
Crystal Engineering of a Liquid
Crystalline Piperazinedione †,‡

Robin A. Kloster, Michael D. Carducci, and Eugene A. Mash*

Department of Chemistry, The UniVersity of Arizona, Tucson, Arizona 85721-0041

emash@u.arizona.edu

Received July 22, 2003

ABSTRACT

A molecule designed to self-assemble via hydrogen bonding, arene-arene, and van der Waals interactions and expected to possess thermotropic
liquid crystalline properties has been synthesized and characterized. Results support the validity of an assembly paradigm based on incorporation
of chemically orthogonal and spatially independent recognition elements in the molecular building blocks.

Understanding and harnessing noncovalent interactions is of
universal importance to biology, chemistry, and materials
science.1 We postulated that crystal packing might be
controlled by incorporation of three chemically orthogonal
molecular recognition elements that are also spacially
independent of each other and designed a family of pipera-
zinedione-containing molecules to test this hypothesis (Figure
1).2 The central piperazine-2,5-dione ring should favor
formation of supramolecular one-dimensional tapes through
reciprocal amide-to-amide hydrogen bonding.3 Control of
second and third dimensional order depends on arene-to-

arene interactions and van der Waals contacts. Arene
interactions have been recognized as important, from the
packing of small molecules to the stabilization of protein
tertiary structures.4 van der Waals attractive interactions
contribute significantly to crystal lattice organization as is
evidenced by the tendency of organic compounds to achieve
closest packing in the solid state.1,5
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Figure 1. Assembly paradigm: molecular units incorporating three
geometrically and chemically independent recognition elements
might assemble predictably into a solid.
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We have previously observed that the crystal packing of
compound1 follows the assembly paradigm given in Figure
1. Hydrogen-bonded tapes (Figure 2, one tape is shown in

red) associate via arene edge-to-face interactions (blue) to
give sheets that maximize van der Waals contacts (green)
in the solid.2a Other piperazinediones with topology similar
to 1 pack similarly.2b

Poly(methylene) chains longer than butyl generally adopt
an extended zigzag conformation and pack in either a parallel
or an antiparallel fashion in the crystalline state.6 Given this
fact and the observed packing in the crystal of1, we
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Figure 2. Cross section perpendicular to the hydrogen bonding
axis from the crystal structure of compound1. Molecular recogni-
tion elements include hydrogen-bonded tapes (red), arene edge-to-
face interactions (blue), and van der Waals contacts (green).

Figure 3. Hypothetical tape cross section and anticipated crystal
packing viewed perpendicular to the hydrogen bonding axis for
compound2.

Figure 4. Conformers present in the crystal structure of2.

Figure 5. View of the unit cell (shown) from the crystal struc-
ture of 2 illustrating hydrogen bonding and arene edge-to-face
interactions between conformers A (red) and D (dark blue).
Conformers B and C, which coreside with A and D, and the dodecyl
chains of conformers A and D have been omitted for clarity.
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postulated that tapes with elongated cross sections would
pack via reciprocal hydrogen bonding, arene edge-to-face
interactions, and van der Waals-driven interdigitation of the
alkyl tails in extended conformations (Figure 3). Such
molecules should exhibit liquid crystalline properties.

Compound2 was prepared as depicted in Scheme 1.
Experimental details for the synthesis of2 are given in
Supporting Information.

Microcrystals of2 were grown at room temperature by
evaporation of a 2-propanol solution and the structure deter-
mined by X-ray diffraction at 100 K at the Advanced Photon
Source at Argonne National Laboratory.7

Four conformers were present in the crystal of2 (Figure
4). Conformers A and B are similar and coreside at a general
position in the unit cell, while conformers C and D are similar
and coreside at a position with inversion of symmetry.
Despite the greater conformational complexity,the crystal
packing of2 follows the anticipated assembly paradigm:
piperazinediones engage in reciprocal hydrogen bonding to
form tapes (Figure 5), lateral neighbor tapes associate via
arene edge-to-face interactions to form sheets (Figure 5), and

sheets nest to maximize van der Waals contacts in the solid
(Figure 6).

The melting behavior of2 was examined by modulated
differential scanning calorimetry (Figure 7). Reversible phase

Figure 7. Modulated DSC curve for compound2. Heating and
cooling rate was 5°C/min.

Figure 6. View of sheet interdigitation from the crystal structure of2 looking down the hydrogen-bonded tape axis. For clarity, only con-
formers B (pink) and C (light blue) are shown in the top sheet and only conformers A (red) and D (dark blue) are shown in the bottom
sheet.
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transitions were noted near 35°C (solid to liquid crystal)
and 195°C (liquid crystal to isotropic). These transitions
were also observed by optical microscopy under cross-
polarized light.

Solid-state structure and bulk properties are inextricably
linked. Design of compounds that exhibit expected properties
from a predictable crystal packing is a primary goal of crystal
engineering. The assembly paradigm given in Figure 1 was
employed in the design of2. The validity of this paradigm
is supported by experimental results with2.
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Scheme 1. Synthesis of Piperazinedione2
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