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Abstract: Polyphilic molecules composed of a bent aromatic core, oligo(siloxane) units, and alkyl segments
were synthesized, and the self-organization of these molecules was investigated. Most materials organize
into polar smectic liquid crystalline phases. The switching process of these mesophases changes from
antiferroelectric for the nonsilylated compounds via superparaelectric to surface-stabilized ferroelectric with
increasing segregation of the silylated segments. It is proposed that the siloxane sublayers stabilize a
polar synclinic ferroelectric (SmCsPg) structure, and the escape from a macroscopic polar order as well as
steric effects leads to a deformation of the layers with formation of disordered microdomains, giving rise to
optical isotropy. Another striking feature is the spontaneous formation of chiral domains with opposite
handedness. For two compounds, a temperature-dependent inversion of the optical rotation of these domains
was found, and this is associated with an increase of the tilt angle of the molecules from <45° to >50°.
This observation confirms the recently proposed concept of layer optical chirality (Hough, L. E.; Clark, N.
A. Phys. Rev. Lett. 2005, 95, 107802), which is a new source of optical activity in supramolecular systems.
With increasing length of the alkyl chains, segregation is lost and a transition from smectic to a columnar
phase is found. In the columnar phase, the switching process is antiferroelectric and takes place by rotation
of the molecules around the long axes, which reverses the layer chirality; that is, the racemic ground-state
structure is switched into a homogeneous chiral structure upon application of an electric field.

Introduction materials for electronic circuits and photovoltatcsyitchable

Supramolecular chemistry aims at developing complex sys- NLO materials, and sophisticated materials for optical switches
tems from programmed molecules in a thermodynamically @nd phase modulatofsience, the fundamental understanding
controlled self-assembly procesiquid crystals (LC) represent  Of the self-organization in such systems is of importance for
a special type of self-organized systems, which is fluid and has future dgvelopments in science and technology. This requires
a well defined periodic nanoscale structure, giving rise to the detailed understanding of the effects of molecular-structural
anisotropic physical properties. In addition, these materials canParameters upon nanoscale morphologies and macroscopic
easily change their configuration under the influence of different Properties of these systems. The introduction of molecular
external stimuli. This unique combination of long range order chirality® and polyphilicity’ into LC materials has been used to
and mobility is also a basic requirement for the development Provide novel, more complex self-organized LC S_t_TUCt@reS,
of living matter and provides the foundation of numerous future @mong them, cubic and other 3D phaleginder phased}itmor
technological applications. Early work on liquid crystalline (LC)

i i i i i 3) (a) Coles, H. J.; Pivnenko, M. Mature2005 436, 997—1000. (b) Hwang,
materials gave QUIIQ simple (nematlc, smectic, and columnar) © \(].;)Song, M. H.; Park, B.; Nishimura, S.; Toyooka, T.;Wu,J.(V\).;Taka%ishi,
phase structuresyhich already find broad use, for example, Y. Ishikawa, K.; Takezoe, HNat. Mater 2005 4, 382—387.

i i i i i i (4) (a) Simpson, C. D.; Wu, J.; Watson, M. D.;"Mn, K. J. Mater. Chem
as mate_rlals in displays of mobile C(_)mmur_ucatlon and data 2004 14 494504 (b) Schmidt-Mende, L Fechteitier. A Mlen.
processing devices. Future LC materials might, for example, K.; Moons, E.; Friend, R. H.; MacKenzie, J. Bcience2001, 293 1119~
provide new photonic materials,semiconducting organic 1122,

(5) O’Callaghan, M. J.; Wand, M. D.; Walker, C. M.; Nakata, Appl. Phys.
Lett 2004 85, 6344-6346.

Tinstitute of Organic Chemistry. (6) (a) Pansu, BMod. Phys. LettB 1999 13, 769-782. (b) Kitzerow, H.-S.;
* Institute of Physical Chemistry. Bahr, C.Chirality in Liquid Crystals Springer: New York, 2001.
(1) (a) Lehn, J.-M.Proc. Natl. Acad. Sci. U.S.2002 99, 4763-4768. (b) (7) (a) Tschierske, CJ. Mater. Chem1998 8, 1485-1508. (b) Tschierske,
Lehn, J.-M.Science2002 295 2400-2403. C. J. Mater. Chem2001, 11, 2647-2671. (c) Tournilhac, F.; Blinov, L.
(2) Handbook of Liquid CrystajsDemus, D., Goodby, J. W., Gray, G. W., M.; Simon, J.; Yablonsky, S. Wature1992 359 621-623. (d) Ostrovskii,
Spiess, H.-W., Vill, V., Eds.; Wiley-VCH: Weinheim, Germany, 1998; B. I. In Structure and Bonding 94, Liquid CrystalsMingos, D. M. P.,
Vols. 1-3. Ed.; Springer; Berlin, 1999; pp 2640.
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quasi liquid crystalline phasé%,and LC phases showing
ferroelectric (FE) and antiferroelectric (AF) propertfés.

Reduction of the symmetry of rigid segments is an additional
way to increase the complexity of LC superstructures. This was
shown for molecules with a bent aromatic core structure
(banana-shaped LC), which can give rise to macroscopic polar
order in fluid systems! Polar order results from the packing
of the bent-core molecules in layers where the bent structure
restricts their rotation around the long axis, leading to a
spontaneous polarization (P) parallel to the layer plaads.
adjacent layers, both tilt direction and polar direction can be
either identical or opposite, leading to, in total, four different
structures, as shown in Figuré3Two of them are macroscopi-
cally polar (Sm@P= and SmGP); the others are macroscopi-
cally nonpolar (SmgPa and Sm@P,). Usually, the AF states
(SmGPa and Sm@P,) are stable and can be switched into the
corresponding FE states (Seie and SmGPr, respectively)
under the influence of an external electric field. Upon switching
off the field, the polar FE states usually relax back to the
nonpolar AF states. This switching process has three stable state
and therefore represents an AF switching process.

We have recently enhanced the complexity of bent-core
molecules by introduction of an additional incompatible unit,
leading to a new class of liquid crystals composed of three
incompatible units: a bent rigid aromatic core, two flexible alkyl
chains, and a highly flexible and bulky oligosiloxane end group
at one terminug? Thesepolyphilic bent-core molecule®mbine
two fundamental concepts of LC design, the concept of
polyphilicity” and the concept of bent-core molecules. The
molecules are abbreviated 8s-mBn, wherex gives the number

(8) (a) Tschierske, CAnn. Rep. Prog. Chem., Ser.2001, 97, 191-267. (b)
Goodby, J. W.; Mehl, G. H.; Saez, I. M.; Tuffin, R. P.; Mackenzie, G.;
Auzdy-Velty, R.; Benvegnu, T.; Plusquellec, @hem. Communl998
2057-2070. (c) Lee, M.; Cho, B.-K.; Zin, W.-CChem. Re. 2001, 101,
3869-3892. (d) Kato, TScience2002 295 2414-2418. (e) Barbéral.;
Donnio, B.; Ginmi@ez, R.; Guillon, D.; Marcos, M.; Omenat, A.; Serrano,
J. L. J. Mater. Chem2001, 11, 2808-2813. (f) Kdbel, M.; Beyersdorff,
T.; Cheng, X. H.; Kain, J.; Diele, S. Am. Chem. So@001, 123 6809—
6818. (g) Tschierske, GCurr. Opin. Colloid Interface Sci2002 7, 69—
80. (h) Gehringer, L.; Bourgogne, C.; Guillon, D.; Donnio,BAm. Chem.
Soc 2004 126, 3856-3867. (i) Cheng, X. H.; Prehm, M.; Das, M. K.;
Kain, J.; Baumeister, U.; Diele, S.; Leine, D.; Blume, A.; Tschierskel.C.
Am. Chem. Soc2003 125 1097710996. (j) Chen, B.; Zeng, X,;
Baumeister, U.; Diele, S.; Ungar, G.; Tschierske ABgew. Chem., Int.
Ed. 2004 43, 4621-4625. (k) Oh, N.-K.; Zin, W.-C.; Im, J.-H.; Ryu, J.-
H.; Lee, M.Chem. Commur2004 1092-1093. () Cheng, X.; Das, M.
K.; Baumeister, U.; Diele, S.; Tschierske,dL Am. Chem. So2004 126,
12930-12940. (m) Chen, B.; Baumeister, U.; Diele, S.; Das, M. K.; Zeng,
X.; Ungar, G.; Tschierske, Cl. Am. Chem. So2004 126, 8608-8609.
(n) Saez, I. M.; Goodby, J. W.. Mater. Chem2005 15, 26—-40. (0) Cook,
A. G.; Baumeister, U.; Tschierske, @. Mater. Chem2005 15, 1708-
1721. (p) Chen, B.; Zeng, X. B.; Baumeister, U.; Ungar, G.; Tschierske,
C. Science2005 307, 96-99. (q) Schaz, A.; Lattermann, &iq. Cryst.
2005 32, 407-415. (r) Chen, B.; Baumeister, U.; Pelzl, G.; Das, M. K,;
Zeng, B.; Ungar, G.; Tschierske, @.Am. Chem. So@005 127, 16578~
16591. (s) Ungar, G.; Zeng, >Soft Matter2005 1, 95—-106.

(9) (a) Diele, S.Curr. Opin. Colloid Interface Sci2002 7, 333-342. (b)
Borisch, K.; Diele, S.; Gong, P.; Kresse, H.; Tschierske, . Mater.
Chem 1998 8, 529-543. (c) Ungar, G.; Liu, Y.; Zeng, X.; Percec, V.;
Cho, W.-D.Science2003 299, 1208-1211. (d) Percec, V.; Mitchell, C.
M.; Cho, W.-D.; Uchida, S.; Glodde, M.; Ungar, G.; Zeng, X.; Liu, Y.;
Balagurusamy V.S. K.; Hemey P. & Am. Chem. 802004 126 6078~
6094

(10) Zeng X.; Ungar, G.; Liu, Y.; Percec, V.; Dulcey, A. E.; Hobbs, JNiture
2004 428 157—160.

(11) Niori, T.; Sekine, T.; Watanabe, J.; Furukawa, T.; Takezoe]. Hlater.
Chem 1996 6, 1231-1233.

(12) Reviews: (a) Pelzl, G.; Diele, S.; Weissflog, Wdv. Mater. 1999 11,
707-724. (b) Tschierske, C.; Dantlgraber, Bramana2003 61, 455—
481. (c) Amaranatha Reddy, R.; TschierskeJMater. Chem2005 DOI
10.1039/b504400f.

(13) (a) Link, D. R.; Natale, G.; Shao, R.; Maclennan, J. E.; Clark, N. A.;
Korblova, E.; Walba, D. MSciencel997, 278 1924-1927. (b) Walba,
D. M. Topics in Stereochemist(iaterials-Chirality); Green, M. M., Nolte,
R. J. M., Meijjer, E. W., Eds.; Wiley: New York, 2003; Vol. 42, p 475.
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Figure 1. (@) The switching of bent-core molecules (side views) and (b)
the four possible arrangements in tilted polar smectic phases. The subscripts
‘s’ and ‘a’ indicate the correlation of the tilt direction in adjacent layers:

s = synclinic means an identical tilt direction;=a anticlinic indicates an
opposite tilt direction. Subscripts ‘A’ and ‘F’ indicate the correlation of
the polar direction in adjacent layers, B indicative of an antipolar structure
(polar direction alternates); this structure is macroscopically nonpolar and
usually assigned as antiferroelectrig.geands for a synpolar structure (polar
direction is identical); this structure is macroscopically polar and usually
assigned as ferroelectric (and therefore abbreviated gasTRe color
indicates the chirality of the layersyperstructuralchirality; for details,

see Figure S1 in Supporting Information). The SCand SmG@P:
structures are homogeneous chiral (identical chirality sense in the layers),
and the Sm@, and SmGP: structures are macroscopic racemic (alternating
chirality sense in the layers). Switching usually takes place on a cone (shown
in the middle). It reverses polar direction and tilt direction and retains the
layer chirality.

