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Abstract: Helicene2b can be prepared by acylating the disproportionation product formed by comHining
with the bis-hydroquinone thédt gives when it is reduced. At room temperature, the nonracemic material
forms a liquid crystalline phase, which upon heating becomes isotropic°&.85lexagonal columnar ordering

in the pure material is demonstrated by X-ray diffraction, and columnar organization in dodecane solutions is
indicated by all of the following increasing with concentration: the circular dichroisms, specific rotations,
fluorescent emission shifts, adti NMR shieldings. The material is the first columnar mesophase with a

nonracemic helical core.

Introduction

Nonracemic columnar liquid crystalline materials include

planar discotic mesogens in which the asymmetry is in the side-

chains! but the only examples in which the cores are chiral are
derivatives of saccharid@snositols?2 and cyclotriveratrylené.

that is nonracemic has been obtained until now. We describe
below the synthesis of the first, a nonracemic helical columnar
liquid crystal. We show that in addition to organizing into
helical columns in the mesophase, it also aggregates in solution
into similar columnar structures, and we show that the chir-
optical properties of both the pure material and the aggregates

Remarkably, no property of any of these latter materials’ , solution are enhanced in comparison to the isolated molecules.

mesophases has yet been detected that is consequent on the

cores’ chirality. In their review in 1992 Jeffrey and Wingert

asserted that to their knowledge “there is no basic distinction
between the mesophases formed by [derivatives of] a chiral

molecule, such as-glucitol, and a meso molecule, such as

galactitol.” This distinction appears not to have been made in

the few years since that review. While attempts have been mad

to synthesize mesogenic materials in which the planar aromatic
cores of molecules constituting disk-shaped liquid crystals are

twisted helically? in part because chiral columnar liquid crystals
have the capacity to undergo ferroelectric switcHihgs%none

(1) Triphenylenes, dibenzopyrenes, and phenanthrenes: (a)Téalie
Jacques, J.; Tinh, N. H.; Destrade,Nature 1982 298 46. (b) Bock, H.;
Helfrich, W. Lig. Cryst. 1992 12, 697. (c) Bock, H.; Helfrich, WLiq.
Cryst. 1995 18, 387. (d) Jali, A.; Mdller, M.; Krierke, D.; Heppke, G.
Lig. Cryst.1998 24, 467. (e) Scherowsky, G.; Chen, X. 8l.Mater. Chem.
1995 5, 417. Radial pentaynes: (f) Langer, M.; Praefcke, K.idtke, D.;
Heppke, G.J. Mater. Chem1995 5, 693. Phthalocyanines: (g) Cho, |;
Lim, Y. Bull. Korean Chem. Soc988 9, 98. (h) van Nostrum, C. F;
Bosman, A. W.; Gelinck, G. H.; Schouten, P. G.; Warman, J. M.; Kentgens,
A. P. M.; Devillers, M. A. C.; Meijerink, A.; Picken, S. J.; Sohling, U.;
Schouten, A.-J.; Nolte, R. J. MChem. Eur. J.1995 1, 171. Metallo-
mesogens: (i) Barbérd.; Iglesias, R.; Serrano, J. L.; Sierra, T.; de la Fuente,
M. R.; Palacios, B.; Rez-Jubindo, M. A.; Vaquez, J. TJ. Am. Chem.
S0c.1998 120, 2908. Side-chain triphenylene polymers: (j) Green, M. M.;
Ringsdorf, H.; Wagner, J.; \tefeld, RAngew. Chem., Int. Ed. Endl99Q
29, 1478. Folic acid salts in water: (k) Gottarelli, G.; Mezzina, E.; Spada,
G. P.; Carsughi, F.; Di Nicola, G.; Mariani, P.; Sabatucci, A.; Bonazzi, S.
Helv. Chim. Actal996 79, 220 and references therein. DNA in water: (I)
Livolant, F.; Levelut, A. M.; Doucet, J.; Benoit, J. Rature 1989 339,
724.

