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The detailed structure of molecular crystals cannot be deduced
from their composition alone.1 Increasingly, however, crystal
engineers are able to devise compounds predisposed to crystallize
in particular ways.2 One effective strategy uses molecules that form
strong directional interactions with neighbors according to well-
established motifs.3 Such molecules, which have been called
tectons,4 do not typically form normal close-packed crystals; instead,
they tend to create open networks filled with potentially mobile
guests. We have now found that single crystals of this type, when
built from suitably flexible molecules linked by hydrogen bonds,
can undergo substantial deformations without losing crystallinity.

In tecton 1, a nominally tetrahedral core is attached to four
pyridone groups, which associate predictably by hydrogen bonding.
Tetrapyridone1 is known to crystallize from CH3CH2COOH/hexane
in the tetragonal space groupP42/n as a doubly interpenetrated
diamondoid network.5,6 Each tecton forms a total of eight hydrogen
bonds with four neighbors. Nearly 60% of the volume of the crystals
is available for including guests,7 and the composition is1‚4 CH3-
CH2COOH.8 The guests occupy separate parallel channels that
measure approximately 6.3× 6.3 Å2 in cross section and lie along
the c axis (Figure 1).9

Tecton1 crystallizes consistently from other carboxylic acids to
give similar inclusion compounds belonging to theP42/n space
group, with a stoichiometry of1‚4 RCOOH.8 Table 1 shows unit
cell parameters and other data for crystals of tecton1 grown from
various carboxylic acids, shown in order of increasing size.
Comparison reveals thata andb remain nearly constant (increase
of <2% from smallest to largest values), butc varies markedly
(increase of>30%). Despite these large structural differences, single
crystals of tecton1 can withstand the exchange of guests and
concomitant changes of dimensions without shattering or losing
crystallinity. For example, when single crystals grown from
isovaleric acid (0.5 mm× 0.5 mm× 0.5 mm) were exposed to
CH3CH2CH2COOH/hexane at 25°C, complete exchange occurred
(g98%) without loss of crystallinity.8 The resulting single crystals
remained transparent, and they continued to diffract and exhibit
uniform extinction between crossed polarizers.

Similarly large differences in unit cell parameters, although
unusual, have nevertheless been observed in other molecular
inclusion compounds when crystals grown with different guests
have been compared.11 However, only in the case of tecton1 have
such different structures been interconverted directly by exchange
in single-crystal to single-crystal transformations.12

The special resilience of crystals of tecton1 appears to be due
in part to the incorporation of highly flexible Si nodes in an
otherwise robust network maintained by multiple hydrogen bonds.

Surprisingly, no major changes occur in the hydrogen bonds
themselves;13 in particular, the N‚‚‚O distances in crystals obtained
from the acids shown in Table 1 vary only in the range 2.754(4)-
2.776(5) Å. In contrast, the O‚‚‚Si‚‚‚O angles10 deviate significantly
from tetrahedral values (104-114°). These deformations (1) arise
primarily from flexibility of the Si core, (2) are correlated
monotonically withc, which corresponds to the distance separating
adjacent interpenetrating networks, and (3) lengthen or shorten the
structure in the direction of the channels (Figure 2). This occurs
without changing the cross sections substantially. Deformation in
thec direction appears to be favored by subtle factors that optimize
the packing of guests.

Remarkably, these deformations can be slower than exchange
itself. For example, replacement of isovaleric acid by butyric acid
in single crystals (5 h, 25°C) is initially isomorphous, giving
exchanged crystals (g98%) with nearly unchanged unit cell
parameters (a ) b ) 15.465(9) Å andc ) 9.578(6) Å). These
crystals are different from those obtained when tecton1 is
crystallized directly from CH3CH2CH2COOH/hexane. Keeping the
exchanged crystals in further contact with CH3CH2CH2COOH/
hexane (24 h, 25°C) resulted in their contraction to give single
crystals identical to those obtained by direct crystallization.

Figure 1. (a) View along thec axis showing the cross sections of adjacent
parallel channels in crystals of tecton1‚4 CH3CH2COOH, with guests
removed for clarity. (b) View of the channels in a 2× 2 × 3 array of unit
cells with thec axis vertical. The surface of the channels is defined by the
possible loci of the center of a sphere of diameter 6 Å as it rolls over the
surface of the ordered network.9

Table 1. Structural Parameters (220 K) for Crystals of Tecton 1‚4
RCOOH Grown from Various Carboxylic Acids

guesta (% volume)7 a ) b (Å) c (Å) V (Å3)
O‚‚‚Si‚‚‚O

angle10 (deg)

A (56%) 15.655(2) 7.360(2) 1804(1) 114.2
P (58%) 15.647(1) 7.66(2) 1875(1) 113.4
M (59%) 15.656(7) 7.885(7) 1933(2) 111.4
B (61%) 15.460(1) 8.799(1) 2103(1) 107.7
I (65%) 15.413(2) 9.584(2) 2277(1) 104.9
B (65%, from I

by exchange)
15.465(9) 9.578(6) 2291(2) 104.4

a A ) acrylic acid, P) propionic acid, M) methacrylic acid, B)
butyric acid, I) isovaleric acid.
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Together, these observations show that (1) the kinetic product of
exchange is a metastable polymorph and (2) exchange cannot occur
by a mechanism involving free movement of the tectons themselves,
which would presumably lead to recrystallization and direct
formation of the stable polymorph.14

Similar replacement of isovaleric acid by propionic acid in single
crystals (1.5 h, 25°C) was again complete (g98%),8 but contraction
occurred without detectible hysteresis, and the resulting single
crystals had unit cell parameters essentially identical to those of
crystals grown directly from CH3CH2COOH/hexane. It is possible
that smaller guests are more mobile and permit more rapid structural
adjustment of the surrounding network. Pairwise competitive
exchanges showed that smaller carboxylic acids are normally
preferred as guests, perhaps because they offer better solvation of
the polar network. For this reason, expansion of single crystals (in
which a smaller acid is replaced by a larger acid) appears to be
somewhat more difficult than contraction but is nevertheless
feasible.

Our observations underscore the potential of using well-designed
tectons to create new materials with unusual properties, including
porosity and deformability in the crystalline state. Single-crystal
deformations of the type we have observed promise to be useful.
For example, the demonstrated ability of the network derived from
tecton1 to adjust to guests ensures that porosity is adaptive, with
guests always placed in close contact with each other and with the
walls of the channels. This enforced proximity may facilitate the
transfer of information between host and guest, thereby helping to
increase the selectivity of inclusion. Initial studies of competitive
crystallizations and exchanges using two carboxylic acids have
yielded crystals of mixed composition with unit cell parameters
intermediate between those of crystals obtained from the two pure
acids. This creates an exciting opportunity to use single-crystal
deformability as a strategy for engineering structures on a subna-
nometric scale and for making fine adjustments of properties, simply
by systematically varying the identity and ratio of guests.
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Figure 2. Superimposed representations of the diamondoid networks
formed when tecton1 crystallizes from isovaleric acid (blue) and propionic
acid (red), showing how the structure distorts significantly in thec direction
(vertical) but changes little in thea andb directions.
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