Scheme 1.
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of Si atoms in the siloxane unitsp the length of the spacer
unit between siloxanes and bent corBsstands for the bent-
core unit, and is the number of C atoms in the terminal alkyl
chain (see Scheme 1). Three of such compouisiB12

with x = 2, 3,i3) have been reported in a previous communica-
tion. It turned out that the siloxane units have a large impact
on the properties of the mesophases of these molecules. It leads
to a change of the switching behavior from AF to an apparently
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ferroelectric type, and also the optical appearance of the Scheme 2. Synthesis of Compounds Si,-mBn®

mesophase is completely changed. The highly birefringent OAc

tex;ures l.JsuaIIy. observed for smectic phages are replaceq by BnO OB(OH)Z . @\

optically isotropic phases composed of chiral domains with

opposite handedness. In the meanwhile, these “dark conglomer- l a)

ate phases” were observed for several other bent-core molecules O

with FE or AF switching smectic phas&s18 Recently, a related ‘ OH
BnO

Br

phenomenon was also observed in a cubic mesopfase.
However, though the subject of intensive discussions, the origin
of optical isotropy, chirality, and ferroelectricity remained

unclear.
To clarify the situation, we performed a systematic study, J\@\
concerning the influence of the molecular structure of these )b\

b) )

oligosiloxane-derived polyphilic bent-core LCs upon their self-
organization in LC phases, which is reported herein. The most

important result is that two of these compounds show a

temperature-dependent inversion of the optical rotation. This J\Q\ o

is the first report on a temperature-induced inversion of chirality J\Q\
OCpH2n41

. . . En-(m-Z)Bn
in a supramolecular system formed by achiral molecules. This \/(CHz)m-zo

observation, together with the recently proposed concept of layer e)
optical chirality2° allows now for the first time one to assign
the phase structure of the dark conglomerate phases of the
; ; inie ti ; a Reagents and conditions: (a) cat. [Pd(RRhNaHCG;, H,0, glyme,
mvestlgatecri] _c:)mpounds; as synchnllc tilted ano_l ferrfOﬁIectrllfc eflux, 8 h# (b) 4-(4n-alkoxybenzoyloxy)benzoic aci, DCC, DMAP.
(SmGP%). This leads to a fundamental understanding of the self- ciy.c), 20 °C. 24 h2¢ (c) Hy, PdIC, THF, 40°C, 16 h; (d) 4-G-
organization in these systems and the switching behavior of Thesealkenyloxy)benzom aci@®® DCC, DMAP, CHCl,, 20 °C, 24 h?* (e)
mesophases. The Sn# organization is stabilized as the EtMeSiH (x = 1) or Me&Si(OMeSi)—H (x = 2,3), Karstedt's catalyst,

14,22
segregation of oligosiloxane segments is increased, and this ig°/Vene. 20°C, 24 h:

a function of the size of the oligosiloxane units, but also alkyl AF via superparaelectric to surface-stabilized FE switching is
chain length and spacer length are important. A transition from foynd with increasing segregation. In addition, with increasing
(14) Preliminary communication: Dantlgraber, G.; Eremin, A.; Diele, S.; Hauser, length of the alkyl chains, a transition from sr_nec'uc phase_s Vl.a

A.; Kresse, H.; Pelzl, G.; Tschierske, Sngew. Chem., Int. EQ002 41, wavy deformed layers to a columnar phase is found, which is

2408-2412.
(15) (a) Thisayukta, J.: Nakayama, Y. Kawauchi, S.: Takezoe, H.: Watanabe, mainly due to steric reasons. In contrast to the smectic phases,
J.J. Am. Chem. So@00q 122 7441-7448. (b) Thisayukta, J.. Kamee,  in the columnar phase, the switching process is antiferroelectric

H Kawauchi, S.; Watanabe, Nlol. Cryst. Lig. Cryst200Q 346, 63 75.
() Shreenivasa Murthy, H. N.; Sadashiva, B. I4q. Cryst. 2002 29, and takes place by rotation of the molecules around the long
1223-1234. (d) Ortega, J.; Folcia, C. L.; Etxebarria, J.; Gimeno, N.; Ros, axes, which reverses the superstructural chirality; that is, the

M. B. Phys. Re. E 2003 68, 011707. (e) Weissflog, W.; Schder, M. f _ f ; ;
W.: Diele. S.: Peizl, GAdy. Mater. 2003 15, 630-633. (f) Jakii, A.; Huang, racemic nonpolar ground-state structure is switched into a

OCnHazns1

S|x-mBn

Y.-M.; ggggr-CSorgoaé_K.é \éaj?a), SA.;h(:;jaIIi, G.; Diele, IS.;SPeIzI,IQI‘.dzé homogeneous chiral polar structure upon application of an
Mater. 15,1 1610. (g) Schider, M. W.; Diele, S.; Pelzl, G.; . . . H CRg

Dunemann, U.; Kresse, H.; Weissflog, W Mater. Chem2003 13, 1877 electric field. These results provide a lesson in principles of
é882t. g(w))osgw'l'rdgééylé%/g.; Pevl\7l,_G.f;I Dur\}smgnrﬁ, IU Vll/elgstlng,th-H ~ self-assembly in polar ordered soft matter and offer fundamental
ey ér_an'de’ 2 o3 etseriog, W Sokolowek: SL0amedt clues for future design of new bent-core mesogens with specific
Kresse, HLig. Cryst.2004 31, 923-933. properties, namely, superstructural chirality and polar order, in

(16) Field-induced SmG® phases: (a) Heppke, G.; Parghi, D. D.; Sawade, .
H. Lig. Cryst 200Q 27, 313-320. (b) Etxebarria, 1.; Folcia, C. L. Ortega, @ predictable way.
J.; Ros, M. B.Phys. Re. E 2003 67, 042702.
a7) Bent-core dimers and oligomers and polymers based on oligosiloxane and Results and Discussion
carbosilane units: (a) Dantlgraber, G.; Diele, S.; TschierskeCi&zm.
Commun.2002 2768-2769. (b) Dantlgraber, G.; Baumeister, U.; Diele, 1. Synthesis.The synthesis of the compounds is shortly
S.; Kresse, H.; Lhmann, B.; Lang, H.; Tschierske, @. Am. Chem. Soc. . . .
2002 124, 14852-14853. (c) Keith, C.: Amaranatha Reddy, R.; Tschierske, OuUtlined in Scheme 2. Accordingly, compoungs-(m-2)Bn
C. Chem. Commur2005 871-873. (d) Keith, C.; Amaranatha Reddy,  with a terminal double bond were synthesized fitsgnd in

R.; Hahn, H.; Lang, H.; Tschierske, Chem. Commur2004 1898-1899. . . .. .
(18) FE switching bent-core materials: (a) Walba, D. M:rilova, E.; Shao, the final step, the silicon-containing units were attached by

R.; Maclennan, J. E.; Link, D. R.; Glaser, M. A.; Clark, N. &cience i i i i i i i akg-
200Q 288 2181-2184. (b) Nakata, M.; Link, D. R.; Araoka, F.; Thisayukta, hydrosnylatlon reaction, yleldmg the Sllylated derlvatl\/Sr;;

J.; Takanishi, Y.; Ishikawa, K.; Watanabe, J.; Takezod,itf. Cryst 2001, mBn.1*22 |solation and purification was achieved by repeated
28 }\fgoul;elrfoﬁ-@ ?\Sﬁil’d%f Fgeo'ﬂg: %r%'ﬁq'\z/lgéczegué%iizl'zazgoue"e’ chromatography and crystallization. The experimental proce-
(d) Amaranatha Reddy, R.; Sadashiva, B.JK Mater. Chem2002 12, dures and analytical data are described in the Supporting
2627-2642. (e) Amaranatha Reddy, R.; Sadashiva, BLi§. Cryst.2003 i i ati

30, 1031-1050. () Rauch, S.: Bault, P.. Sawade. H.. Heppke. G.: Nair, Information. The characterization of the mesophases was done
G. G.; Jakli, A.Phys. Re. E 2002 66, 021706. (g) Kumazawa, K.; Nakata,

M.; Araoka, F.; Takanishi, Y.; Ishikawa, K.; Watanabe, J.; Takezoel. H. (21) Transition temperatures and transition enthalpies of compolne(sn-
Mater. Chem2004 14, 157—-164. (h) Amaranatha Reddy, R.; Raghunathan, 2)Bn are collated in Tables S2 and S3 of the Supporting Information. In
V. A.; Sadashiva, B. KChem. Mater2005 17, 274-283. (i) Nadasi, H.; the series of the olefingn-9Bn with increasing chain length, nonswitching
Weissflog, W.; Eremin, A.; Pelzl, G.; Diele, S.; Das, S.; Grandd, $ater. rectangular columnar phases £ 4—8; B; phases, see Figure S4) are
Chem.2002 12, 1316-1324. (j) Bedel, J. P.; Rouillon, J. C.; Marcerou, J. replaced by AF switching polar smectic C phases=(10—22), character-
P.; Nguyen, H. T.; Achard, M. FPhys. Re. E 2004 69, 061702. (k) ized by a single-layer structure without in-plane order and birefringent
Takezoe, H.; et alJ. Am. Chem. So2005 127, 11085-11091. textures (SmCRphases= B,-type phases). This,B-B, sequence is usually
(19) Kajitani, T.; Kohmoto, S.; Yamamoto, M.; Kishikawa, Khem. Mater observed in the homologous series of bent-core molecules upon elongation
2005 17, 3812-3819. of alkyl chains; see ref 26.
(20) Hough, L. E.; Clark, N. APhys. Re. Lett 2005 95, 107802. (22) Mehl, G. H.; Goodby, J. WChem. Ber1996 129 521-525.

J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006 3053



ARTICLES Keith et al.