(2) (@) Mukkamala, R.; Burns, C. L., Jr.; Catchings, R. M., lll; Weiss
R. G.J. Am. Chem. S04996 118 9498 and references therein. (b) Jeffrey,
G. A.; Wingert, L. M.Lig. Cryst.1992 12, 179.

(3) Kohne, B.; Praefcke, KAngew. Chem., Int. Ed. Endl984 23, 82.

(4) Malthite, J.; Collet, AJ. Am. Chem. S0d.987 109, 7544.

(5) (a) Praefcke, K.; Eckert, A.; Blunk, [ig. Cryst.1997, 22, 113. (b)
Boden, N.; Bushby, R. J.; Cammidge, A. N.; Duckworth, S.; Headdock, G.
J. Mater. Chem1997, 7, 601. (c) Yamamura, K.; Okada, Y.; Ono, S.;
Watanabe, M.; Tabushi, 0. Chem. Soc., Chem. Comma@88 443.
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This work is derived from the earlier synthesis of the
nonracemic helicenebisquinohg which both in solutiof® and

as the pure materfahssembles into corkscrew-shaped columns
that, compared to the isolated molecules, exhibit very large
optical activity, circular dichroism&® and second-harmonic-
generating ability® In pure 1, the columns are hexagonally
stacked into very long fibrous structuré%.The fibrous material,
unlike a liquid crystal, is not fluid. The questions considered
subsequently, which are the basis for the work described below,
are whether only one of the two quinone ringslo€ould be
reduced and alkylated and what the properties would be of the
resulting structure, which has donor functions at one end of
the helix and acceptors at the other.

Results and Discussion

Synthesis. Scheme 1 shows how nonracemib was
synthesized, by using sodium dithionite to redboghquinone
functions of enantiomerically purg'! to hydroguinones.'H
NMR analysis detected no significant amounts of other products
in the crude reaction mixture, but the bis-hydroquinone oxidized
so easily in the air that it could not be isolated and characterized.
The crude bis-hydroquinone was therefore combined with an
equimolar amount of the bis-quinon#&, and the quinone

(6) Heppke, G.; Krerke, D.; Miller, M.; Bock, H.Ferroelectrics1996
179 203.

(7) Nuckolls, C.; Katz, T. J.; Castellanos, I. Am. Chem. S0d.996
118 3767.

(8) Nuckaolls, C.; Katz, T. J.; Verbiest, T.; Van Elshocht, S.; Kuball, H.-
G.; Kiesewalter, S.; Lovinger, A. J.; Persoons JAAm. Chem. Sod.998
submitted for publication.

(9) Lovinger, A. J.; Nuckolls, C.; Katz, T. J. Am. Chem. Sod.998
120, 264.

(10) Verbiest, T.; Van Elshocht, S.; Kauranen, M.; Hellemans, L.;
Snauwaert, J.; Nuckolls, C.; Katz, T. J.; Persoons, S&ience1998
submitted for publication.
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hydroquinone that was presumed to res@h, was acylated /
dlreCtly with a-benzyloxyaqetyl chioride, produqng—{-Zb n Figure 1. Optical micrograph of +)-2b, cooled from the isotropic
ayield (from1) of 72%. This ester was chosen in part because liquid to 84.6°C between crossed polarizers.

a number of triphenylenes and benzenes that are substituted with
six ester groups display mesogenic properties only when a 100 prrrr I I T T T T
methylene in the side-chains is replaced by an ether, especially

at the 3-position, presumably because the oxygens impart sp
flexibility to aliphatic chainst?

