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Single-crystal to single-crystal phase transitions of
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properties in porous molecular materialst

Partha S. Mukherjee,” Nazario Lopez,” Atta M. Arif,° Francisco Cervantes-Lee” and Juan C. Noveron*”

Received (in Austin, TX, USA) 13th November 2006, Accepted 9th January 2007
First published as an Advance Article on the web 30th January 2007

DOI: 10.1039/b616502h

Two single-crystal to single-crystal phase transitions in trans-
[Ag(NPI),]J(NO;)-2CH30H (1a), (NPI = N-phenylisonicotin-
amide) were characterized with X-ray crystallography; the first
transition is reversible and arises from a desolvation transition
induced by vacuum and generated 1b; the second transition was
induced by heat at 140 °C and generated 1c.

Recent progress in crystal engineering has expanded into under-
standing the relationship between single-crystal structure and
structural dynamism with respect to non-covalent interactions.' !>
Of particular interest are phase transitions of porous materials
because of their implications to numerous applications such as
separation science, catalysis, sensing, and gas storage.® !> Recently,
it was demonstrated that open channels in solids are not
necessarily a requirement for the solid to behave as a porous
material. Dynamic cooperativity in the ensemble may transport
guest molecules into the crystal matrix, even in the absence of
traditional open channels."*'® This new paradigm for what is a
porous material is intriguing and represents a new facet in crystal
engineering that could play a role in functional materials design.
Here we report two single-crystal to single-crystal phase transfor-
mations of a porous crystalline material derived from [AgL,]NO;,
where L = N-phenylisonicotinamide (NPI), studied with single-
crystal X-ray crystallography and differential scanning calorimetry
(DSC). The first transition was induced by vacuum and involves a
desolvation/solvation process in which the pores of the crystalline
framework close and open reversibly, and the second transition
was induced by heat and generated an irreversible thermodyna-
mically stable crystal phase, Scheme 1.
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The NPI ligand was made by the stoichiometric reaction of
isonicotinic acid chloride, aniline and triethylamine in chloroform.
The Ag-complex was prepared by slow evaporation of a mixture
of the nitrate salt of Ag(1) and NPI in methanol over two days to
yield a crystalline batch (93%) of product. Single-crystal X-ray
crystallographic studies and elemental analysis revealed structure
la, Scheme 1, with the molecular formulation of trans-
[Ag(NPI),(NO5)-2CH;0H.'™

The supramolecular structure of 1a exhibits channels (8 A in
diameter) filled with methanol molecules along the a-axis, Fig. 1.
There are four types of hydrogen bonds in the unit cell of
which two are between the ligand and solvent in the form of
N-H(amide)---O(methanol) and O=C(amide)---HO(methanol)
with average distances of 2.88 and 2.86 A, respectively, and
between adjacent methanol molecules (2.73 A), and NPI with
nitrate ions via N—H(amide) --O(nitrate), 2.99 A. The average
distance between the nearest Ag centers is 3.31 A, which is
significantly longer than other crystals with suspected Ag-Ag
interactions such as silver acetate (2.79 A).'® The average distance
between Ag(T) and the nearest nitrate ion is 2.64 A. The bond angle
of N(1)-Ag-N(3) is 158°, which is smaller than those present in
analogous Ag-complexes (169°)." Despite the expected planar
structure of NPI, 1a reveals that the ligand twist half way forming
a torsion angle at C(2)-C(3)-C(6)-N(2) of 45° and its homologous
in the same complex of 31°, presumably induced by the hydrogen
bonds and the crystal packing forces.

When single crystals of 1a are placed under vacuum (0.1 Torr)
for 2 h a new metastable crystal phase (1b) was observed via single-
crystal X-ray crystallography, Fig. 27" The formulation of this
crystal phase is trans-[Ag(NPI),](NO3), which lacks solvent and the
channels that once held the methanol molecules are closed,
apparently, via an orchestrated rearrangement of alternate layers
of the Ag-complex that rotate counter-clockwise by 63° towards
the a-direction. Unlike 1a, pairs of Ag-complexes in 1b interact via
two complementary N-H(amide)---O=C(amide) hydrogen bonds
that have an average distance of 2.91 A. Additionally, the nitrate
ions bridge adjacent pairs of Ag-complexes via hydrogen bonds
with N-H(amide)---O(nitrate) average distance 2.94 A, and their
average distances to Ag centers are 2.80 and 2.68 A. Interestingly,
there are no significant changes in the torsion angles of the NPI
moieties (<2°), but the bond angle of N(1)-Ag-N(3) changed to
173°. In addition, face-edge interactions between phenyl moieties
of NPI are observed. The crystal phase 1b may be described as a
metastable pseudo-polymorph of 1a.%°

The phase transition of 1a — 1b was examined with DSC and
an endothermic AH value of 7.3 + 0.2 kJ mol ' was obtained at
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Fig. 1 (a) Thermal ellipsoid plot (probability level 50%) of [Ag(NPI),] . (b) Expanded unit cell of 1a as viewed from the a-direction. Methanol and Ag

shown as CPK.

305 K. When crystals of 1b are exposed to methanol, they revert
back to phase 1a, as indicated by X-ray powder diffraction and
elemental analysis. Similar solvent-driven reversible transforma-
tions have been observed in other systems. Although the crystalline
phase of 1b lacks any imminent porosity, the fact that it can take
up methanol to reconstitute la suggests a well-orchestrated
mechanism reminiscent of cooperativity dynamics. This behavior
is consistent with other recent crystals that lack porosity, but yet

Fig. 2 Expanded unit cell of 1b as viewed from the a-direction.

they are able to incorporate guest molecules into their lattice via
cooperativity effects.'+1

When crystals of either 1a or 1b are heated slowly (5 °C min ')
to higher temperatures, there is a second phase change around
453 K with an endothermic AH value of 16.5 + 0.3 kJ mol ™. This
new phase change also occurs with the preservation of the single-
crystal quality of the material forming a new crystal phase, 1c,'’
with molecular formula frans-[Ag(NPI),J(NO;), Fig. 3. Single-
crystal X-ray crystallography studies on 1c revealed that the Ag-
complexes interact primarily via m—n stacking interactions and
pack in columns along the c-axis. The nitrate ions hydrogen bond

Fig. 3 Expanded unit cell of 1c as viewed from the a-direction.
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to the columnar Ag-complexes via N-H(amide):--O(nitrate),
(2.92 A). The NPI ligand moieties become more planar on one
side of the complex, which exhibits a torsion angle C(16)-C(15)-
C(18)-N(4) of 4° (vs. 45° in 1a), while the other side undergoes
little change (33°). On the other hand, no significant changes occur
in the bond angle of N(1)-Ag-N(3) (<2°). In contrast to 1b,
crystalline samples of 1c¢ do not uptake methanol and with further
heating decompose above 270 °C.

In summary, we reported the single-crystal to single-crystal
phase transformations of the Ag-complex 1a to the pseudopoly-
morphic phases 1b and 1¢, which were induced by vacuum and by
heat, respectively. The results indicated that each phase transition
was accompanied by changes in intermolecular hydrogen bonding
and n-r stacking interactions, which may have played a role in
orchestrating the structural changes in the crystal lattice and
maintaining single-crystal quality. The study of phase transforma-
tions in designed crystals will eventually lead to practical materials
with flexible and dynamic frameworks that can switch their
structure upon external stimuli with well-defined molecular
motions in the solid state.

We gratefully acknowledge Prof. Peter J. Stang for helpful
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DSC. Financial support for N. L. by the Border Health Research
Fund from the University of Texas at El Paso is gratefully
acknowledged.
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