Table 1. Mesophases, Phase Transition Temperatures, and d Table 2. Mesophases and Phase Transitions of Compounds
Values of the Smectic Phases of the Bent-Core Molecules 12B12 Siz-11Bn?
and En-9B121* and the Silylated Derivatives Siy-11B12

x =1, 2,14 314
‘ ) et
Q) Di ° i@k
(6]
o J o N Six-11Bn OCuHzne
| /\
o (CH,)0 En-9B12 oC,H A
X \M2le 12

% n T1°C AHIKJ mol~1¢ d a binm, y°  Linm
O 1 Cr130Iso
(e} O 38.7
o o 4 Cr93 SmGPH*! 113 Iso 4.4 5.0
12B12 10.9 17.1
CioHas OC,Hys 6 Cr100Sm@:k 1181so 4.4 5.2
O 31.6 20.9
o 8 Cr 94 SmGPH*! 117 Iso 4.5 5.4
O 20.3 18.3
/@jio oj\©\ 10 Cr6l1Sm@d*l  1171so 4.4 5.6
12.5 22.3
Si<(CH,);,0 OC1zHys 11 Cre3Sm@Pd*l 113 1Iso 4.3 5.7
Si,-11B12:  Si= S 30.2 223
O, 12 Cr 70 Sm@PH*] 1151so 4.4 5.8
i . gz s si— 29.3 24.3
Siy1B1z si= A A 14 Cr6l(Sm¥160) SmGPd*!  1131s0 4.5 6.0
i ~ OO 22.6 11.4 204 37
Sip11B12:  si= &0 S S 16 Cr66 Sm@P:*l 111 Iso 4.5 6.2
\ 23.9 22.9
compound TI°Ca dinm (T1°C) Linmb 18 2C:;’ 37 USngF' 9168U8mQP|: 110691;50 4.4 6.4
En-9B12 Cr 108 (SmCR98) Iso n.d. 20 Cr83USm@P:  96CobPa  100Iso 4.4 6.6
12B12 Cr88 SmCR 111 Iso 3.7 (90) 5.2 225 17.3 45,2.2,103
Si;-11B12 Cr 100 Sm@P*/°1114 Iso 3.9 (105) 5.4 22 Cr88 ColPa 98 Iso 4.9 2.2 100 6.8
Sip-11B1Z Cr 77 SmGP:*/°1118 Iso 4.2 (95) 5.6 28.8 13.1 T
Siz-11B1Z Cr 70 SmGP:*1115 Iso 4.4 (95) 5.8
Si-11B12¢ Cr 63 SmGP:*1116 Iso n.d. a Abbreviations: USm@%e, USmGP: = undulated (wavy deformed)
o ] ] ] o polar smectic phases with synclinic and synpolar correlation between
aAbbre\(latlons: Ce= crys_talllne soll(_i state; Iser isotropic liquid state; adjacent layers (see Figure 9b); GBh = AF switching oblique columnar
SmCR = tilted polar smectic phase with antipolar structure; SRl = phase (see Figure 9c); SX = nonswitchable smectic phase with
distorted synclinic tilted polar smectic phase with synpolar order and chiral additional in-plane order; values in parentheses indicate monotropic
domains of opposite handedness in the ground stafé;indicates that (metastable) mesophases; for other abbreviations, see Tatetermined
macroscopic chiral domains coexist with a birefringent texture; glass by DSC, first heating scan, 10 K mih ¢ Refers to the SmiX! phase.

transition; n.d.= not determined?L = molecular length assuming an  dRefers to the USmEr phase
overall V-shaped conformation with a bending angle of °120l-trans

conformation of the alkyl chains and most stretched conformation of the . -
Si-containing units¢ See ref 149 Branched oligosiloxane unit (2-substituted ~ @lkyl chains and therefore were expected to reduce the stability

1,1,1,2,3,3,3-heptamethyltrisiloxane). of LC phases.

. . . . . . However, the mesophases of the silylated compounds are
by polarizing microscopy, differential scanning calorimetry ite distinct from those formed by related nonsilylated

(DSC), X-ray scattering, and investigation of the switching gjecule<® These mesophases appear as fractal nuclei which

behavior by electrooptical methods. coalesce to a grainy unspecific texture which is completely dark
2. Mesomorphic Properties. 2.1. Size of the Silicon-  (optically isotropic) between crossed polarizers, showing only
Containing Unit: Transition from Conventional SmCP 4 very small irregularly distributed bright spots in some cases. A
Phases to Dark Conglomerate Phase3he phase transition  remarkable feature of the mesophases of compo8ieklB12
temperatures of the synthesized compour@smBn are andSis-11Bn (n = 4—16) is that, in these mesophases, domains

collated in Tables 43. In Table 1, the influence of the size of of opposite handedness can be distinguished, as shown for the
the Si-containing unit upon the liquid crystalline properties mesophase ddi-11B14 as an example, in Figure 2a,b. Upon

is shown for the dodecyl-substituted compouriig11B12 rotating the analyzer by a small angle«(80°), dark and bright
(x=1-3), and these compounds are compared with the olefinic domains become visible. If the analyzer is rotated in the opposite
precursoiEn-9B12 and the alkyl-substituted compoum@B12 direction, the brightness of the domains is reversed. The light
The nonsilylated and terminally unsaturated compden®B12 transmission does not change if the sample is rotated. This
has a monotropic (metastable) birefringent AF switching smcp  indicates a conglomerate of macroscopic chiral domains with
phase (B-type phase) as typical for numerous other bent- opposite chirality sense. These opt_lcally |sot_rop|c mesophases
core molecules and also found for the dialkyl-substituted COMPosed of a conglomerate of chiral domains are designated

compoundl12B12 without C=C double bond (see Figures S2 - » N Suzuki. AChem. Re. 1995 95, 24572483, (b) Hird
. . . a ra, N.: , em. Re. , — . rd,
and S3). Hydrosilylatiof? of En-9B124 leads to the silyl- (23) ,f,.) GP;?,“ é_ W Tuoz;jné K. JMol. ceryst_ Lig. Cryst1991, 20% )18'7_

substituted materialsSik-11B12 (x = 1-3), which show 204.
. . . ... (24) Tschierske, C.; Zaschke, H. Prakt. Chem1989 331, 365-366.
enantiotropic (thermodynamically stable) mesophases with (25) Adams, N. W.; Bradshaw, J. S.; Bayona, J. M.; Markides, K. E.; Lee, M.
ili PR _ L. Mol. Cryst. Lig. Cryst1987, 147, 43—60.
enha_nced meSOph_ase Sta_b_lhty compar 12andEn 9812‘_ (26) Shen, D.; Pegenau, A.; Diele, S.; Wirth, |.; TschierskeJ.CAm. Chem.
despite that the Si-containing units are more bulky than linear So0c.200Q 122, 1593-1601.
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Table 3. Mesophases and Phase Transitions of Compounds Siz-mB122

RS can K

(CH,),0 OC.Hys
~erOai”Osi” .
o5 A0 A Sis-mB12
compound m TI°C AH/kJ mol~* dnm Linm
Siz-5B12 5 Cr 105 (SmGPH*/?1 83) Iso
53.2
Siz-6B12 6 Cr 86 SmGP*/°] 93 Iso 4.8 (85) 5.3
18.1 14.8
Siz-7B12 7 Cr 75 SmGPH*/°] 104 Iso 3.8 (90) 5.4
21.3 20.6
Siz-8B12 8 Cr 71 SmGP*/°] 102 Iso 4.0 (90) 5.5
21.8 16.3
Siz-9B12 9 Cn. 58 Ci 68 (SmX*1 61) SmMGPH*] 108 Iso 4.0 (100) 5.6
28.8 11.9 21.1 3.0 (40)
Siz-10B12 10 Cr 63 Sm@P*] 115 Iso 4.4 (97) 5.7
39.2 22.3
Siz-11B12 11 Cr 70 Sm@P:*1 115 Iso 4.4 (95) 5.8

a Abbreviations and conditions as in Tables 1 and 2.

as “dark conglomerate phases”, and this type of supramolecular Ffa)-’
chirality, which isnot based on a molecular configurational il
chirality, is assigned with the symbdrt”. For all compounds h
with a heptamethyltrisiloxane uniSi-11Bn with n = 4—16

and Siz-11B12), this dark conglomerate texture is found
exclusively. However, for compoun@s;-11B12andSi,-11B12
with shorter Si-containing units, sometimes also regions with a
birefringent schlieren texture can coexist with the dark con-
glomerate texture (assigned withl).

X-ray investigations indicate simple layer structures without |
in-plane order for the mesophases of all compouigd 1B12 56 °C
(x = 1-3). The layer thickness is always significantly smaller
than the molecular length, which is in line with a strongly tilted
arrangement of the molecules within a monolayer structure with
estimated tilt angles of about 385° with respect to the layer
normal (SmCP phases).

In addition, there is an important change in the profile of the
diffuse wide-angle scattering. For compoudig-11B12with a
large oligosiloxane unit, this scattering has a very asymmetric
profile in which two maxima can be separated, one maximum
at 0.47 nm corresponding to the mean distance between the fluid i
alkyl chains and between the aromatic cores and the second ) T e )
one with a maximum at about 0.7 nm corresponding to the meangg“é%a&hgﬁ;g:gaégé %2?\/32’::;'%&'33ﬁgruoi“ijdlséggzrgb()a:rfows
distance between the disordered siloxane units (see for exampléngicate the positions of the polarizers); (c) same region between crossed
curve “a@” in Figure 4, which actually shows the wide-angle polarizers, (d, e) SmiX! phase at 55°C between slightly uncrossed
scattering of the higher homologu®is-11B14. This is an _polarizers; from (a) to _(b) and from (d) to (e),th_e direction of the po!arizers
T . A . _is changed, from (a) via (c) to (d), the sample is cooled, from (e) via (c) to
indication of the fluid nanosegregated organization in the smectic (b), it is heated. Texture (c) is actually observed in the SPHC phase at
mesophase of this compound,; that is, the siloxane units build 65 °C under crossed polarizers, but the same appearance can be found at
up their own sublayers, leading to the triple layer structure, as the transition from (a) to (d) and (e) to (b) depending on the temperature.
shown in Figure 3a. The presence of different mean distances
between hydrocarbon units (cross sectional ae@.21 nn?) This correlates with the observed differences in the textural
and between siloxane units (cross sectional areé®38 nn?) features between these compounds.
can be realized by adopting an antiparallel packing of adjacent 2.2. Effect of the Length of the Terminal Alkyl Chains:
molecules, leading to a monolayer structure instead of the Transition from Smectic to Columnar Phases As shown in

expected bilayer structure. Table 2, with increasing length of the terminal chain of
The diffuse wide-angle reflection & = 0.7 nm is missing compoundsSiz-11Bn, a series of different mesophases is found,
for compoundsSi;-11B12andSi,-11B12with smaller silicon- which is discussed in the following sections.

containing segments, which means that for these compounds 2.2.1. The Fluid Dark Conglomerate Smectic Phases of
the alkyl chains and the Si-containing units are not segregatedCompounds Si-11B4 to Sp-11B16.All compoundsSiz-11Bn
(there are only two instead of three sublayers; see Figure 3b).with n = 4—16 show the same textural featuresSis11B12
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Triple-layer Simple layer
structure Small n structure
large m,x

Aliphatic )
chains

=
,,,,,,,,,,,,,,,, Oligosiloxane
sublayers

Bent aromatic
cores

Small m,
\Eli"n:’y‘ (b) (c)

Figure 3. Models of the organization of the siloxane-substituted bent-core molecules (a) in the triply segregated smectic phases, and (b) in the simple
smectic phases where aliphatic chains and oligo(dimethylsiloxane) units are not segregated; (c) shows the a model of a sponge phase (frorenef 28a), wh
a random web of the aromatic layers divides the fluid regions (segregated oligosiloxane sublayers are not shown).

3000 5.0

. 2000 4
=}
s E
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B
g 1000 A
=
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12 16 20 24 ) .
Figure 5. Dependence of the values of the smectic phases of compounds
20 /deg. Siz-mBn on the number of C atom® in the spacer unit (compoundis-

Figure 4. Wide-angle region of selected X-ray diffraction pattern: (a)two MB12 n= 12, filled squares and solid line) and on the number of C atoms
diffuse maxima in the Sm@H*1 phase of compoun8i;-11B14at 100°C nin the terminal alkyl chains (compoun@g-11Bn, m= 11, open squares
indicate a nanosegregated structure with discrete oligosiloxane sublayers;and dotted line).