Polarized Light Microscopy. (+)-2b is a yellow-orange Ae 0
viscous liquid that is birefringent at room temperature. As itis
heated it becomes a mobile liquid, which becomes isotropic at _gq
85 °C. No crystalline phase was seen. The texture displayed
in Figure 1 forms when an isotropic liquid sample on a
unidirectionally rubbed glass pldfds cooled to 84.6C and
held at this temperature for 30 min. The features seen in the
figure are ca. 13im x 5 um in size, uniaxial, and negatively
birefringent. However, the sample’s absorption of visible light
obscured details! and we failed to identify the texture.
Although it may be unique, it resembles that in a published
photograph of a chiral cyclotriveratrylefie.

Differential Scanning Calorimetry. Heated in the calo-
rimeter at a rate of 2C/min, (+)-2b undergoes a broad
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. " P Figure 2. (a) CD spectra (ordinate on the left, displaying molar circular
endothermic transition (16.14 kJ/mol) beginning at 7€3&nd dichroism) and (b) UV-vis absorption spectra (ordinate on the right,

maXImIZITg at 83'6)(:'. No other phase transition was deteCteq displaying molar extinction coefficients) of)-2b in n-dodecane: )
up to 150°C. On cooling, the sample undergoes an exothermic ;1o the concentration is 259 10-2 M and the path length is 10m

transition ¢-19.30 kJ/mol) beginning at 747 and maximizing  and (---) when the concentration is 2:010-5 M and the path length
at 71.8°C. The absence of other transitions and the similarity is 1 cm. The inset (c) displays the emission spectra (excitation at 320

of the enthalpies measured to the ca.2D kJ/mol associated  nm) of the same solutions, both in 1@n cells.

with transitions from columnar discotic mesophases to isotropic

liquids®® supports the hypothesis that)-2b is liquid crystalline change when solutions of nonracemicin dodecane are

from room temperature to its clearing point. concentrated. The implication is that the molecules of non-
CD Spectra, UV—Vis Absorption Spectra, and Specific racemic2b, like those of nonracemit’ and a number of other

Rotations. When solutions of £)-2b in dodecane are con-  molecules® aggregate in solution. Thus, when the concentra-

centrated, their CD spectra, UWis absorption spectra, specific  tion of a solution of §)-2b in dodecane is increased from 2.0

rotations, and viscosity all change, just as these propertiesx 10> M to 2.0 x 102 M, the viscosity increases and the

(11) Reference 7 and its Supporting Information give the details of the specific rotation rises from 773 degnzllo g to 2810 deg:mzl
original synthesis and the evidence for the enantiomeric purity. A manuscript 10 g. Moreover, the changes that occur in the CD spectra, the

in ;(Jre;)J?r:;ltionbpr?]vides an improved prekpacljration. ) UV —vis absorption spectra (Figures 2a and 2b), the fluorescence
12) (a) Tabushi, I.; Yamamura, K.; Okada, ¥.Org. Chem1987, 52, iaai i i i

2502. (b) Tabushi, I.; Yamamura, K.; Okada, Wetrahedron Lett1987, emission spectra (Flg_ure 2c), and the chemical shifts of_H‘:he

28, 2269, NMR spectra are similar to those that occur when solutions of
(13) Pelzl, G. InLiquid Crystals. Topics in Physical Chemistiyol. 3; nonracemicl are concentrated.

Stegemeyer, H., Ed.; Springer: New York, 1994; pp-80. An intense circular dichroism appears in the concentrated

(14) Similar complications affect other colored compounds, such as . _ .
phthalocyanines: Sauer, Macromoleculesl993 26, 2057. SOIUt'Or_‘ at 2_56 nm 46 - _120); whereas th('_:‘re 1S no

