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Surface-Induced Chirality in a Self-Assembled Monolayer of Discotic Liquid Crystal
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We report the observation by scanning tunneling microscopy of the emergence of chirality
through the self-assembly into monolayers of nonchiral discotic liquid crystals, hexakis-2,3,6,7,10,11-
alkyloxytriphenylene, on the nonchiral surface of highly oriented pyrolitic graphite. A chiral ordering
transition appears when increasing the triangular aspect ratio of the molecules, through the tuning of
alkoxy-side-chain length. The mechanism of this symmetry breaking, which involves steric hindrance,
superlattice formation, and conformational mobility, can be understood in the light of a simple frustrated
triangular Ising net. [S0031-9007(98)05401-5]

PACS numbers: 68.45.—v, 61.30.Gd, 68.55.—a, 83.70.Jr

Microscopic order in molecular assemblies is known tographite (HOPG) surface. We observe the emergence
play a central role in a lot of physical processes. Numerof a chiral order when increasing the triangular aspect
ous properties of molecular materials are conditioned byatio of the molecules, although neither the molecule
the preservation of some symmetry requirements in theinor the surface present any chirality. The mechanism of
molecular arrangement. Besides its importance in life scithis symmetry breaking, which involves steric hindrance,
ences, chiral asymmetry has considerable consequencesperlattice formation, and conformational mobility, can
on physical properties like optical rotation or optical even-be understood in the framework of a simple frustrated
harmonic generation. It is usually achieved by selectindriangular Ising net.
molecules that are themselves chiral, but it can also Measurements were performed on a Nanoscope Il (Dig-
occur through the chiral ordering of nonchiral moleculesital Instruments) scanning tunneling microscope, with a
Recently, such chiral phases composed of nonchirdbw-current head. The tunnel current wis= 50 pA.
rod-shaped molecules have been observed in Langmukll images have been recorded in the height (i.e., constant
monolayers [1]. current) mode at a scanning rate of 20 lines per sec, at air

New trends for molecularly designed materials andand room temperature. We have studied a series of sym-
nanostructures raise the problem of assembling moleculesetrically 2,3,6,7,10,11-alkoxy-substituted triphenylenes
into the required well ordered structure [2]. The self-with n-carbon side chains @T; see Fig. 1) withn =
assembly technique takes advantage of weak intermolecd; 7, 9, and 11 [12]. HT's have been used as highly
lar interactions during thin-film growth in order to concentrated, although not saturatees(to 20 g¢/l), so-
achieve a spontaneous organization [2,3]. This requirelitions in tetradecane (Aldrich, 99%, used as received).
an accurate knowledge of these forces and of how to
control them, either at a molecular level or through
external parameters such as substrate-surface interactions.
Liquid crystals have provided us with unique models to
understand such weak interactions, both as concerns inter-
molecular forces and molecule-surface forces. Discotic
liquid crystals [4] are disk-shaped molecules made of a
rigid core surrounded by equatorial flexible chains. They
form columnar mesophases where molecular disks stack
into columns. They have been observed to form also
self-assembled monolayers at liquid-solid interface [5,6].

Scanning tunneling microscopy (STM) has become a
major tool to study molecular structure, dynamic and
electronic properties of such monolayers, formed on
conducting substrates [7—11]. A unique advantage of this
technique is the possibility to study local order without

averaging over several domains. triphenylene which belongs to theD;, point-symmetry
. . 3h 3
In this paper, we report the STM observation of thegroup. Dotted lines represent the three in-plane secondary

self-assembled monolayers formed by a series of discotigofold symmetry axes. In the present study, the linear
liquid-crystal molecules on a highly oriented pyrolitic alkyloxy side chains contain 5, 7, 9, and 11 carbons.