(b) one diffuse maximum in the USng€¢ phase of compoun8iz-11B18

at 92°C indicates the absence of separate oligosiloxane sublayers; (c) severah]esophases of compoun@ig-11Bn with n = 18—22 (see

reflections in the Smi! phase of compoun8is-11B14at 50°C indicate . . . .

an additional in-plane order. Figure 4, curve b, whl_ch shows the wide-angle profile _of the
wavy deformed smectic phase (USgRE) of compoundSiz-
11B18.

(dark con.glomelrates). X-ray investigations gonfirm smect.ic The optical isotropy and the spontaneous formation of
Fr:cases t\./wthoué |n-pIzT(neb|0rdtehr (seg Table Sl n thi ?#pplortmgdomains with opposite chirality sense are quite unusual features
frorma |on)_. emarkably, there 1S no change of the fayer . y,q ground-state structures of the smectic mesophases of
distance on increasing the length of the alkyl chain. Compounds compoundsSis-11Bn with n = 4—16. As suggested by Jakli et
8'3'lt.lBAI'I (dth: 44 r;rjn) alndS'i;]llet(: :d?fS nm) h?vt?w al.,!5f an optical isotropic tilted smectic phase can be explained
practically the samej value, thoug € adimerence of the =i e organization would be SmE, and if the bending angle
mo.IecuI.ar length 'S 12.er.OUpS .(see Table 2 and F|'gure 5)! o and tilt angled are related to each other accordingte= 2
This unique b_eha\_/|or IS I|ne_ with the suggested trlplg layer tam1(1/cosH). However, this uniform ratio is unlikely to occur
model shown n Flgu_re 3a. This means that the layer thICknessfor a whole series of compounds. In addition, as will be shown
IS (_axcluswely determlped by the_combmed lengths Of. the SPACET, section 3, the actual mesophase structure is synclinic and
unit, bent-core, and s.llo.xane unit. The alkyl e.nd chains have to synpolar in most cases. Another remarkable feature of these
be.tacc'(;mmod?tedlW|th|r.1trt]he Sj[ublaylersl prowdheq by tﬁe Spacermesophases is the disordered structure of the layers which can
units. ordg(_) elcluBiS V\t”h e_x rlesn_"lg%/ (t)l:'g ¢ alr;s, oyt\;lever even be observed under the polarizing microscope in some cases
(compoun s with n = ) IS 1S not possible (grainy appearance). Also, the diffraction peaks are not resolu-
_and seg_regatlon qf alkyl cha_lns and_snoxane units 'S.IOSt.' This tion limited, indicating a limited size of the smectic domains.
'; seeré.'; th?. profllettof th?:dlff;se W|de-t§nglk(‘a scattefrlnﬁ in the AFM (see Figure 6) and electron microscopy with freeze fracture
-ray difiraction pattern. or thé Smectic phases ot all com- sample¥’ confirm a strongly distorted structure of the layers

poundsSiz-11Bn with n = 4—14, there is a shoulder & = th o .
. . ) e layers are strongly folded), similar to lyotropic sponge
0.7 nm, corresponding to the mean distance between the sﬂoxané y gy ) yotropic spong

units (See F|_gure 4, curve a) This shoulder is very weak for (27) Clark, N. A.; et al. Poster Presented at #itle International Liquid Crystal
compoundSis-11B16 and it is completely absent for the ConferenceLjubljana, July 4-9, 2004, Book of Abstracts, SYN-P026.
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Figure 6.

393 nm
l[ 196 nm
0 nm
899 pm

0 prm

AFM image of the surface of a glassy solidified sample of the §7& phase of compoun8iz-11B12at 20°C, showing a very rough surface

structure. Beside the long-scale modulation, there is an additional fine grainy structure with a length scale of about 100 nm (see the enlarged part).

phaseg® This means that optical isotropy is due to a random tilt angle of @ = 43° was calculated according X —ray/model
microdomain structure, where the uniformly aligned smectic = cos @ for the SmGPH*! phase, which is the same value as
domains have a size which is smaller than the wavelength of that determined by electrooptical investigations (see section 3).
light. This distorted structure makes it difficult to assign the In the SmX*] phase, the calculated tilt angle is about.530
ground-state structure to one of the four possible structuresadditional reflections occur in the small-angle region, which
shown in Figure 1 because no aligned samples for X-ray indicates that this mesophase also has a layer structure. The

scattering could be obtained. However, compo@ig11B14

maximum of the broad diffuse peak in the wide-angle region,

shows a temperature-dependent inversion of chirality, and this however, is split into several reflections (see Figure 4, curve
provides the possibility to make a conclusion on the structure c), confirming an additional in-plane ordering in the low-

of these dark conglomerate phases (see section 2.2.2.).
2.2.2. The Soft Crystalline Dark Conglomerate Phase of
Siz-11B14.CompoundSiz-11B14 shows a transition from the

temperature mesopha%eAs no birefringence is introduced at
the phase transition, the distorted nature of the smectic phase
should be maintained at the phase transition. The proven tilted

SmGPH*] phase to a higher ordered low-temperature dark arrangement of the molecules distinguishes this phase from the

conglomerate mesophase at®bon cooling (phase transition

soft crystalline B! phasél which is a nontilted low-

at 60°C upon heating), which is accompanied by a reversible temperature phase with a TGB-like helical superstructtre.

inversion of the chirality sense of the chiral domains. Bright

2.2.3. Possible Structures of the Dark Conglomerate

domains in the high-temperature phase become dark in the lowerPhases. 2.2.3.A. Origin of Layer Distortion.Layer distortion

temperature phase and vice versa (Figure-&a Though

in the investigated systems might arise due to a steric frustration

temperature-dependent inversion of chirality has been observedof the areas required by the aromatic and the nonaromatic

for helical superstructure in chiral nematic (N*) and chiral
smectic C phases (SmC*) of chiral molecut#his is the first

molecular parts at the interfaces, which could lead to a Gaussian
curvature of these interfacésOptical isotropic bicontinuous

example of a temperature-dependent reversal of the opticalcubic phaseg.c9.9b3gre known to occur as intermediate states
rotation in a mesophase formed by achiral molecules. X-ray (30) This is in line with the fact that no electrooptical switching is observed in

studies indicate that the layer thickness decreases from 4.4 nm

in the fluid smectic phase (Sng@*1) to 3.7 nm in the low-
temperature SmiX! phase. Using the model shown in Figure
3a and assuming a bending angle of L@fogei= 6.2 NM), a

(28) (a) Strey, R.; Winkler, J.; Magid, J. Phys. Cheml991, 95, 7502-7507.
(b) Roux, D.; Coulon, C.; Cates, M. B. Phys. Chem1992 96, 4174~
4187. (c) Porte, GCurr. Opin. Colloid Interface Scil996 1, 345-349.
(d) Hyde, S. T.Colloids Surf. A1997, 129-130, 207—225.

(29) (a) Vill, V.; von Minden, H. M.; Bruce, D. WJ. Mater. Chem1997, 7,
893-899. (b) Langner, M.; Praefcke, K.; Ketke, D.; Heppke, Gl. Mater.
Chem 1995 5, 693-699. (c) Kaspar, M.; Gorecka, E.; Sverenyak, H.;
Hamplova, V.; Glogarova, M.; Pakhomov, S.l4g. Cryst.1995 19, 589~
594. (d) Loubser, C.; Wessels, P. L.; Styring, P.; Goodby, JJWiater.
Chem 1994 4, 71-79.

this soft crystalline mesophase.

(31) (a) Niwano, H.; Nakata, M.; Thisayukta, J.; Link, D. R.; Takezoe, H.;
Watanabe, 1. Phys. Chem. B004 108 14889-14896. (b) Araoka, F.;
Ha, N. Y.; Kinoshita, Y.; Park, B.; Wu, J. W.; Takezoe, Rhys. Re.
Lett.2005 94, 1—4. (c) Walba, D. M.; Eshdat, L.; Kblova, E.; Shoemaker,
R. K. Cryst. Growth Des2005 5, 2091-2099.

(32) In principle, it is possible that also in the SfXphase the smectic slabs
might adopt a TGB-like helical organization as in thg*Bphases, but
there is no indication of such a helical structure.

(33) (a) Seddon, J. M.; Templer, R. HHandbook of Biological Physics

Lipowsky, R., Sackmann, E., Eds.; Elsevier: Amsterdam, 1995; Vol. 1,

pp 97-160. (b) Hyde, S. THandbook of Applied Surface and Colloid

Science Holmberg, K., Ed.; Wiley: Chichester, 2001; Vol. 2, pp 299

332.
(34) (a) Gharbia, M.; Gharbi, A.; Nguyen, H. T.; MaltheteCiurr. Opin. Colloid

Interface Sci2002 7, 312. (b) Bruce, D. WAcc. Chem. Re00Q 33,
831-840.
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at the transition from flat smectic layers to an organization in  In addition, chirality can also be a source of layer distortion.
columns. The fact that the mesophases under discussion occuChirality in self-organized superstructures, formed by achiral
upon introduction of a bulky siloxane unit into the molecule bent-core molecules, arises from the tilted organization of these
12B12 itself forming a nondistorted smectic phase, and that molecules in polar layers$. The SmCP layers have@, phase
elongation of the alkyl chains leads to the formation of columnar symmetry which lacks a mirror plane, and therefore, these layers
phases (see section 2.2.5.) would be in line with this explanation. are inherently chiral. Layer normal, tilt direction, and polariza-
However, a cubic lattice can be excluded for the mesophasestion vector describe either a right-handed or a left-handed system
under investigation (rather high fluidity, no X-ray evidence), (see Figure S1 inthe Supporting Information). Changing either
and fluid isotropic intermediate phases are extremely rare in the direction of layer polarization or the tilt direction changes
thermotropic systems and usually occur only for few homo- the chirality sense of the layét.The SmGP, and SmGP:
logues in limited temperature rang&sS In contrast, the dark  phases have opposite chirality sense in adjacent layers (see
conglomerate phases were found over the whole temperaturerigure 1, indicated by different color), leading to macroscopic
range for a wide variety of different compourids*® racemic superstructurédwhereas in the Sm€x and SmGP:

Sponge phases {lphases) are optically isotropic mesophases phases, the layers have identical chirality sense and hence these
which are quite common in lyotropic systems. These mesophasesstructures are homogeneously chiral (Figure 1). As bent-core
occur beside lamellar phases over a quite large range of dilution,molecules preferably adopt helical molecular conformatf8ik,
if the surfactant bilayers are swollen by solvents. In these spongediastereomeric relations of these chiral conformers with the layer
phases, the layers are curved and form a continuous nonperiodichirality could lead to a (partial) deracemization of molecular
web of bilayers (Figure 3c¢).28 Interestingly, also the dark  conformations; that is, one helix sense is dominating in t#he (
conglomerate phases can be found for molecules with relatively SmGP: domains, whereas the opposite helix sense is dominating
long alkyl chains or chains which are functionalized with bulky in the (=)-SmGP: domains®? As chiral molecules cannot align
end groups (siloxanes, carbosilanes). In addition;dbdecane completely parallel in soft matter systems, this conformational
is added to the nonsilylated compoud@B12 the typical chirality could contribute to layer distortior¢
birefringent schlieren texture of the SmCB2-type) phase is 2.2.3.B. Origin of Optical Activity. Recently, Hough and
completely replaced by a well developed dark conglomerate clark have predicted that a significant optical activity arises
texture, similar to that shown in Figure 2a,b, and the layers are from the layer chirality of the polar tilted smectic phase
expanded frond = 3.7 nm for the pure compounds do= 3.9 structure?® This means that a significant optical rotation is an
nm for the solvent-saturated sampletence, a sponge-like intrinsic property of the homogeneous chiral layer structures
random web of the aromatic sublayers that divides the fluid (re SmGPe; or AF, SmGPA), which could only be observed
regions into homogeneous (siloxanes and alkyl chains are mixed)it the pirefringence of the mesophase is low. The unique
or inhomogeneous (siloxanes are separated from the alkyliemperature-dependent inversion of the chirality sense at the
chains) labyrinths is a I|kely model for the observed dark phase transition from the fluid smectic Sg#g*! phase to the
conglomerate phases (see Figure 3c). higher ordered SmiX! phase observed for compoun-