(15) Some representative examples: (a) For a hexasubstituted benzen@ppreciable circular dichroism at this wavelength in the dilute
the value is 22 kJ/mol [Chandrasekhar, S.; Sadashiva, B. K.; Suresh, K.
A.; Madhusudana, N. V.; Kumar, S.; Shashidhar, R.; Venkatesh, Bhys., (16) For examples in which the CDs of aggregating molecules are
Collog. (Orsay, Fr.)1979 C3, 120]. (b) For some metallomesogens the enhanced by concentration, see footnote 4 in ref 7. For examples in which
values are between 0.4 and 7.5 kJ/mol [Serrette, A. G.; Lai, C. K.; Swager, the chirality of superstructures is altered by changes in solvent or
T. M. Chem. Mater1994 6, 2252]. (c) For triphenylenes the values are temperature, see: (a) Matile, S.; Berova, N.; NakanishiCkem. Biol.
between 0.7 and 18.8 kJ/mol [Destrade, C.; Mondon, M. C.; Malthele, J. 1996 3, 379. (b) Huang, D.; Matile, S.; Berova, N.; Nakanishi, K.
Phys., Collog. (Orsay, Fr.J979 C3, 17]. (d) For a truxene the value is 2  Heterocycled996 42, 723 and references therein. (c) Schnur, J. M.; Ratna,
kd/mol [Warnerdam, T. W.; Nolte, R. J. M.; Drenth, W.; van Miltenburg, B. R.; Selinger, J. V.; Singh, A.; Jyothi, G.; Easwaran, K. R.S€ience
J. C.; Frenkel, D.; Zijlstra, R. J. Liqg. Cryst.1988 3, 1087]. 1994 264, 945.
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Figure 3. CD and UV~vis spectra{) of a thin film, (— —) of a 2.0 Diffraction Angle 28 (deg)
x 1072 M solution in dodecane (path length 1), and (- - -) of a
2.0 x 1075 M solution in dodecane (path length 1 cm). The Y¥s
and CD spectra of the film were multiplied by 1.18 to make the film’s
UV —vis absorbance at 344 nm equal those of the solutions.

Figure 4. Diffraction pattern from a capillary tube filled withH)-2b
at 75°C.

spectra of the films differ from the spectra of a 010> M
solution in dodecane (also in Figure 3), at which concentration
the molecules are presumably isolated from one another. The
films rotate plane polarized light at the D-wavelength (589 nm)
by 0.018+ 0.004 (this value too is the average of six measured
as the sample was rotated through® 38crements). If the
assumption is made that the extinction coefficient of the film
at 344 nm is the same as that of the two solutions in dodecane,
[a]p can be estimated to be 9,600 eegy?/10 g, a value much
larger than thed]p of 773 degcm?/10 g measured for the 2.0
x 1075 M dodecane solution.

The most noteworthy observation drawn from Figure 3, which
compares the CD and UWis absorption spectra ofH)-2b as
a 2.0x 1075 M solution in dodecane, as a 20102 M solution
in dodecane, and as a thin film of the pure material, is that as

implications are that nonracem&b, like nonracemicl”8 and H - ;
like hexapentyloxytriphenyler,aggregates when its solutions _the concentration mcreases,_the CDs increase a_nd the absorption
intensities decrease. That is, thealues A¢/e) rise greatly,

in dodecane are concentrated and that the structure of the" ™ . A i
aggregates is columnar. which agrees with the hypothesis that assembly into columns

The changes that occur in tAel NMRs when a solution in increases with concentratidh. For the 2.0x 107> M solution,

i . . N
deuterated dodecane is concentrated accord with such a structur h;g V_?li:f (?ctrrzssll er:jilr? 5\./§Iu1£s_ f,ofrotrhre ef';?s I;tISSS(')BrTm are
All seven of the eight aromatic proton resonances that were 18w 103 for theF()jiIute sgolution and 9. % Fl)(T3 for the film
observed shifted to higher fields by between 0.04 and 0.13 ppm, ™" x : ’