FIG. 1. Molecule of hexakis-2,3,6,7,10,11-alkyloxy-

1682 0031-9007798/80(8)/1682(4)$15.00 © 1998 The American Physical Society



VOLUME 80, NUMBER 8 PHYSICAL REVIEW LETTERS 23 EBRUARY 1998

Monolayers were prepared on freshly cleaved HOPG (Lehe two-dimensional lattices observed here are hexagonal.
Carbone Lorraine, France). Both the solution and the subln the case of H7T, however, the hexagonal lattice
strate were gently heated up to 4585 Then, a drop of is slightly distorted [Fig. 2(b)] with a column pairing
the solution was applied to HOPG and quenched down taonsistent with earlier observations [6].
room temperature within a few minutes. A mechanically The distance between nearest-neighbor molecules in-
cut 80:20-platinum-iridium STM tip was then immersed creases progressively from 1.78 nm for H5T layers up to
into the solution in order to image the self-assembled laye?.28 nm for H11T but is always smaller than the distance
formed spontaneously at the liquid-solid interface. between columns in corresponding 3D mesophase (2.02 to
All four molecules form layers highly reproducible 2.56 nm from H5T to H11T [16]). This indicates densely
through this procedure, with domains larger than 100 nmpacked layers with an increased lateral intermolecu-
The STM images that we report here are typical oneslar interaction compared to the columnar phase. In some
which have been repeatedly observed. instances, we have been able to observe simultaneously
At sample tunnel voltages ofs = —1.8 to —1.4V, the molecular layer and the HOPG surface in uncovered
molecules are imaged as bright spots which can beegions at domain boundaries. This proves that the liquid-
attributed to aromatic cores since conjugateetlectron  solid interface observed consists in one monomolecular
systems are known to give large contributions to STMlayer. Remarkably, Figs. 2(a)—2(d) reveal the appearance
images [13-15]. The Iattices appear then clearlyof a superlattice for molecules with longer side chains:
[Figs. 2(a)—2(d)]. Similarly to columnar mesophasesEvery third molecule appears brighter in H9T and H11T
layers, whereas all molecules are equivalent for H5T and
H7T ones. Brighter molecules in H9T and H11T form a
V3 X /3R30° superlattice with overall lattice constants
a = 3.75 and 3.95 nm, respectively. Another noticeable
difference between short- and long-side-chain molecules is
that intramolecular resolution can be achievedrfae 9,
as shown in Fig. 3, while H5T molecules are always
imaged as simple disks for all tested bias varying from
—1.8 to 1.8 V. Both the distances between conjugated
cores and the hexagonal lattice suggest that all molecules
rest flat on HOPG. This is supported, for HOT and H11T,

FIG. 3. High-resolution STM imag&9 X 28 nm) of a H11T
FIG. 2. STM images(29 X 13 nm) of single domains of monolayer atVs = +350 mV. Z scale=22A. The inset
HnT monolayers, at the interface between graphite and &hows the corresponding symmetrized correlation averaged
tetradecane solution. (a) H5Ws = +1400 mV; (b) H7T, image. The unit cell is represented and the arfglbetween
Vs = +1700 mV; (c) H9T, Vg = +1800 mV; (d) H11T, (1,1) lattice direction (dotted line) and presumed twofold
Vs = +1800 mV. The tunnel current is 50 pA for all images. molecular axis (solid segments) is displayed.
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by some high-resolution images where all conjugated
cores appear as identical rings, with radii0.35 nm
corresponding to a maximum height located nearly above
most external carbon atoms of the aromatic moiety.
Furthermore, some cores are clearly surrounded by three
wings that can be identified with the three side-chain pairs
of H11T. In the following, we focus on the case of longer
side chaingn = 9) prototyped by H11T. Two types of FIG. 4. Schematic representation of two configurations with
sites can be distinguished in Fig. 3: Two molecules are irthe lowest possible energy of the antiferromagneticlike triangu-
sites with G symmetry, the third molecule, the brighter lar Ising net described in the textu and d represent the two

A A : : preferred orientations of the triangular molecules in their hex-
one in Figs. 2(c) and 2(d), appearing in a site with C 5,501 sjtes. + represents a molecule with random orientation.

symmetry. The two ¢ sites can be deduced one from (a) Chiral configuration ascribed to HOT and H11T monolayers:
another by a 60rotation around the center of the Gite.  (b) nonchiral configuration ascribed to H7T. Thsv-coupling