As mentioned above, layer distortion in these sponge-like 11B14 (section 2.2.2.) and5i;-9B12 (section 2.3.) can be
structures might result from a slight misbalance of the areas satisfactorily explained by the idea of layer optical chirality.
required by the incompatible segments at the interfaces. Layerpor this optical activity, the sign of the optical rotation is
distortion might also arise as a result of the escape from a dependent on the tilt angle of the long axis of the bent aromatic
macroscopic polar order if the ground-state structure is ferro- core with respect to the layer plaffand such a change of the
electric (SmGPr or SmGP). Splay of the polar directions in it angle was found at this phase transition. This change in tilt
SmGPr layers can, for example, give rise to a regular wavy angle should lead to an inversion of optical rotation as proposed
deformation of the layers which leads to the birefringent B py this model.
type phases: A nonregular deformation of polar layers in al 2.2.3.C. Phase Structure and Polar OrderThis means that

fﬁ'(reeest%rgsj TZ'OnS could give rise to a optically isotropic sponge- the ground-state structure of the dark conglomerate phases of
) the silylated compounds should be homogeneous chiral, either

- : X - X SMGP: or SMGP,, and the chiral domains of opposite handed-
(35) Optically isotropic mesophase in achiral LC: (a) Warmerdam, T. W.; Nolte, . . L -
R. J. M.; Drenth, W.; van Miltenburg, J. C.; Frenkel, D.; Zijlstra, R. J. J. N€SS represent regions with a distinct sense of the layer chirality.

Lig. Cryst. 1988 3, 1087-1104. (b) Weissflog, W.; Letko, I.; Pelzl, G.; i i ilt di i i
Diele, S.Lig. Cryst.1995 18, 867—870. (c) Pietrasik, U.; Szydlowska, J.; .Hence’ if the corrglatlon of th.e tllt. direction could be determmec.l'
Krowczynski, A.; Pociecha, D.; Gorecka, E.; Guillon, D. Am. Chem. it would be possible to decide if the ground-state structure is
So0c.2002 124, 8884-8890. (d) Bilgin-Eran, B.; Tschierske, C.; Diele, S. i i inie ti i i
Baumeister. UJ. Mater. Chem2008 DOI 10.1030/b511832h, elthgr_fgrro_electnc (synclinic tilt, Sm®F) or a_ntlferroelectrlc
(36) Optically isotropic mesophase in chiral LC: (a) Yamamoto, J.; Nishiyama, (@nticlinic tilt, SmGPa). However, due to the distorted structure
I.; Inoue, M.; Yokoyama, HNature2005 437, 525-528. (b) Nishiyama,
I.; Yamamoto, J.; Goodby, J. W.; Yokoyama, Bhem. Mater2004 16,

3212-3214. (c) Nguyen, H. T.; Ismaili, M.; Isaert, N.; Achard, M. FJJ. (39) Concerning a discussion of the actual structure of the Baeihd Sm@Pa

Mater. Chem 2004 14, 1560-1566. (d) Takanishi, Y.; Ogasawara, T.; phases, see: (a) Folcia, C. L.; Ortega, J.; Etxebarihigq).Cryst. 2003

Yoshizawa, A.; Umezawa, J.; Kusumoto, T.; Hiyama, T.; Ishikawa, K.; 30, 1189-1191. (b) Pyc, P.; Mieczkowski, J.; Pociecha, D.; Gorecka, E.;

Takezoe, HJ. Mater. Chem2002 12, 1325-1330. (e) Goodby, J. W.; Donnio, B.; Guillon, D.J. Mater. Chem2004 14, 2374-2379.

Dunmur, D. A.; Collings, P. Jlig. Cryst 1995 19, 703-7009. (40) (a) Osipov, M. A.; Kuball, H.-GEur. Phys. J. E200], 5, 589-598. (b)
(37) Induction of an optically isotropic mesophase by addition of organic solvents Nakata, M.; Takanishi, Y.; Watanabe, J.; TakezoePHys. Re. E 2003

was also reported by Jakli et al., but no chiral domain structure was observed 68, 041710. (c) Gorecka, E.; Cepic, M.; Mieczkowsky, J.; Nakata, M.;

for these mesophases and the switching was reported to be ferroelectric, Takezoe, H.; Zenks, BPhys. Re. E 2003 67, 061704.
which is in contrast to our observations: (a) Jakli, A.; Cao, W.; Huang, (41) Earl, D. J.; Osipov, M. A.; Takezoe, H.; Takanishi, Y.; Wilson, M. R.

Y.; Lee, C. K.; Chien, L.-CLig. Cryst 2001, 28, 1279-1283. (b) Huang, Phys. Re. E 2005 71, 021706.

M. Y. M.; Pedreira, A. M.; Martins, O. G.; Figueiredo Neto, A. M.; Jakli, (42) It should be mentioned here that chirality might also arise from a

A. Phys. Re. E 2002 66, 031708. spontaneous deracemization of molecular conformations as proposed for
(38) Clark, N. A.; et al.Science2003 301, 1204-1211. the B/*] phases!
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of these smectic phases, it is impossible to get uniformly aligned
samples, and therefore, the layer correlation cannot be derived
from X-ray data. As it will be shown in section 3.3., the layer
distortion can be squeezed out under an electric field, leading
to birefringent textures with circular domains. Viewed between
crossed polarizers, these domains are characterized by dar </
extinction brushes (see, for example, Figure 13b,c). The tilt 2
direction can be deduced from the position of the extinction
brushes with respect to the positions of polarizer and analyzer.
If the_se _brushes are |ncI|ne_d with the dlrect|on_of _the po_lanzers, polarizers; (a) USm@: phase at 106C, as obtained by cooling from the
the tilt is synclinic, and if the brushes coincide with the isotropic liquid; (b) USm@ ' phase at 99C as obtained by cooling from
directions of the polarizers, it is anticlinic. Under a DC field, the USmGP: phase.

only the synclinic structure is found for the smectic phases of
all compoundsSis-11Bn with n = 4—16 (see section 3.3.). If it

is assumed that a DC field does not change the tilt correlation,
then the ground-state structure should also be synclinic. The
only homogeneously chiral structure with synclinic tilt is
SmGPr, and this means that the correlation of the polar
directions should be ferroelectric in these smectic phéses.
Hence, the escape from a macroscopic polarization in the
SmGPr structure might contribute to the distortion of a flat
layer structure. However, it should be mentioned that in the
mixed systenl2B12+ dodecane, where a dark conglomerate
phase is induced by the solvent, the switching remains clearly
AF (two polarization current peaks in a half period of an applied
triangular wave field), as in the Sm&IB,) phase of the solvent
free material. This confirms that formation of dark conglomerate
textures is independent of polar order, and layer distortion is
also found in nonpolar SmGPphased>¢" Therefore, it can

be concluded that escape from polar order can reinforce layer
distortion, but steric effects and possibly also chirality effects
are also required.

2.2.4. The Undulated Smectic Phases of $511B18. The
mesophases of compouB#-11B18are distinct from the lower

homologues. On cgollng, at 10€, spherullt_lc and Ian.cet'“k,e Figure 8. X-ray diffraction pattern of aligned samples. (a) US§€phase
textures as are typical for a mesophase with 2D lattice (Figure of compoundSi:-11B18 at 85 °C (the 03 reflection is very weak); the
7a) were observethi44.450n further cooling, at 96C, a phase diffraction pattern does not change at the transition to the Umghase;

transition takes place, the texture becomes broken, and a fluid(t) CobsPa phase oBi-11B22at 97°C; in both cases, the stronger intensity
’ ’ of the wide-angle scattering on the right is indicative of a synclinic tilt of

Tine S(_:h”e.ren_ te?(ture is formed (Figure 7_b)' However, X-ray e molecules; in (b), synclinic domains with opposite tilt direction coexist,
investigation indicates a layer structure witk= 4.4 nm at all and therefore, a wide-angle scattering is also found on the left; the distinct
temperatures (Figure 8a). The absence of the diffuse scatteringntensity of these scatterings indicates a synclinic organization, but if both

— ; ; . would have the same intensity, a synclinic or anticlinic tilted organization
aroundD = 0.7 nm of the oligosiloxane sublayers (see Figure . .= ~°" distinguished.

4, curve b) proves a nonsegregated structure where oligosiloxane

units and alkyl chains are mixed up, and the unsymmetrical Though a phase transition can be detected at®ey a
profile of the wide-angle scattering in the aligned sarffole  significant change of the texture and by a peak in the DSE (
(higher intensity at the right, see Figure 8a) indicates a synclinic = 1.8 kJ mot?), no change was found at this temperature in
organization with an extremely large tilt angle £ 49°). the X-ray diffraction pattern. This means the organization is
synclinic in both mesophases. In addition, the layer reflections

(43) In addition, a synclinic organization of the molecules was proven for the are extended to lines parallel to the equator in both phases (see

undulated variants of the smectic phase (compdbigd 1B18 by X-ray . . . .
scattering of aligned samples (see Figure 8a). Figure 8a), which points to mesophases with a wavy deformed

(44) Examples of columnar phases formed by bent-core molecules: (a) (undulated) layer structure, as shown in Figure3®15. The
Watanabe, J.; Niori, T.; Sekine, T.; Takezoe,Jgn. J. Appl. Phys1998 . . : .
37, L139-L142. (b) Mieczkowski, J.; Gomola, K.; Koseska, J.; Pociecha, difference between these two phases might arise from a different

D.; Szydlowska, J.; Gorecka, B. Mater. Chem2003 13, 2132-2137. undulation wavelength and a different correlation length of the
(c) Amaranatha Reddy, R.; Sadashiva, B. K.; Raghunathan, \Ch&m. . . . L
Mater. 2004 16, 4050-4062. (d) Pelz, K.: Weissflog, W.; Baumeister, ~ undulations in adjacent layers. In the smectic-like low-temper-

U.; Diele, S.Lig. Cryst.2003 30, 1151-1158. (e) Kardas, D.; Prehm, M; me i ~
Baumeister, U.; Pociecha, D.; Amaranatha Reddy, R.; Mehl, G. H.; ature phase (US F)’ there mlght be Only a short range

Tschierske, CJ. Mater. Chem2005 15, 1722-1733. (f) See ref 21b. (g) correlation of the undulations, whereas in the high-temperature

Nguyen, H. T.; Bedel, J. P.; Rouillon, J. C.; Marcerou, J. P.; Achard, M. i H i
F Ptamana J. Phys2003 61, 395-404. phase (USm@), the correlation might become medium or long

(45) Keith, C.; Amaranatha Reddy, R.; Baumeister, U.; Tschierské, Bm. range, leading to a change of the optical appearance of the
Chem. Soc2004 126, 14312-14313. in_li