. . . X-ray Diffraction. Figure 4 shows the diffraction pattern
similar to the shifts seen when solutionslodire concentratetl. ) .
o . ) . of (+)-2b that had been warmed in a capillary tube to 2@0
Thin Films. Films were produced by spin-coating)-2b ) v ! priary fu

f 1% 10-3M h luti | Sh and then cooled to 75C. The diffractogram is essentially the
from a 1 x exane solution onto quartz plates. OWN' " same if the material is cooled further to room temperature. The
in F|gure_3 are the CD and UW'_S absorption spectra of one peaks at low angles can be indexed as reflections from a
of these films. The CD spectra did not change appreciably when hexagonal lattice: 2.87 nm (100), 1.43 nm (200), 1.06 nm (210)
the sample was rotated in a plane perpendicular to the light and 0.94 nm (300). These peai<s as well as t,he broad one :,ﬂ
peam, l.)Ut t.o eliminate any effects due.to Iinear.dichroism O 0.45 nm, are characteristic of theldiffractogramslcﬂnd of
linear birefringence, th_e CD spectrum displayed is the average .o \ymnar discotic liquid crystals, the former set representing
O.f the spectra deteormlned as the sample was rotated .throug'}eflections from planes of columns and the latter the distance
six 30" increments? Both the CD and UV-vis absorption between the alkyl side-chaifs. The reflection at 0.36 nm is

solution. (In the spectra of nonraceniic the new CD peak
that appears on concentration is at 251 nm.) In the spectrum of
the concentrated solution oft-§-2b, a broad and intense CD
appears at 352 nm, while in the spectra of nonraceinitie
similar peak is at 343 nm. The UWis absorption spectrum

of (+)-2b changes much less than the CD spectrum when the
solutions are concentrated (Figure 2), which is true also for the
solutions ofl.” However, the fluorescence emission spectrum
shifts considerably (30 nm in Figure 2c), as does that of
nonracemicl, and the shifts in both case$o the red on
concentratiorare in the same direction as when hexapentyl-
oxytriphenylene assembles into columnar discotic mesoptiases
and when its solutions in cyclohexane are concentretethe

(17) Markovitsi, D.; Germain, A.; MillieP.; Lecuyer, P.; Gallos, L. K. also observed in the diffractions from many ordered columnar
Argyrakis, P.; Bengs, H.; Ringsdorf, H. Phys. Chem1995 99, 1005. discotic liquid crystals and has been attributed to theirr

(18) Braitbart, O.; Sasson, R.; Weinreb,Mol. Cryst. Lig. Cryst1988 stacking distancé# 15023
15%15)3%'““’ E. V.. Liang, K. S.; Chiang, L. Y. Phys. (Paris)L989 50, There are two notable differences between the X-ray d?ffrac-
1279. tograms of {+)-2b and of1. One is that the 0.36 nm reflection,

(20) () Kuball, H.-G.; Schahofer, A. InCircular Dichroism: Principles observed for2b, is not seen in the diffractogram af°> which
and ApplicationsNakanishi, K., Berova, N., Woody, R., Eds.; VCH: New

York, 1994; Chapter 4. (b) S¢hbhofer, A.; Kuball, H.-GChem. Phys1987, (21) (a) Kuhn, W.Trans. Faraday. Socl93Q 26, 293. (b) Eliel, E. L.;
115 159. (c) Norde, B. Acta Chem. Scandl972 26, 1763. (d) Tunis- Wilen, S. H.; Mander, L. N.Stereochemistry of Organic Compounds
Schneider, M. J. B.; Maestre, M. B. Mol. Biol. 1970 52, 521. (e) Cornell, Wiley: New York, 1994; Chapter 13.

