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with the program SPECFIT V.2.10 (R. A. Binstead, A. D. Hunger-
biihler, Spectrum Software Associates, Chapel Hill, NC, 1997). This
program performs global least-squares fits which, in fluorescence
titrations, include the entire measured wavelength region (multiple
wavelength analysis). In the "H NMR titrations at constant concen-
tration of the molecular rod (¢(rod) ~ 0.1 -0.2mm, c(dendrophane) ~
0.05-1mm), the complexation-induced shifts of the steroid CH;(18)
and CHj3(19) resonances and the CH;CH,O resonances were eval-
uated. In the fluorescence titrations at constant concentration of the
molecular rod (c(rod)~0.01-0.02mm, c(dendrophane)=0.005-
0.8mM), the emission intensity of the rod decreased upon addition
of dendrophane and the emission maxima of 4a/4b at saturation
binding shifted by 5-16 nm to higher energy.

[20] a) H.-J. Schneider, Angew. Chem. 1991, 103, 1419-1439; Angew.
Chem. Int. Ed. Engl. 1991, 30, 1417-1436; b) H.-J. Schneider, T.
Shiestel, P. Zimmermann, J. Am. Chem. Soc. 1992, 114, 7698 —-7703.

[21] Multiple evidence for 2:1 complexation by 4a/4b was obtained: 1) An
excellent fit of the fluorescence and/or 'H NMR titration data to the
2:1 binding model was obtained. 2) Job plots of fluorescence data
showed clear maxima at x(dendrophane) = 0.66 (see D. V. Naik, W. L.
Paul, R. M. Threatte, S. G. Schulman, Anal. Chem. 1975, 47,267 -270).
3) The complexation-induced shifts observed for the '"H NMR signals
for CH;(18) and CH;(19) of the steroids in solutions of 4a and 2 are
compatible with formation of a 2:1 complex; that is, they are of similar
magnitude to those observed for these resonances in the 1:1
complexes formed by testosterone (11) or the mono-steroid rods
18a and 18b.

[22] Insight II program, V. 97.0, Molecular Simulations Inc., San Diego
1997.

[23] Strong broadening of the resonances prevented the application of
'"H NMR titrations to determine stabilities of the complexes formed
by 4b.
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with desolvation or solvent exchange. Aware of these devel-

[¥*] Dr. P. D. Beer, Dr. M. J. Rosseinsky, Dr. C.J. Kepert, Dr. D. Hesek
Inorganic Chemistry Laboratory, Department of Chemistry
University of Oxford
South Parks Road, Oxford, OX1 3QR (UK)

Fax: (+44) 1865-272-690
E-mail: cameron.kepert@chem.ox.ac.uk
paul.beer@chem.ox.ac.uk
matthew.rosseinsky@chem.ox.ac.uk
[**] C.J.K. thanks Christ Church, Oxford, for a Junior Research Fellow-
ship. We thank Prof. C. K. Prout and Dr. D. J. Watkin for access to the
X-ray diffractometer and for useful discussions.
Supporting information for this article is available on the WWW
under http:/www.wiley-vch.de/home/angewandte/ or from the
author.

in

3158

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

opments, and of the importance of redox centers to hetero-
geneous catalysis® and molecular recognition by electro-
chemical sensing,[®! we have synthesized an electrochemically
active organic species suitable for forming novel extended
molecular frameworks. Here we show how hydrogen bonding
and m---m nonbonding interactions can produce a micro-
porous framework of this species linked to a transition metal
complex. The material described displays remarkable flexi-
bility, and undergoes significant structural rearrangements
with desolvation to leave an empty-channel material that
shows selectivity to guest sorption.

By making use of slow diffusion in aqueous silica gels,
we have synthesized crystals incorporating the diprotonat-
ed, redox-active tetra(carboxyl)tetrathiafulvalene anion
H,(TC-TTF)*-, hexaaquacobalt(11) cations, and solvent water
molecules. [Co"(H,0)s]H,(TC-TTF)-2H,0 (A) consists
of a three-dimensional hydrogen-bonded network of
[Co(H,O)¢)** and H,(TC-TTF)*  ions (Figure 1). Short