(46) These mesophases are distinct from the dark conglomerate phases of thénes_ophase from a smectic “l_(e teXture to a texture more
lower homologues, and therefore, aligned samples can be obtained. reminiscent of a mesophase with 2D lattice.
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to lines), indicating a USmx phase. As the organization of
the molecules is synclinic in the undulated layer structures, the
undulations should not be sinusoidal (symmetric), but asym-
metric (see Figure 9b), as in the asymmetric ripple phases of
phospholipids'®

Hence, as shown in Figure 9a, elongation of the alkyl
chains leads to a stepwise transition from dark conglomerate
phases (Sm@¢*], Si;-11Bn with n = 4—16) via undulated

'y
Y Y

BSOS layers (USm@: and USmGP'r mesophases @i;-11B18and
W }W low-temperature phase &is-11B20 to a ribbon phase built
~T T ~— TS T~ up by fragmented layers (C@Pa, high-temperature phase of
Siz-11B20and compoundSiz-11B22).
(a) (b) (©) 2.3. Effect of the Length of the Spacer UnitThe influence

Figure 9. Possible way for the transition from (a) a smectic phase via (b) Of the length of the aliphatic spacer unit between the bent-core
a nonsinusoidal undulated smectic phase (wavy deformed layers, theand the oligosiloxane unit was investigated for the series of

undulation period can be much larger than actually shown) to (c) an oblique dodecyloxy-substituted compoun8g-mB12 (m = 5-11; see
columnar phase (broken layers, the resulting ribbons are organized in an ’

oblique lattice) as observed with increasing steric frustration. The transition 1aple 3). Only smectic phases were found in this Series. |_t can
from wavy deformed layers to broken layers is associated with a change of be clearly seen that reduction of the spacer length gives rise to

the polar order from ferroelectric to antiferroelectric. The possibilities g reduction of the mesophase stability, but also the textures are
g%ncsel;glggrg:% Fiﬁlf?)rr rd}l;(;gtrl]ons inthe Gl phase are discussed in Figure  gjigiy different. Optical isotropic mesophases composed of
' chiral domains were observed for all homologues with relatively

2.2.5. The Undulated Smectic and Columnar Phases of ~ [0Ng spacer units witm = 9, whereas the homologues with
Si;-11B20 and Si-11B22.The textural features of the meso- shorter spacers(= 6—8) are characterized by the coexistence
phases of compoundSis-11B20 and Sis-11B22 (see, for of this dark ccnglomerete texture and a birefringent schlieren
example, Figure S5, Supporting Information) are identical with (€xture (see Figure S8 in the Supporting Information). Depend-
those seen for the high-temperature phassigil1B1847 The ing on the condrtlons (cooling rate, type of glaes surfaces, etc.),
diffraction pattern of an aligned sample of compo@ig11B22 tne blrefrlngent regions can be domrnatlng or minor. In the X-ray
is shown in Figure 8b as an example. The small-angle reflections diffraction pattern, a diffuse scattering with a shouldeDat
can be indexed to an oblique columnar phase with the lattice €& 0-7 nm (siloxane sublayers) is observed for compoBiids
parametersa = 4.9 nm,b = 2.2 nm, and an oblique angle= mB12 with n= 7-11, vv_hereas this shoulder is absent $o5
100°. Within this mesophase, the organization is synclinic 6B12 In addrtron,t_here is a remarkable and unique dependence
(different intensity of the wide-angle reflections) and the tilt ©f the layer spacing on the length of the spacer unit. Upon
angle is 50. A model of this mesophase is shown in Figure 9c. reduction of the spacer length, the layer spacing decreases first
Accordingly, the layers are broken into ribbons (modulated Tomd=4.4nm = 11) tod = 3.8 nm (n=7) as expected,
layers), and these ribbons are organized into an oblique 2D Put for Si-6B12 it strongly rises again, so that this compound
lattice. This phase is assigned as columnar oblique,{C&rom has a larger layer distance £ 4.8 nm) than that 08is-11812
switching experiments (see section 3.4.), it can be concludedWith seven additional Ckigroups ¢ = 4.4 nm; see Table 3
that the organization of the molecules in adjacent ribbons is and Figure 5). It seems that for compou8ig-6B12 the thin -
antipolar. There are at least three possible structures dependin?ublayers_Of the alkyl spacers cannot accommodate the relatively
on the polar direction in adjacent ribbons, which are discussed0nd terminal chains. The segregation of the siloxane units is
in more detail in ref 12c and in Figure S6 of the Supporting Io_st, and these units become randomly drsrrrbuted within the
Information. aliphatic sublayers of the alkyl chains, as indicated in the X-ray

The diffraction pattern 08is-11B22is the same in the whole diffraction pattern py the complete absence of the shoulder at
temperature region, but for compoui-11B2Q there is a  0-/ M correspondrng to the oIrgoeroxane supleyers (see Figure
change of the diffraction pattern at 96. At higher temperature, 9 in the Supporting Information). As the limitation for the
the small-angle diffraction pattern is indicative of a GBA expansion cf the alr_phatrc sublayers is removed, alsc the tilt of
phase & = 4.5 nm,b = 2.2 nm, andy = 103, Figure S7a) as the aromatic cores is reduced and both_ effects contribute to the
in the case 0fSi;-11B22 Around 96°C, all out-of-meridian ~ Nuge layer expansion froiis-7B12 to Siz-6B12
reflections completely disappear, indicating a smectic structure It is remarkable that also in the homologous series of
until crystallization (see Figure S7b, Supporting Information). compoundsSi;mB12there is one compounddg-9B12) which
No change can be observed in the wide-angle region, indicatingShows a transition to a higher ordered low-temperature phase
a synclinic tilt of the molecules in both mesophases. The (see Figure S10 in the Supporting Information) with an inversion
diffraction pattern of this low-temperature phase is identical with Of chirality at the phase transition, very similar to that of

the mesophase(s) &fi-11B18 (layer reflections are extended ~COMpoundSiz-11B14 The neighboring homologuesiz-8B12

andSiz-10B12do not show this type of low-temperature phase.

(47) Though a synclinic organization in the G#lx and USm@: phases is Remarkably, the ratio of end chain length to spacer length is
clearly proven by X-ray scattering, in the textures, the extinction crosses
coincide with the positions of polarizer and analyzer (see Figure S5). This
indicates that these 2D-modulated smectic phases preferably adopt an(48) (a) MacKintosh, F. CCurr. Opin. Colloid Interface Scil997 2, 382—

alignment of the ribbons with the polarization vector parallel to the glass 387. (b) Katsaras, J.; Tristram-Nagle, S.; Liu, Y.; Headrick, R. L.; Fontes,
surfaces, which cannot be distinguished from an anticlinic organization by E.; Mason, P. C.; Nagle, J. Phys. Re. E 200Q 61, 5668-5677. (c)
optical methods. See: Gorecka, E.; Vaupotic, N.; Pociecha, D.; Cepic, M.; Sengupta, K.; Raghunathan, V. A.; KatsarasPys. Re. E 2003 68,
Mieczkowski, J.ChemPhysCherf005 6, 1087—-1093. 031710.
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of compoundsSi,-mBn are optically isotropic and composed
of domains of opposite chirality sense. However, above a certain
threshold voltage, the texture becomes strongly birefringent.
Also cooling from the isotropic liquid state under an applied
electric field with a certain threshold strength leads to strongly
0+ . birefringent textures with circular domains (see, for example,
Figure 11a,e). This means that under an electric field the strongly
distorted layer structures of the dark conglomerate phases are
transformed into nearly nondistorted layers. A probable explana-
1004 tion could be that the alignment force provided by the electric
field above a certain threshold is stronger than the layer
-3 -2 -1 0 1 2 3 distorting forces. More generally speaking, the structure of the
tis mesophase investigated in the electric field experiments is

Figure 10. Switching current response of compouig-11B4in a 6um distinct from the mesophase formed without applied field.
polyimide-coated ITO cell£105 V, 1 Hz, 5 I€2) on applying an alternating

simple (regime of the downward current peak) and modified triangular wave 3.1 Surface-S'FabiIi.zed (Metastable) Ferroe!ect.ric Switch-
voltage (regime of the upward current peak/sfat 85 °C. ing. For the optical investigation of the switching process,

circular domains were grown by slow cooling under a DC field.

the same in both compounds (ratiol.3). Also, for compound  Within the obtained domains, the layers are aligned perpen-
Siz-9B12 the layer distance decreases frdns 4.0 nm in the dicular to the cell surfaces (bookshelf geometry), and these
SmGPH*! phase tal = 3.0 nm in the SmXI phase, indicating  layers are circularly arranged around the centers of these
an increase of the tilt angle from ca. 44 to ca’.58 seems  domains. Hence, the molecules are organized parallel to the cell
that, for this special ratio of spacer length to end chain length, surfaces. The characteristic features of these domains are
the terminal chains can be accommodated between the aliphaticextinction brushes, where the direction of the brushes are parallel
spacer units in such a way that optimal space filling is possible and perpendicular to the direction of the optical axis of the
if the aromatic cores adopt a strongly tilted organization in smectic layers. The change of the position of these brushes,
layers. This dense packing might allow the crystallization of depending on the applied voltage, gives information about the
the aromatic and possibly also of the aliphatic parts, whereaschange of the direction of the optical axes and hence about the
the oligosiloxane units seem to remain in a more disordered reorganization of the molecules under the influence of the
state, which retains some softness of this smectic mesophaseglectric field13 Different types of switching behavior were

3. Electrooptical Investigations.Switching experiments in  observed, depending on the structure of the molecules, though
electric fields can give information concerning the organization only one current-response peak was observed in all cases.
of the molecules with respect to their polar directi@ll fluid For compoundsSiz-mBn with dark conglomerate phasas
smectic phases of compoun&s-mBn show only one very =7-11 andn = 12 orm = 11 andn = 4—16) under an applied
sharp single current peak in the half period of a triangular wave -~ field, circular domains were obtained, in which the

volltaglge, alsolat_IOV\_/ freqlfencies (down to 110 0.1 H%Jr?é extinction crosses are inclined with polarizer and analyzer,
calculated polarization values are between 700 and 800 n€ cm indicating a synclinic FE organization (see Figure 11a). The

in all cases. This single peak is a first indication of a FE extinction crosses of these homogeneously chiral circular

switching process, but this i_s not an uqambiguous proof of domains do not relax at zero voltage (see Figure 11b); they
ferroelectricity. For example, if the relaxation to the AF ground change their position only after application of the opposite

statigv oulql t;? slow, then the two p(l)larlzatloghcurrfnt p(_aaks of voltage (Figure 11c). This indicates a bistable switching process
an switching can merge to only one. [ herelore, It was (only two distinct states at voltage and at- voltage can be
proposed to use a modified triangular wave field, where a delay observed). As also shown in Figure Ha the texture of

is introduced at zero voltagé Also under these conditions, compounci Si»-11B4 at zero voltage has nearly the same
using noncoated ITO celfS,independent of the temperature birefringence as the textures under the field. However, the

and cell_t_hlckr_less (5 or lOm_), only one peak is obge_rve_d n birefringence slowly decreases after terminating the field, and
the modified triangular wave field (see Figure 10). This indicates after 30 min, the texture has become completely dark in most

that a bistable switching takes place, and that switching alwaysparts of the sample, as shown in Figure 11d. This texture is

oczté:jsitiz:\)f:]zrl izr\?cr)?r:r:/;tlit(;irlgsvggosjil:s d(}:c:rrl]etsggliii;ﬁ:\%esti a reminiscent of the virgin dark conglomerate texture, obtained
9 P 9 by cooling from the isotropic phase without applied field, with

tion of the switching process. Increasing the voltage of an the difference that no chiral domains could be identified

applied electric field giveg rise to a significant cha}nge of the (probably these domains are too small to be visible). This
appearance of t.he. smectic mesophases of the. silylated COMindicates that the switching process itself is ferroelectric, but
pounds. In the virgin ground states, most smectic mesophase%e field-induced FE states (Swf) are metastable at zero

(49) In some cases, under special conditions, the single peak can be split intoVoltage and, on a longer time scale, relax to the macroscopically
two very close fused peaks, though optical investigations exclude an AF nonpolar (disordered) ground-state structure. For comp8igd
switching (see, for example, Figure S11). Probably, this is due to the . .
coexistence of diastereomeric (energetically different) $%a@nd SmGP: 11B8 the relaxation takes about 1 h, and for the long chain
states in these cases. It is also possible that this splitting results from an compound§i3-lan (n — 12—16), it cannot be observed, even
energetic difference for the molecules in the center of the sample and at .
the surfaces. after prolonged storage. Hence, the FE states, once formed in

(50) In polyimide-coated cells, the switching behavior can be more complex in i~ fi il i ;
some cases, due to the effect of an induced electric double layer, which an e_l(?CtrIC field, fare _SIabII'ZEd by surface interactions (Surface
will be discussed in detail in a separate paper. stabilized FE switching).