D. G.J. Colloid Interface Scil979 70, 167. (22) Reference 9 and references therein.
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suggests that the order along the lengths of the columns is greatecolumn, eluting with 2% EtOAc/benzene. The yield &f)¢2b, an

in the former than in1.142% The other is that the column
diameter is smaller i2b (3.3 nm) than inl (4.1 nm), which
while it might be attributed to greater interpenetration or folding
of the side-chains i@b, might more plausibly be a consequence

of the rings being tilted. This could be a consequence of steric

crowding by the substituent on the interior of the ring system
or of the molecules o2b having a dipole moment that is not
parallel to the helix axis, the rings tilting to minimize the
intermolecular dipolar interaction energy. The greater order
along the lengths of the columns &b, compared tdl, might
also be a consequence of greater dipaipole (or dono+

orange oily wax, was 55 mg (72%). IR (KBr) 2923, 2853, 1772, 1662,
1599, 1516, 1498, 1467, 1375 cin'H NMR (400 MHz, CDC}) 6

0.88 (t, 12 HJ = 6.5 Hz), 1.26-1.50 (m, 72 H), 1.531.65 (m, 8 H),
1.92-2.05 (m, 8 H), 2.93 (d, 1 HJ = 16.8 Hz), 3.41 (d, 1 H) =

16.8 Hz), 4.18 (s, 2 H), 4.164.40 (m, 8 H), 4.56 (s, 2 H), 4.84 (d,
2H,J = 1.8 Hz), 6.22 (d, 1 HJ = 10.2 Hz), 6.41 (d, 1 H) = 10.2

Hz), 6.70 (d, 1 HJ = 8.4 Hz), 7.01 (s, 1 H), 7.09 (d, 1 H,= 8.4

Hz), 7.177.19 (m, 2 H), 7.26:7.48 (m, 9 H), 7.54 (s, 1 H), 7.74 (s,

1 H); *C NMR (75 MHz, CDC}) 6 14.11, 22.69, 26.20, 26.39, 26.47,
29.06, 29.12, 29.3829.75 (m), 31.92, 66.31, 67.24, 68.43, 69.22, 69.33,
69.56, 73.06, 73.66, 96.6, 97.7, 101.6, 101.8, 116.8, 118.2, 119.5, 121.1,
121.6, 124.9, 127.4, 127.7, 127.9, 128.1, 128.2, 128.3, 128.5, 128.6,

acceptor) interactions. How the structural differences account 128.6, 130.0, 130.3, 134.5, 136.8, 136.9, 139.8, 143.0, 143.3, 153.3,

for the lower clearing temperature 2b than of1 is, however,
unclear.

Conclusions
Helicene2b can be prepared according to Scheme 1. The

156.4, 156.5, 158.0, 167.5, 169.2, 185.2, 185.7. HRMSH ) calcd
for CooH127012 1423.9328, found 1423.9349.

Concentration Effects—CD, UV—vis Absorption, Fluorescence
Emission, and*H NMR Spectra; Polarimetry. UV —vis absorption
spectra were recorded with a Perkin-Elmer Lambda 19-Wi¢
spectrometer, circular dichroism spectra with a JASCO 720 spectrom-

nonracemic material forms a columnar mesophase at roometer, fluorescence spectra with a Spex Fluorolog 86 fluorimeter, and
temperature and columnar aggregates in dodecane solution, botleptical rotations with a JASCO Dip 1000 polarimeter. The solvent
of which when compared to the isolated molecules show used was olefin-free dodecane from Fluka. To measure the spectra of

enhanced circular dichroisms and specific rotations and shiftedthe 2.1x 1072 M solutions, a 1Qim quartz cell from Starna Cells was

fluorescent emissions.

Experimental Section

Synthesis. THF was distilled from Na plus benzophenone, CH
and EtN from CaH. Benzyloxyacetyl chloride (95%) was purchased
from Aldrich Chemical Co. and used without further purification.

(+)-2b: THF (3 mL) was added tof)-1 (30 mg, 2.7x 10°° mol)
and Na$04 (60 mg, 3.45x 104 mol) under N, followed by
deoxygenated water (1.5 mL). The mixture was stirred until the deep
wine-red color had changed to a brilliant lemon-yellow (ca. 10 min).
CH,Cl, (3 mL) was injected, and the lower organic layer, followed by
two further CHCI, extracts, was transferred to another dry round-
bottomed flask.

