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Nano- and micrometer-sized particles of organic polymers and inorganic materials play an
important role in many applications, including catalysis, optics, biosensing, and data storage.
1 As an alternative, our group and others recently have developed synthetic approaches for the
preparation of amorphous particles from infinite metal-organic coordination polymers, which
are based on the coordination chemistry of late transition metal ions and polydentate organic
building blocks.2,3 The infinite coordination polymer (ICP) particles offer a high degree of
tailorability through the choice of transition metal connectors and predefined functional organic
precursors which have useful chemical and physical properties.2,3 However, the amorphous
nature of ICP particles, in contrast to the well-defined crystalline metal-organic frameworks
(MOFs),4 prohibit a detailed understanding of the structural connectivity and transition metal
coordination environments of these systems due to their inability to diffract X-rays. Herein,
we wish to report a new class of salen-based homochiral ICP particles and the discovery that
judicious choice of solvent can be used to drive the amorphous spherical particles into rod-
shaped crystalline structures that can be fully characterized by X-ray crystallography. These
data provide key structural information about the likely molecular connectivity of the
precursors that make up the amorphous ICP microparticles.

Acid-functionalized salen ligands were synthesized according to literature procedures and used
for the preparation of ICP particles and crystalline rods.5 Spherical particles 2a and 2b were
prepared by slow diffusion of diethyl ether into a precursor pyridine solution consisting of a
1:1 mixture of Ni(OAc)2·4H2O and metallo-salen precursors, H2-1a and H2-1b, respectively
(Scheme 1).

The particle formation reaction is completely reversible, as evidenced by the formation of a
clear solution upon addition of excess pyridine to the particles in their dried form.2 1H NMR
and UV-vis spectra confirm the re-formation of the metallo-salen precursors. The morphology
of the microscale ICP particles was characterized by optical microscopy (OM) and field-
emission scanning electron microscopy (FE SEM) (Figure 1). The images show spherical
structures with an average diameter of 2.69 ± 0.13 and 5.70 ± 0.84 μm for 2a and 2b,
respectively. The particle size was further studied by dynamic light scattering (DLS), and the
DLS-determined mean particle size values of 2.46 μm for 2a and 5.52 μm for 2b are in good
agreement with the SEM determined values. The chemical compositions of 2a and 2b were
characterized by energy dispersive X-ray (EDX) spectroscopy and elemental analyses and are
consistent with formation of the 1:1 structure derived from the metallo-salen and metal ion
precursors.
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Infrared spectra taken of the microparticles show that the carboxylate groups are coordinated
to metal ions, as evidenced by a shift of the carboxylate stretching frequency from 1683
cm-1 in the protonated metallo-salen precursor H2-1a to 1531 (νanti) and 1437 cm-1 (νsym) for
2a. These values compare very well with the stretching frequencies for Ni(OAc)2·4H2O at
1535 and 1422 cm-1, consistent with η1-coordination of the carboxylate groups to the Ni centers
through their anionic O atoms. The IR spectra of ligand H2-1b and microparticle 2b show
similar trends.

Interestingly, when microparticles 2a and 2b were completely dried under vacuum, they
retained their spherical shapes, but when methanol was added to them, they transformed in the
solid state into crystalline rod-shaped structures. Note the particles and the rod-shaped products
are not soluble in methanol. This solid-state transformation could be followed by analyzing
samples taken from the reaction mixture as a function of time over a 60 min time period (Figure
2). The initial microparticles 2a have a smooth surface (Figure 2a). However, in the presence
of methanol, the surface morphology of the particle becomes ruffled as the solvent begins to
penetrate the particle (Figure 2b). Then, sharp needles begin to grow from the surface (Figure
2c), and eventually the particles turn into crystalline rods 3a (Figure 2d).