100

applied voltage/V
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Figure 11. (a—c) Bistable (FE) switching of homogeneous chiral domains of the #mghase of compoun8is-11B4 (crossed polarizers, indicated by
arrows, T = 100 °C, 6 um, polyimide-coated ITO cell, 1 Hz); (d) texture obtained after terminating the applied field for about 30 mu); §@itching
process of the polar smectic phase of compo8iel1B16 (T = 105 °C, 6 um polyimide-coated ITO cell).

of birefringence during switching can be observed for all
apparently bistable switching smectic phases of the s&iies
11Bn. Itis only marginal forSiz-11B4 (see Figure 1lac), and

it becomes stronger with increasing chain length and is the
strongest foiSiz-11B16 It seems that immediately after switch-

Completely ing off the electric field in the center of the sample the flat

dark regions smectic layers become distorted (optically isotropic), as in the
bi?;;gzg::nt gr_oungl-state structure. O_nly at the surfaces do the nondistqrted
regions bigf?i?\klgnt (birefringent) layers remain. In these surface layers, the position
regio?ls of the extinction crosses is retained. This indicates that the

SmGPr structure is stabilized due to surface alignment, and
these surface layers switch into the other polar state after field
reversal. In the field-on state, the disordered layer fragments in
the center reorganize into the configuration defined by the
Figure 12. Organization of bent-core molecules in the ITO cell at zero surface layers, and the texture becomes highly birefringent again.
voltage after removal of the field: (a) the position of the extinction brushes It seems that the degree of coupling between the molecules with

and the birefringence of the texture remain after switching off the electric respect to the strength of the surface anchoring is responsible
field (compoundSis-11B4) due to the robust layer structure; (b) the texture

becomes weaKly birefringent due to the disordered structure in the center, fOr the chain length dependence of this effect (see Figure_ _12)-
and the position of the extinction crosses is not changed, due to surfacelf the layers are robust (short alkyl chains), the surface-stabilized

coupling; (¢) optically isotropic regions, where throughout the whole sample po|ay structure is stable in the whole sample for a certain period
the smectic layers are distorted in such a way that the ferroelectric clusters

(a)

(b) (c)

are disordered (weak coupling to the surface).

3.2. Combined Surface-Stabilized FE Switching and Su-
perparaelectric Switching. With increasing chain length, the

of time. However, the coupling to the surfaces is not strong
enough to maintain the polar order after switching off the electric
field, and hence, in the whole sample, the polar layers slowly
relax to the macroscopically apolar dark conglomerate structure

optical appearance of the zero-voltage state changes. This igsee Figure 12c). If the coupling between the molecules is weak

most clearly seen for compour®l;-11B16 (see Figure 1le

(long alkyl chains), then a significant amount of the material

g). Here the birefringence significantly drops after switching immediately relaxes and only thin surface layers remain (see
off the field, though the direction of the extinction crosses does Figure 12b). Because in this case the coupling between the
not change; that is, the organization should remain synclinic molecules within the smectic phase is weaker than anchoring
and therefore should remain highly birefringent. This reduction to the surfaces, the texture within the surface layers is stable
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and is not affected by the relaxation of the majority of the
material into the optical isotropic disordered structure.
Hence, for compoundsSis-11Bn with n = 6—16, the

macroscopically polar state switches directly into another one
with opposite polarity. This process can only be seen at the

the influence of the surfaces is weak), the polar layers are
unstable and relax into smaller ferroelectric domains which g
adopt a random orientation in space (as in the dark conglomerate/is : \ : LA i
ground-state structure). This model is similar to that suggested >95 °C 85 -108 °C <95°C
for a superparaelectric switching proc&s$hese investigations ov ¢ 25 Vpp/um ov
confirm that the ground-state structure is ferroelectric (§PaC L — TR
and the disordered (optically isotropic) structure allows an \\\ \\\ \&\
escape from the macroscopic polar order. In other words, though 3 3N . . % W SN VR
the local microstructure is polar, the mesophase itself is \\ SmCsP¢ \\\ \\\
macroscopically apolar. domain

3.3. The Field-Induced Smectic Phases of $11B18: At
the Borderline to AF Switching. Also for compoundSi;-11B18 \&\ SmC.Ps &k\ SmC.P,

with an octadecyl terminal chain, only one peak was observed interface interface
for the switching under a triangular wave field. This type of }E/ #}

current response was found in the whole mesomorphic temper-
ature range, that is, in the temperature range of both undulated / SmCSPF ﬂ}
smectic mesophases (USg®G and USmGP:). However, it L domain

must be considered that under the influence of the electric field g

the layer undulation is squeezed out, as the texture is different

from the ground-state structure and identical to those observedF_ 13T wre d P the switchi ‘ d

2,53 P s gure 15. emperature dependence o € SwitChing process or compoun

for Ilat layer structure§? In_addltlor_l, the phase transition at_ Sir11B18 (b) under the applied AC field (gm polyimide-coated ITO

96 °C cannot be observed in the field-aligned samples. This cell, 25 \j,Jum, f = 1 Hz); (a) after switching off the field & > 95 °C,

means that the actually investigated mesophase is not one othe position of the dark extinction brushes does not change (FE state is
aldoi _ stable at the surfaces and in the center of the cell relaxes to a dark

fhe (;Jndulate_d UhSm£|: phaseﬁ, IbUt a fr:eld |n_duh(?ed honundu bconglomerate phase); and (c) after switching off the field &t 95 °C, in

ated smectic phase. l_\l(_avert _e ess, t e_sv‘_”tc Ing proce_ss 0 the bright regions the dark brushes become inclined with respect to polarizer

served under the polarizing microscope indicates some signifi- and analyzer (the FE state relaxes to the AF ground state by rotation on a

cant differences to those observed for the smectic phases of thetone); in the dark regions, the texture is the same as in (a); the models

. ; ; — 1 below show sections of the proposed microdomain structures composed of
other compoundsSis-11Bn with shorter chainsr( = 4-16). SmGPr- domains with synpolar and anticlinic interfaces in (a) and (b) and

As shown in Figure 13b, on cooling under a triangular wave jth antipolar and synclinic interfaces in (c); to avoid confusion the terms
AC field, only domains with extinction brushes parallel to synpolar (subscript S) and antipolar (subscript A) are used to characterize
analyzer and polarizer could be observed, as usually seen forthe p_ola_r _correlation bet\_Neen domains, whereas the p_olar correlation between
L . the individual layers is described as ferroelectrie 6ynpolar) and
antlcllnlc_tllted s_meptlc phasééHowev_er, the te_xtL_JraI changes  niiferroelectric £ antipolar),
seen during switching of these domains are distinct from those
usually observed for typical anticlinic domains of classical bent- ) ]
core moleculed3 To explain this observation, it is assumed formation of a dark conglomerate structure in the center of the
that the fundamental structure is still Sg%g but there are  Sample (SmP domains become disordered and escape from
additional synpolar (§ and anticlinic interfaces. Due to these the macroscopic polar order), whereas the polar structure at the
SmGPs interfaces, the tilt direction between adjacent synclinic cell surfaces remains. Hgnce, the switching is surface-stabilized
ferroelectric (Sm@:) domains (stacks of layers) alternates. The FE Plus superparaelectric. o '
size of the domains is smaller than the wavelength of light, and At the temperature where a phase transition is optically
therefore, the extinction brushes coincide with the direction of OPserved in the ground-state structure, a change of the switching
polarizer and analyzer (see Figure 13b). At high temperature behavior is als_o observe_d in the field-induced smgctlc phase.
(Figure 13a), on terminating the applied field, no change in the UPOn termination of the field at low temperature (Figure 13c),
position of the extinction brushes could be seen, except for a'.[he.extlncyon brus.hes'slowly relax. with rotation to positions
significant decrease in the birefringence. As mentioned earlier, Inclined with the directions of polarizer and analyzer, and the
this reduction of the birefringence can be explained by the blrefnn_geljce strongly increases in the zero-voltage sta_lte. T_hls
clearly indicates a relaxation to a ground-state structure, in which
(1) é°2?,r,d'p%5‘3523833315*‘12“&{%?"“’ J. Py Nguyen, H. T.; Rouillon, J. the synclinic domains adopt a uniform tilt direction. The
(52) Examples gffield—induced Col to Sm transitions: (a) Ortega, J.; de la Fuente, relaxation takes place on a cone and leads to a synclinic and
',\\l" ';-éftﬁébg_’gﬁg:?RFe?'CEi%CM'-égD(EZﬁgé.%S”Ef;i%‘;irvré{ /}E g(i)rlr;ie;o, antipolar (R) organization of the Sm@g domains with discrete
C.'L.; Ortega, J.; Ros, M. BPhys. Re. E 2003 67, 042702. " SmGPa boundaries between them, yielding a total nonpolar
(53) Such a change of the mesophase structure was also observedtypeB  ground-state structure, as shown in the lower part of Figure 13c.

phases; see ref 38. . T . 1
(54) Provided that the layers are organized in a bookshelf geometry; see ref 47. The antipolar organization of the domains removes a main
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driving force for layer distortion, giving rise to a nondistorted 60
and therefore highly birefringent texture. It should be mentioned
that not the whole sample adopts this synclinic antipolar $nC
domain structure. The dark areas, seen in Figure 13c, represent
regions with the same low birefringent texture as shown in

current response/ a.u.

Figure 13a (with an anticlinic synpolar organization of the 04
SmGP: domains in the surface layers). Hence, the switching
process seems to be metastable ferroelectric, with two distinct
relaxation mechanisms. One of them leads to a distorted layer
structure (superparaelectric type of switching combined with
-60 T

surface-stabilized FE switching), the other one to nondistorted
layers with synclinic antipolar SmE, interfaces between the ime/
SmGP- domains. The latter one can be regarded as a nonclassic time/ s

— . . . i h i« Figure 14. Switching current response of the Gla phase of com-
type of AF switching (reorientation of FE domains, which is poundSiz-11B22in a 5.m noncoated ITO cell 4150 V, 20 Hz) afT =

distinct from the AF switching of the Btype SmCR phases, 90°C.
where every second layer is switché&gl).