After concentration under reduced pressure and drying for 12 h in
a vacuum, THF (3 mL) containingH)-1 (30 mg, 2.7x 10-° mol) was
added under B and after the mixture had stirred for 5 min at room
temperature and been cooled t6@, a-benzyloxyacetyl chloride (42
ul, 2.7 x 10~4 mol) was injected, followed by Bt (200xL, 1.43 x
10% mol), added in drops. The reaction mixture was stirred at room
temperature for 3 h, and after saturated aqueous NaH€ 2 mL)
had been added, it was stirred for 1 h. After extraction with benzene
(3 x), washing wih 1 N aqueous HCI, water and saturated aqueous
NaHCG;, drying (MgSQ), filtering, and removal of solvent, the crude
product was chromatographed 3 timas ® 1 in. x 6 in. silica gel

(23) (a) Simon, J.; Bassoul, P. IAhthalocyanines: Properties and
Applications Leznoff, C. C., Lever, A. B. P., Eds.; VCH: New York, 1989;
Vol. 2, Chapter 6. (b) Levelut, A. M.; Hardouin, F.; Gasparoux, H.; Destrade,
C.; Tinh, N. H.J. Phys. (Paris)1981, 42, 147. (c) Levelut, A. MJ. Phys.
(Paris) 1979 40, L-81. (d) Mohr, B.; Wegner, G.; Ohta, K. Chem. Soc.,
Chem. Communl995 995. (e) Kumar, S.; Wachtel, E. J.; Keinan, E.
Org. Chem.1993 58, 3821. (f) Simon, J.; Andrel.-J.; Skoulios, ANew
J. Chem.1986 10, 295. (g) Foucher, P.; Destrade, C.; Nguyen, H. T.;
Malthete, J.; Levelut, A. MMol. Cryst. Lig. Cryst.1984 108 219. (h)
Levelut, A. M.J. Chim. Phys1983 80, 149. (i) Heiney, P. A.; Fontes, E.;
de Jeu, W. H.; Riera, A.; Carroll, P.; Smith, A. B., UL Phys. (Paris)
1989 50, 461.

used, and for the 2.% 107> M solutiors a 1 cmquartz cell. The
fluorescence spectra were measured by front-face emission from the
10 um quartz cell. The neat samples were prepared by spin coating
from a 1 x 103 M hexane solution at 6000 rpm. A plate holder
allowed the samples to be rotated through°38030C increments’H

NMR spectra of 2x 1072 and 2x 10°* M solutions in deuterated
dodecane (Cambridge Isotope Labs) at’80were acquired on a 500
MHz Bruker NMR spectrometer, and the chemical shifts were
referenced to internal TMS.

X-ray Diffraction, DSC, and Polarized Light Microscopy. A
Leica DMRXP polarizing microscope and an attached Wild Leitz
MPS46 camera were used to view and photograph samples sandwiched
between a microscope slide and a coverslip. The samples were heated
in a Mettler FP 82 HT hot stage controlled by a Mettler FP 80 HT
central processor. We prepared the rubbed glass samples using a
coverslip and microscope slide both of which had been rubbed multiple
times in the same direction, first with a lint-free wiper and then with
a lint-free wiper wetted with a drop of ethanol.

The sample for X-ray diffraction was warmed, made to flow into a
1.5 mm Lindemann capillary tube, and thermostated in a heating block
whose temperature was controlled 461 °C by a Minco CT 137
controller. Ni-filtered Cu Kx radiation from a fine-focus X-ray tube
and XRG 2000 generator and an Inel CPS 120 position-sensitive
detector, calibrated with a mica standard from the National Bureau of
Standards, were used to record the X-ray diffractogram.

A Perkin-Elmer DSC 7 equipped with a Perkin-Elmer 7700 was
used for the differential scanning calorimetry measurements.
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