; Huyskens, P. L. Imtermolecular Forces, An
inhili i ntroduction to Modern Methods and Resulttuyskens, P. L., Luck, W.
:he b.c:]aarpphlrizlllg Cor?stgeterrﬂngfghf Tr?806phaslet:ype. ThelA. P., Zeegers, T., Eds.; Springer: Berlin, 1991; p 387.
ransition from thec2mmlattice (0 - ) to thepémmlattice (42) Cammidge, A. N.; Bushby, R. J. Handbook of Liquid Crystajs
(n = 12-18) can take place either by enhancement of the Demus, D., Goodby, J. W., Gray, G. W., Spiess, H.-W., Vill, V., Eds.;
number of lipophilic columns (accompanied by the reduction Wiley-VCH: Weinheim, 1998; Vol. 2B, p 694. (b) Guillon, D. Btructure

of the number of calamitic cores in the cross section of the i‘ggfonﬂ‘g 95: Liquid CrystalsIMingos, D. M. P., Ed.; Springer: Berlin,
i pal.

aromatic ribbons; see model 7b) or by an increase in the size (43) Borisch, K.; Diele, S.; Ging, P.; Miller, H.; Tschierske, CLig.
of the lipophilic regions, which requires that the number of Cryst 1997 22, 427. (b) Borisch, K.; Diele, S.; Gimg, P.; Kresse, H.;

iti ; i i ; Tschierske, CJ. Mater. Chem1998 8, 529.
calamitic cores surrounding the lipophilic columns is enhanced (44) Seddon J. M. Templer R. H. andbook of Biological Physics

to six, on average (see model 7c). Obviously, for the organiza- | jpowsky R., Sackmann E., Eds.; Elsevier: Amsterdam, 1995; Vol. 1, p
tion of the compounds with an intermediate chain length=( 97.

Increasing
chain length
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morphologies have very recently been reported for flexible
ternary block copolymers, namely, ABC heteroarm star
terpolymers® In these polymer systems, beside lamellar mor-
phologies, tetragon® and hexagonal morphologies, built up

by three sets of distinct cylinders, also have been found in

“Ingbet al.

systems{100 nm; microphase separatipnAdditionally, they
have a lower viscosity and can respond much faster to external
stimuli, which is favorable for potential applications. As another
difference, in low molecular weight systems, the unfavorable
contribution of the entropy of mixing requires a larger incom-

dependence on the volume fraction of the three incompatible patibility of the segments to obtain segregation. Herein, we have

blocks3P46 The main difference of the mesophases of the low

successfully shown that the competitive combination of polar/

molecular mass block molecules reported herein is that their apolar microsegregation and rigid/flexible incompatibility can
organized structures have a significantly smaller length scale overcome this problem. It turned out to be an appropriate

(~2—5 nm; nanophase separatt§rthan those of the polymer

(45) The formation of a tetragonal 2D lattice instead of a rectangular
one should be due to the flexibility of the copolymer.
(46) Moreover, a Calphase, with a structure related to the organization

designing principle for low molecular weight molecules, which
are able to self-assemble to well-organized states of soft matter
with complex morphologies. Furthermore, the investigated
compounds represent a novel class of materials, capable of

suggested in Figure 7c has recently been reported for a LC-main-chain forming supramolecular columnar mesoph&%aad providing

polymer, built up by linear chains of rodlike rigid cores comprising long
lateral alkyl chains. The segregation of the lateral alkyl chains from the
polymer backbones is the driving force for this organization. However, in

an interesting new pathway for the transition from a layerlike
to a columnar organization of soft matf@By further variation

contrast to our systems, where the aromatic cores are arranged perpendiculapf the molecular structure, many other new and exciting

to the column long axes, in the Gagbhase of this polymer system, the

rigid polymer backbones are arranged parallel to the column long axes:

Watanabe, J.; Sekine, N.; Nematsu, T.; Sone, M.; Kricheldorf, H. R.
Macromolecules1996 29, 4816.
(47) Chen, W.; Wunderlich, Blacromol. Chem. Phy4.999 200, 283.

mesophase morphologies should be detected in the future. These
investigations are presently on the way.
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