002 000 002 004

The same switching behavior as observedJgrl1B18was
also found for compoundSix-11B12 with short silicon-con-
taining units K = 1 or 2; see Figure S12 in the Supporting
Information) and compoundsiz-mB12 with short spacer units
(m= 5 and 6), that is, it is found for all compounds forming

smectic phases without discrete siloxane sublayers, where alkyl SmMC;Pr-like
chains and siloxane units are mixed in common sublayers (and {—)-homase?eouslv
chira

the diffuse wide angle scattering Bt= 0.7 nm is missing).

The stepwise change of the organization of the molecules
and their switching behavior can be understood by a continuous
transition from a discrete triple layer organization to a simple
layer structure composed of only two types of sublayers.
Compounds with discrete siloxane sublayers have a strong
preference for the SmEr structure under all conditions. For
silylated compounds without these siloxane sublayers, where
the siloxane groups are organized in common layers with the
alkyl chains, the stability of the ferroelectric structure is reduced,
so that also antipolar interfaces can emerge, but the BmC
structure is still dominating. This reduction of segregation also
leads to a change of the textures from the purely dark
conglomerate type (SmE:*1) to a coexistence of birefringent
and dark conglomerate textures (SgE&:/°1). For compounds SmCPk - like
En-9Bn and12B12without siloxane units, the Snal: stabiliz- A =% > . (+)-homogeneously
ing effect is completely missing in the ground state, and for chiral
these compounds, antiferroelectric ground-state structures are-igure 15. Switching process of the polar GgiPa phase of compound
strongly favored, leading to birefringent textures and classical (%3;1%3%2%()‘? e Sg;ggﬁti?t&oeigg)c’t%iS‘C?ggsbggggir;fé?fasn‘zdef)gﬁﬁﬁf
AF switching under all conditions. birefringence slightly decreases in the zero-field state, which indicates a

3.4. The AF Switching Colb,Pa Phase of Compound S switching around the long axis.
11B22: Switching of Superstructural Chirality. For com-
poundSiz-11B22 which shows exclusively the CgPa phase,
the switching process is clearly AF as indicated by the presence
of two well separated repolarization current peaks (see Figure
14). The value of the spontaneous polarization 3500 nC
cm~?) is significantly smaller than that in the smectic pha¥es.
The extinction crosses are always inclined with the directions
of polarizer and analyzer, and this indicates that the synclinic
organization of the ground-state structure (see section 2.2.5.)

° W\
W

SmCPa-like
racemic

Y
W

is not significantly changed by the field (Figure 15). The layer
modulation remains under the electric field, as can be seen by
the textures of the field-aligned samples (Figure 15), which
are very different from those typically observed for the smectic
phases. Because of the modulation of the layers, the switching
on a cone is restricted by the inter-ribbon boundaries, and
therefore, the switching takes place around the long axis as is
typical for CobpPa phases®57Indeed, in the circular domains,

(55) The observation of only a single peak in switching experiments under a
triangular wave field might be due to the fact that the relaxation to the (57) Examples for switching of suprastructural chirality by collective rotation

synclinic antipolar organization (nonclassic AF switching) is slow. Hence, around the long axis: (a) Schter, M. W.; Diele, S.; Pelzl, G.; Weissflog,
under a triangular AC field, the synclinic antipolar boundaries, seen in DC W. ChemPhysCher2004 5, 99—103. (b) Szydlowska, J.; Mieczkowski,
field experiments, cannot be formed to a considerable extend, possibly J.; Matraszek, J.; Bruce, D. W.; Gorecka, E.; Pociecha, D.; Guillon, D.
because the anticlinic defects in the surface layers inhibit the fast Phys. Re. E 2003 67, 031702. (c) Amaranatha Reddy, R.; Saeng M.
reorganization to a purely synclinic structure. W.; Bodyagin, M.; Kresse, H.; Diele, S.; Pelzl, G.; Weissflog, Migew.

(56) In addition, the threshold voltage-$0 V,,/um) is much higher than that Chem., Int. EdA2005 44, 774-778. (d) Weissflog, W.; Dunemann, U.;
for the smectic phaseSk-11B4~ 16 V,/um to Siz-11B16~ 7 Vy/um, Schraler, M. W.; Diele, S.; Pelzl, G.; Kresse, H.; Grande,JSMater.
USmMGP: phase 0fSiz-11B16 ~ 30 V). Chem 2005 15, 939-946.
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where the extinction brushes are inclined with polarizer and  With increasing segregation of the oligosiloxane sublayers,
analyzer (synclinic domains), the position of the extinction the switching process changes from a classical AF-type for the
crosses does not change, neither on terminating the field nornonsilylated compounds (e.gl2B12 via a nonclassical AF

on reversing the field. This confirms a switching by rotation and superparaelectric switching to long-living surface-stabilized
around the long axis, which changes the polar direction with- FE for the triple layer phases. The effect of the additional
out changing the tilt direction of the molecul®slt should oligosiloxane sublayers seems to be largely entropic. Usually,
be noted that this switching process gives rise to a changethe AF organization in the liquid crystalline phases of bent-
of the superstructural chirality of the ribbons from racemic core molecules allows an easy fluctuation of the molecules from
at zero voltage to homogeneously chiral under the applied layer to layer because the wings of the bent cores are organized
field, and the change of the sign of the applied field in a synclinic fashion at the interlayer interfaces (see Figure 1).
switches between the enantiomeric chiral states (see FigureThese fluctuations are more difficult in the FE structures, where

15) 4557 the wings of the bent cores are organized in an anticlinic fashion

The high-temperature CgPx phase of compoun8iz-11B20 at these interfaces and hence disturb these fluctuations. This
shows the same behavior as the &l phase ofSi;-11B22 leads to an entropic penalty for the FE structure. Because the
but for this compound, the switching process changes at theisotropic siloxane sublayers can suppress these fluctuations,
phase transition (98C) to the low-temperature USnge: phase, these sublayers remove the entropic penalty for the FE structure

where one of the two peaks disappears. In this low-temperatureand make the FE structure more favoraifef the oligosiloxane
mesophase, the switching behavior is essentially the same asublayers are disturbed (short spacers, long alkyl chains, or small
in the field-induced smectic phases%i§-11B18 Hence, in this siloxane units), the entropic effect becomes more important,
compound, there is a temperature-dependent change fromwhich is favorable for the AF organization. However, in addition
surface stabilized FE switching (on a cone) at lower temperatureto this entropic effect, there should also be an energetic

to AF switching (around the long axis) at higher temperatére. stabilization of a synpolar FE structure by these sublayers. The
reasons for this energetic effect are not completely clear, and
Summary and Conclusion further investigations are required.

In addition, with increasing length of the alkyl chains, steric
effects also become important, and this leads to a transition from
by silicon-containing units, which are incompatible with the SMeCtic phases via undulated smectic phases to an oblique
aromatic cores and the alkyl chains. Segregation of the siloxanec0lumnar phase formed by ribbon-like layer fragments. Simul-
and alkyl segments takes place if the oligosiloxane units have [2neously, the switching process changes from a rotation around
a sufficient length. This leads to a triple layer structure, where & €ON€ N the smectic phases, which retains the layer chirality,

spacer length, length of the rigid bent core, and the size of the 10 a switching around the IF’”Q axis in the columnar phases,
oligosiloxane units determine the layer spacing. If spacer length Which reverses the layer chirality.

and length of the terminal alkyl chain are very different, then I[N summary, this work has contributed to a significantly
the end chains cannot be accommodated completely in theimproved understanding of the relations between molecu-
aliphatic regions, which disturbs segregation and gives rise to lar structure, emergence of polar order, and supramolecu-
a simple layer structure where only the aromatic and nonaro- lar chirality in bent-core systems. It highlights the importance
matic Segments are Segregated_ The |nc0mpat|b|||ty of the of the engineering of interfaces for directed LC materials
oligosiloxane units with the aromatic cores and the aliphatic design*

chains is thought to be due to the high flexibility and the more

spherical average shape of these units. Hence, related effects Acknowl/edgmznth The ;VOLK ng} sqppr(])rted cki)y th.e. DFG
were observed with molecules, where carbosilane units replace_(GRK 894/1) and the Fonds der Chemischen Industrie; R.A.R.

the siloxane unita7d is grateful to the Alexander von Humboldt Foundation for the

Segregation of alkyl chains and siloxane units significantl research fellowship. We thank Noel Clark (University of
gregal Y ’ 'S SIg Y Colorado at Boulder) for helpful discussions.
changes the mesophase structure and the switching behavior.

In the ground-state structure, the synclinic ferroelectric orga- Note Added after ASAP Publication: In the version
nization of the molecules is favored (Se#9). The escape from  puplished on the Internet February 9, 2006, the central biphenyl
macroscopic polar order in such mesophases contributes to &enzoate units were drawn in the wrong direction in the formula
collapse of flat layers with formation of an optically isotropic  of compound€n-9B12andSi,-mBn in Scheme 1 and in Tables
microdomain structure (SmE:*1). In this optically isotropic  1-3. The formula are correct in the version published February
mesophase, the superstructural layer chirality of the homoge-22 2006, and in the print version.

neously chiral Sm@%: structure can be observed by an optical

activity of the distinct domains (dark conglomerate phase). The (sg) Related transitions between AF and FE switching were observedsfor B
observation of a change of the sense of optical rotation b phases, where the FE switching phase appears at low temperature: (a)
. . . 9 K P . y Nadasi, H.; Weissflog, W.; Eremin, A.; Pelzl, G.; Diele, S.; Das, B.; Grande,
changing the orientation of the aromatic cores with respect to S.J. Mater. Chem2002 12, 1316-1324. It was also observed in mixtures
iti ] *] of FE and AF switching materials with,Bype phases, but in this case,
the layer plane at the phase transition Of.SF’M’S to Smx . the phase sequence is reversed, here the FE switching phase is the high-
from ca. 43-44 to ca. 52-58° can be explained on the basis of temperature phase: (b) Kumazawa, K.; Nakata, M.; Araoka, F.; Takanishi,
the recently suggested concept of layer optical chirliby Yo Ishikawa, K. Watanabe, J.; Takezoe, H.Mater. Chem2004 14,
these polar smectic phases. This is a new source of optical(59) In a similar way, bulky hydrocarbon units were recently used to in-
TR ioti ; _ fluence the interlayer correlation in SmC phases of rod-like molecules:
atctlwtty in supramolecular systems, distinct from helical super Cowling, S. J.: Hall, A. W.: Goodby, J. WLig. Cryst 2005 32, 1483
structures. 1498.

The self-organization of bent-core molecules was modified
in a systematic way by introduction of polyphilicity, provided
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Supporting Information Available: Figures explaining the  Siz-9B12 (S7, S9, and S10), X-ray data (Table S1); transi-
occurrence of suprastructural chirality (S1) and possible orga- tion temperatures of the olefinic precurs@rs-(m-2)Bn (Tables
nizations in the distinct CalPa phases (S6); switching current 52 S3), experimental procedures and analytical data (NMR,

response curves for compound&B12 (S3) andSis-11B16 MS, elemental analysis) of the reported compounds. This
(S11); textures of the SmGPphase (S2), the Cophase (S4),  material is available free of charge via the Internet at
the SmGP*/°] phase 0fSi;-6B12 (S8), the Ca),Pa phase of http://pubs.acs.org

Siz-11B20 (S5); optical changes during the switching 9i-
11B12(S12); diffraction pattern 08i3-11B2Q Sis-6B12 and JA057685T
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