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Two known coordination polymers, Zn(INA)2 and
Zn(INA)2¢2H2O (INA: isonicotinate), have been synthesized
through solid-state reactions that are more efficient and
environmentally friendly than conventional methods. By vary-
ing the reaction conditions, the solid-state reactions between the
metal salt and bridging ligand could be rationally controlled to
give different polymeric three-dimensional structures or a
mononuclear coordination compound.

Since the first rationally designed and synthesized coordi-
nation polymers were reported,1 the preparative approaches to
this class of materials have mainly relied on hydro(solvo)ther-
mal synthesis, diffusion methods, and other approaches that are
advantageous in the growth of high-quality single crystals.2 As
the primary motivation in crystal engineering shifted toward the
design of functional materials for potential commercial appli-
cations, developing appropriate manufacturing routes has be-
come an emerging challenge.3 Compared to conventional
solvent-based methods, solid-state synthesis is one of the most
promising green chemistry approaches for being far more
efficient, convenient, and environmentally friendly.4 However,
very limited success has been achieved in the synthesis of
coordination polymers through the solid-state reaction strategy,
and thus far few solid products of coordination polymers have
been prepared and structurally ascertained by this means,5

despite numerous coordination polymers reported. Herein we
report the controlled synthesis of two known coordination
polymers and a mononuclear coordination compound through
solid-state reactions under different reaction conditions.

The reactions leading to Zn(INA)2 (1) and Zn(INA)2¢2H2O
(2) are summarized in Scheme 1. In a typical synthesis, zinc
acetate dihydrate (Zn(CH3COO)2¢2H2O, 1.0mmol) and isoni-
cotinic acid (HINA, 2.0mmol) were ground in an agate mortar
with a pestle for 10min, and the mixture was heated at 180 °C
for 2 h to give a coordination polymer Zn(INA)2 (1, CCDC-
109338) (yield 96% based on ligand). A pungent odour was
detected during the grinding and heating of the mixture,
suggesting the release of acetic acid as a by-product. The
structure of 1 was identified by a careful comparison of the
experimental X-ray powder diffraction (XRPD) patterns with
simulated ones from its single-crystal structure (Figure 1a)
reported by Evans et al.,6 which was synthesized solvothermally
after treating Zn(ClO4)2¢6H2O with 4-cyanopyridine at 130 °C
for 48 h. Gratifyingly, grinding the two reactants together in the
presence of poly(ethylene glycol)-400 (PEG-400) or oleic acid
as grinding aids, and then heating the mixture at 80 °C for 2 h,
a different coordination polymer, Zn(INA)2¢2H2O (2, CCDC-
188415)7 with some starting materials (see Figures S1 and S2 in
Supporting Information11) was obtained. After a simple wash
with ethanol, phase-pure product 2 was collected (yield 93%)

and was structurally ascertained by comparison of the exper-
imental with the simulated XRPD patterns for its single-crystal
structure (Figure 1b). The two three-dimensional coordination
polymers 1 and 2 have diamond- and quartz-like structures,
respectively. The morphology was characterized by scanning
electron microscopy (SEM, Figure S311).

In the neat grinding synthesis, when methanol treatment
(immersed in methanol and then dried at 40 °C) was used after
10min of grinding instead of heating at 180 °C for 2 h, the
coordination polymer 1 was also obtained. On the other hand,
if HINA was added to the solution of Zn(CH3COO)2¢2H2O
in methanol, stirred for 2 h, and then dried at 40 °C, a
mononuclear coordination compound, Zn(INA)2¢4H2O (3) was
formed (Figure S4).8,11

A detailed examination was performed to further study the
solid-state reaction between Zn(CH3COO)2¢2H2O and HINA in
the presence of grinding aids. Figure 2 compares the XRPD
patterns of the reaction mixture at different points in reaction
time at 80 °C. No obvious change was detected before 45min.
Meanwhile an intermediate phase was formed at 50min, and the
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Scheme 1. Solid-state reactions between Zn(CH3COO)2¢2H2O
and isonicotinic acid.
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Figure 1. Comparison of XRPD patterns of product 1 (a) and 2
(b) with their respective calculated ones from single-crystal data.