Figure 1. Projection of A down the a axis. For clarity, only one oxygen
atom position of the disordered cavity water molecule is displayed.
Selected bond lengths [A] and angles [°] (a fixed value of 0.86 A was used
for O—H distances in the cation): O11--- O1%*2.715(4), 012 --- O3* 2.773(4),
012---O1* 2.802(4), O13---O4* 2.685(4), O2---O3 2.438(5), H2---O3
1.47(8); O11-H11B---O1* 159(6), O12-H12B---O3* 173(8), O12—
HI2A---O1*% 179(5), O13-HI3A---O4* 174(6), O13-H13B---O11*
173(7), O3—H2--- 02 168(7).

hydrogen bonds exist between eight of the twelve protons in
the hexaaquometal cation and six of the eight carboxyl oxygen
atoms. The two protons of the doubly deprotonated acid form
very short hydrogen bonds to neighboring carboxyl groups,
giving this unit a rigid planarity. Running along the a axis, and
lying parallel with slipped stacks of the TTF derivative and
hydrogen-bonded chains of [Co(H,O)¢]** ions, are one-
dimensional channels that are filled with zig-zag chains of
disordered water molecules. The sites occupied by these
molecules are defined by hydrogen bonding to the frame-
work, primarily to a water molecule coordinated to Co**
(O11) and to a lesser degree to O4 of the anion. Hydrogen
bonding between solvent molecules occurs along the channels,
the mean solvent separation being about 2.9 A, compared
with 2.8(1) A for a typical hydrogen-bonded O -+- O distance.
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A slight mismatching of this distance and the channel
periodicity is a likely contributor to the solvent disorder.

Thermogravimetry reveals that the water molecules in the
channels of A are liberated at 50°C to leave [Co-
(H,0)4]JH,(TC-TTF) (B). Four further equivalents of water
are lost at 80°C to provide polycrystalline [Co(H,0),H,(TC-
TTF)] (C),/ in which the terminal carboxyl groups of the
anion are thought to coordinate directly to the cobalt atom.
Each of these desolvation steps leads to a considerable
decrease in calculated density (see Table 1), with decreases in
cell volume amounting to only about 8 A3 per liberated water
molecule; the volume occupied by a typical solvent H,O
molecule is 40 A3#! The two remaining equivalents of water
of C are lost above 120°C, and decomposition occurs above
150°C. The phases A —C, like other highly stable framework
materials, are insoluble in a large range of common solvents
(including water, alcohols, acetone, acetonitrile, carbon disul-
fide, and dichloromethane). Powder X-ray diffraction!” in-
dicates that B converts back into A upon rehydration at
ambient temperature, whereas C transforms to a new
crystalline form.

Remarkably, monocrystallinity is retained thoughout the
transition from A to B, allowing structure determination of B
by single-crystal X-ray diffraction (Figure 2).1°! To our knowl-
edge, this is the first time that such a study has been
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Figure 2. Projection of B (295 K) down the a axis. Note the retention of the
one-dimensional channels from A upon desolvation. Selected lengths [A]:
O11---O1* 2.897(14), O12---O2* 2.812(11), O13---O1* 2.727(12), O2---
02% 2.421(17).

performed on an organic-based molecular framework materi-
al. Desolvation causes a considerable transformation of the
unit cell, and an increase from triclinic to monoclinic
symmetry (Table 1). Accordingly, the crystal morphology
undergoes striking changes, in particular the adoption of a
rectangular facet for the large (010) face and a considerable
lengthening of the platelets. With the removal of the water
molecules in the channel there are significant rotations of
both cation and anion species, and both sites increase in
symmetry from 1 to 2/m. The driving force of the rearrange-
ment is the formation of new hydrogen bonds as both cationic
and anionic components cross-link to form the new frame-
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Table 1. Unit cell parameters, formula masses, and calculated densities of
A, A, B, B, and C at 295(2) K. A’ and B’ are intermediate, partially
hydrated phases observed in situ during the B — A resolvation.