Interestingly, the crystalline rods 3a can be transformed into the microparticles 2a again by
first dissolving the rods in pyridine and then slowly diffusing ether into the solution (Figure
2e). The dissolution of the crystalline rods with pyridine results in the reformation of the salen
and metal ion precursors as confirmed by 1H NMR and UV-vis spectroscopy. Taken together,
these processes make the entire cycle between precursors, microparticles, and rodshaped
crystalline structures pseudo-reversible (Scheme 1). In other words, the crystalline rods do not
go back to the amorphous particles without redispersing the metallo-salen and metal ion
precursors in solution.

The crystalline product 3a can be prepared directly by slow diffusion of methanol into the
pyridine solution of precursors, as well (Figure 2f). However, the crystalline rods made from
the amorphous microparticles by the methanol-triggered process are more uniform and have
higher aspect ratios than those made from the direct crystallization in pyridine method. We
also investigated the IR spectra of the crystalline products 3a and 3b. The carboxylate stretching
frequencies of 3a at 1531 and 1439 cm-1 are comparable to those for the amorphous
microparticle sample 2a (1531 and 1437 cm-1) and Ni(2,6-DMB)2(py)2(EtOH)2 (1555 and
1400 cm-),6 which suggest that they have similar metal carboxylate connectivities. Compound
3b shows similar trends (Supporting Information).

Significantly, a single crystal of 3a suitable for an X-ray diffraction study was grown by adding
methanol to a pyridine solution of the salen and metal ion precursors. X-ray crystallography
shows that the structure of 3a consists of a one-dimensional coordination polymer (Figure 3).
The Ni ions exhibit a distorted octahedral coordination geometry with two trans-carboxylate
(Ni-Oavg = 2.05 Å), two cis-pyridine (Ni-Navg = 2.10 Å), and two cis-methanol (Ni-Oavg =
2.13 Å) groups. The coordination geometry around the Ni is similar to that observed for the
model monomeric Ni(py)2(OAc)2(H2O)2 complex.7 The IR and XRD spectra of the single
crystal were superimposable with those for crystalline rods of 3a grown from the polymer
particles, showing that crystalline materials grown the different ways are chemically identical
from composition ratio and connectivity standpoints. Note that the major difference between
the ICP spherical particles and crystalline rods is the coordination of methanol to the Ni atoms
in the latter structure. This is likely the driving force for the amorphous to crystalline
transformation.

In conclusion, this paper describes a new class of homochiral salen-based ICPs and the
discovery of a novel and pseudo-reversible solvent-induced crystallization process. The
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solvent, methanol in this case, induces such a transformation through a change in the
coordination environment around the metal bridging the metallosalen portion of the complex.
This novel transformation has allowed us to use X-ray methods to structurally characterize the
crystalline product and through spectroscopic comparisons better understand the connectivity
and structure of the amorphous ICP particle precursor. To the best of our knowledge, this is
the first single-crystal X-ray diffraction data for polymeric materials that derive from the
amorphous ICPs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
OM and SEM images of spherical ICP particles: (a) and (b) for 2a, (c) and (d) for 2b.
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Figure 2.
Representative SEM images monitoring the transformation of microparticles 2a to crystalline
rods 3a. (a) Particle 2a grown from the precursor solution, (b) early intermediate (5 min), (c)
intermediate at a later stage (30 min), (d) crystalline rods 3a, (e) particle grown by first
dissolving the crystalline rods 3a with pyridine and then exposing to ether by vapor diffusion,
and (f) crystalline products 3a grown from the pyridine precursor 1a solution, Ni
(OAc)2·4H2O, and methanol.
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Figure 3.
X-ray structure of crystalline 3a (one of the two repeating units: gray, carbon; blue, nitrogen;
red, oxygen; sky blue, nickel). Hydrogen atoms and solvent molecules have been omitted for
clarity.
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Scheme 1.
Synthesis of Salen-Based Microparticles and Their Dynamic Solvent-Triggered Crystallization
Process: (a) Pyridine/Ether, (b) Pyridine, (c) MeOH, (d) Pyridine/MeOH, (e) Pyridine
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