Published on the web November 27, 201056
doi:10.1246/cl.2011.56

© 2011 The Chemical Society of JapanChem. Lett. 2011, 40, 5657 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1246/cl.2011.56
http://www.csj.jp/journals/chem-lett/


final product 2 was recognized quickly at 55min after the
intermediate phase disappeared. After 60min the reaction was
almost completed.

Solid-state reactions at low-heating temperatures generally
undergo several steps according to Kaupp et al.:9 (a) the phase
rebuilding stage where the long-range migrations of reactant
molecules take place and an intermediate phase is formed, (b)
the phase transformation stage during which the product lattices
are fabricated discontinuously, and (c) the crystal disintegration
stage. During the first step, reactants are “diffused” into each
other and react to form an intermediate phase that is different
from the starting one. While in the second step, nucleation must
be involved in the formation of product crystals wherein crystal
nuclei grow. Based on the reaction process in the case of 2, the
formation of the intermediate phase in the first step is believed to
be rate-determining. It took 50min for the intermediate phase to
emerge, and another 5min for the final product to emerge.
Presumably the reactant particles are encapsulated by the long-
tailed-grinding-aid molecules, which results in weaker mechan-
ical activation, therefore, the reaction between the two reactants
proceeds slower than the reaction does under neat grinding. That
in turn allows the formation of the quartz-like structure that
possesses higher thermodynamic stability. Of particular interest
is that the intermediate phase formed at 50min is identical to
compound 3 (Figure S511).

In sharp contrast, the synthesis under neat grinding is likely
kinetic controlled and thus in favor of crystals having advan-
tages on the nucleation rate in the phase transformation stage
over any other products. A possible mechanism is proposed in
Scheme 2. After the intermediate phase is formed, the lattices of
all different products are built fast and reversibly. Since the
following nucleation step is slow, the formation of the crystal
nuclei of the products becomes the rate-determining step. During
the next stages, crystal growth and crystal disintegration are
rather fast, so they have no effect on the structure of the final
product. Meanwhile, the methanol treatment has an impact on
the nucleation step, where the formation of crystal nuclei is
accelerated when the solids in the intermediate phase are
immersed in methanol. The predominant product nucleates first
and grows to furnish the final product crystals. In this regard,
product 1 has a higher nucleation rate, and it nucleates prior to
any other species in methanol.

It is also noteworthy that the solid-state reactions between
Zn(CH3COO)2¢2H2O and HINA can proceed completely at
certain temperatures after a short period of grinding, which
suggests that these reactions require low activation energy and
they are able to proceed spontaneously after the initial
mechanical activation. The grinding increases defects in the
crystals that are essential for inducing the solid-state reactions,
and the grinding also accelerates homogeneous mixing of the
reactants. However, it might not be applicable to other solid-
state reactions between metal salts and organic ligands. Similar
conclusions were drawn by Pichon et al.10

In summary, two known coordination polymers were
synthesized through controlled solid-state reactions. Although
the nature of the reactions is rather complicated, a rational
control can be applied to the solid-state synthesis of coordination
polymers. By varying the reaction conditions, the rate-determin-
ing step can be rationally adjusted, and consequently different
coordination polymers are obtained. Clearly, as a promising
preparative approach for coordination polymers toward green
chemistry, further investigations need to be resorted to the solid-
state reaction synthesis.
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Figure 2. Detailed investigation into the solid-state reaction
with grinding aids. The XRPD pattern simulated from the single-
crystal data of 2 is shown on the top, and the XRPD patterns of
the reactants at different points in reaction time are compared
below.
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Scheme 2. A proposed mechanism for reactions under neat
grinding.
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