The resulting sixfold symmetry of the overall system isor high-temperatureconfiguration ascribed to H5T corresponds
confirmed by Fourier-transform analysis and the abovd0 the allx structure (not represented).
structure appears more clearly in the correlation-averaged
and symmetrized image of the unit cell reported as arcan be modelized by a model Ising Hamiltonienrepre-
inset in Fig. 3. In the latter, some geometry elements ogenting the interaction between every sitewith orienta-
the single H11T molecule in Lsites can be identified. tion S, = +1 or —1 for u andd states, and its six nearest
They are also discernible in the untreated image. Thaeighborss:
three in-plane secondary twofold axes of the molecules
can then be deduced. They formda~ 30° angle with H=-J) (Z Sa53>, withJ < 0.
respect to the corresponding;-C¢ axis [i.e., the (1,1) « \B
direction; see inset in Fig. 3]. As a consequence of thissuch an antiferromagnetic triangular Ising net has been
nonzero(mod 60°) ¢ angle, both € sites present a chiral extensively studied as a model case of frustrated system
asymmetry. Since, in a given domain, all such sited17]. The different structures observed forH mono-
pertain to the same left- or right-handed chiral orientationjayers can be directly identified with the phases pre-
the whole domain structure is chiral. As expected sincalicted for the model Ising system schematized in Fig. 4
neither single molecules nor HOPG are chiral, two kinds(x andd labels). They/3 X +/3 superstructure observed
of domains with left- and right-handed structures arefor both H9T and H11T on one hand and thex 1-like
readily statistically equally observed. superstructure observed for H7T on the other hand, cor-
Whereas the side chains of molecules in €tes are respond to the two lowest-energy structur€g)(= 2J
resolved, no preferred orientation can be evidenced foper site) extrapolated from the Isirig-spin model [17].
the molecule in § sites. Moreover, the appearings C The +/3 X /3 structure is favored by a finite entropy
symmetry corresponds to an increase compared with thiarough the random orientation of every third molecule.
threefold symmetry of thé®;, single molecule. We can Unlike in theZ-spin Ising system, the system of threefold
thus infer that molecules in Csites possess a rotational symmetry molecules exhibits centrosymmetry breaking in
degree of freedom which enables alternation between dhe /3 X +/3 structure. More precisely, this structure is
least two configurations rotated by %Gt a rate faster chiral and changes between left- and right-handed con-
than STM scanning. This orientational mobility, which figurations throughu-d reversal of all molecules. The
is common to all molecules in the bulk columnar phasedisordered phase of H5T corresponds to the case of low
confers a mesophase character to the monolayer. coupling coefficientdJ| or high temperaturd’. Hence
These structures can be interpreted within the framethe increase of side-chain length yields a subsequent in-
work of a frustrated antiferromagneticlike triangular Ising crease of the coupling coefficieht|. The existence of
net, as sketched in Fig. 4. In the limit case of pure disthe low-energy2 X 1-like superstructure for H7T, i.e., as
cotic (C») molecules the larger coverage corresponds t@ transition between the two limit phases, is unexpected
a triangular lattice, each molecule lying within a hexago-from entropy considerations. Remarkably, a similar situ-
nal site with a free rotational degree of freedom. This isation has been predicted for Langmuir monolayers and
the case for 3D columnar mesophases of triphenylenesmectic films composed of rod-shaped molecules, stripe
[4]. Now, considering molecules with an increasingly patterns being formed between a high-temperature uni-
pronounced triangular shape, one expects such moleculé&m nonchiral phase and a low-temperature uniform chi-
to have two preferred orientations within their hexagonakal phase [18].
sites, as sketched in Fig. 4 (denotedndd). Moreover, With slightly different triphenylene derivatives 8 X
because of steric hindrance, the mutual interaction energy3 R30° superlattice has been observed in the column
experienced by two neighboring molecules will favor an-arrangement of a particular mesophdgg,,) [19], the
tiparallel orientation. This antiferromagneticlike coupling true nature of which is still an open question. The same
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