Al6.7] Al B Bl 7 Cr
alA] 5239(1)  5.232(6) 6426(2) 6.429(1)  6.956(4)
b[A] 9.186(2)  9.134(17) 8.102(2) 8.079(2) 8.067(7)
c[A] 11.7493)  11.780(14) 9.915(4)  9.893(3)  9.063(8)
al’] 74.158(11) 74.67(9)  90.0 90.0 80.51(3)
Bl 76.737(12) 76.78(6)  90.0 90.0 104.92(6)
7[°] 89.335(13) 89.29(10) 86.99(2) 86.76(2)  84.10(5)
VA3 5287(2)  5282(14) 5153(3) 513.0(2)  479.0(6)
M[gmol]  581.42 - - 54539 47333

Peaca[Mgm ] 1.826 - - 1.765 1.641

work: In B, each hexaaquo cation makes twelve rather than
ten framework-forming hydrogen bonds, with four new
cation—anion bonds replacing the two cation-cation and
the two cation-solvent bonds. The stacks of H,(TC-TTF)*-
undergo a considerable tilting from 45.1 to 33.3° with respect
to the a axis, which is made possible by the presence of
nonbonding st--- 7 interactions between anions (Figure 3).

0O
A
b) o

Figure 3. Projection of the one-dimensional stacks of Hy(TC-TTF)?>~ in A
(a) and B (b), drawn perpendicular to the a axis and on the same scale.
Selected bond lengths [A] in A: S1--- S1%* 3.824(3), S1-+- $2% 3.737(2); in B:
S1---S1* 4.115(7), 4.374(6).

These changes accompany a reduction in cross-sectional
dimensions of the pseudo-rectangular channels within the
framework: The width decreases from about 9 to 8 A, and the
height from 7 to 5 A. Accordingly, the channels diminish in
volume from about 62 A3 (12% of the crystal volume) to
about 41 A3 (8% per unit cell,’¥! despite lengthening by 23 %.

In situ X-ray diffraction measurements’! indicate that the
resolvation transition B —A occurs homogeneously over a
powdered sample, and involves a gradual expansion in volume
towards a maximally hydrated phase of B (B’) followed by a
structural transition to a minimally hydrated phase of A (A’;
see Table 1). Further rehydration returns A’ to A. The
robustness of the crystals suggests these structural rearrange-
ments follow a pathway of very low energy, with inhomoge-
neities in the distribution of channel water molecules
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apparently causing insufficient strain to produce fracturing.
The observation that the B phase is capable of both containing
and transporting water molecules within its channels is in
accord with calculations on the minimization of the energy of
inclusion,” which suggest that water sites within B have
similarly low energies to those within A. The B'—A’
structural transition is therefore likely to be governed
primarily by a balance of hydrogen-bond energies, high levels
of channel hydration favoring the existence of cation—solvent
bonds as seen in A, and low levels favoring the enhanced
framework hydrogen bonding of B.

The empty channel structure of B shows a high degree of
selectivity towards guest sorption. Powder X-ray diffraction
shows that samples of B exposed to methanol vapor at room
temperature convert into a new crystalline form, whereas
samples exposed to ethanol, carbon disulfide, and acetonitrile
vapor remain unchanged over periods exceeding one month.
These observations suggest that small polar molecules may
readily be included into the empty channels, whereas larger or
less polar molecules are excluded.

Compound A consists of a three-dimensional framework of
transition metal centers and redox-active tetrathiafulvalene
species which houses one-dimensional channels occupied by
exchangeable water molecules. The assembly of hydrogen-
bonding components can interact in a switchable fashion both
with each other and with guest species, allowing the frame-
work topology to alter smoothly and reversibly in response to
a guest. We attribute the remarkable flexibility and durability
of this unique microporous framework material to the multi-
tude of independent weak (hydrogen bond) or nonbonding
(m---m) intermolecular interactions present, meaning that
bond breakage and formation energies are smaller than
crystal fracturing energies. Importantly, the similarity in
energies for interactions within the framework and between
the framework and solvent molecules means that solvent
inclusion may drastically affect the overall lattice energy,
thereby providing a strong driving force for molecular
rearrangement.

Experimental Section

Tetrathiafulvalenetetracarboxylic acid, Hy(TC-TTF), was synthesized ac-
cording to literature methods.'"”) Slow diffusion of H,(TC-TTF) with 0, 2,
and 4 parts of NaOH in aqueous silica gels afforded A on reaction with
[Co"(NOs),] - 6 H,0 (aq).

Cyclic voltammetry: Hy,(TC-TTF) (aqueous, 0.5 mmolL™!) undergoes a

reversible one-electron oxidation at 0.58 V versus the standard mercury/
calomel electrode (3.5 molL~! KCl).
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