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An unusual example showing reversible interconversion of chain-like isomers under controlled experimental settings is
reported, which illustrates the key role of assembly conditions for the target packing architecture with related
properties. The reaction of Mn(ll) ions with an organic ligand 2-hydroxypyrimidine-4,6-dicarboxylic acid (Hshpdc) at
room temperature gives a coordination polymer {[Mns(hpdc)»(H20)g] - 2H,0} , containing parallel staggered stacking,
whereas the reaction under hydrothermal conditions at 150 °C affords a compound {[Mns(hpdc)>(Hx0)e]-Ho0} ,,
possessing plywood-like stacking. Interestingly, two compounds contain similar one-dimensional chain components
with different orientations that can be controlled by thermodynamic factors. Thermally triggered reversible
interconversion of the two compounds was verified by X-ray powder, IR, and element analysis. The spin-canted
antiferromagnetic behaviors are observed in as-synthesized samples, and the influence of chain orientations on

magnetic properties has been detected.

Introduction

Much effort has been devoted to the design and control-
lable synthesis of metal—organic coordination complexes due
to their potential applications in magnetism, electric con-
ductivity, molecular adsorption, catalysis, and so on.' The
formation of products can be influenced by temperature,
solvents, pH, conformational freedom of the ligand, coordi-
nation geometry of metal ions, et al.> Among them, tempera-
ture is a crucial factor in determining the ultimate topology of
frameworks.? Cheetham and co-workers provided the first
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systematic insight toward this aspect during their study on
the formation of cobalt succinates,* similar observations
have also been made in cobalt pyridine-3,4-dicarboxylates
and zinc oxalate systems.’ Recently, Bai and co-workers
realized the control of the carboxylate coordination mode
in cadmium squaric acid systems in a range of low tempera-
tures (5—50 °C).® However, most temperature-dependent
reactions show changes in the dimensionality of the coordi-
nation framework or mode with adjusting the temperature;
the manipulation of the molecular packing patterns in a given
dimension based on temperature control is less developed’
and remains a great challenge. The infinite one-dimensional
(1D) chain is the simplest topology of coordination polymers,
nevertheless, its packing pattern in crystal is not simple.®
In the most favorable case, the information of the weak
noncovalent interactions, such as hydrogen bonding and
m—m stacking, could be stored in the low dimensions and
recognized and expressed in the packing of the motifs with
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different properties.” Herein, we report a unique transforma-
tion between parallel staggered and plywood-like stacking of
1D coordination polymer chains. The two 1D chain-like
isomers, namely {[Mns(hpdc),(H,0)¢]- H>O},, A1-H,O and
{[Mns(hpdc)»(H,0)¢]-2H,0},, A2-2H,0'™ were synthe-
sized by varying reaction temperatures. Notably, A2-2H,O
with parallel staggered stacking pattern can be transformed
to A1-H,O with plywood-like arrangement via hydrother-
mal treatment or gas—solid reaction. Furthermore, A1-H,O
can be converted to A2-2H,0 based on an indirect way upon
a dehydration—rehydration process. The spin-canted anti-
ferromagnetic behaviors are observed in as-synthesized sam-
ples, and the influence of chain orientation on magnetic
properties has been detected.

Experimental Section

Materials and Methods. All chemicals were obtained from
commercial sources and of GR/AR grade. Fourier transform
(FT) IR spectra (KBr pellets) were recorded on a Bomen MB-
102 FT-IR spectrometer. Elemental analyses of C, H, and N
were performed on a Vario EL III CHNOS elemental analyzer.
Thermogravimetric analysis (TGA) was performed on a Mettler
TGA/SDTA 851° thermal analyzer in flowing air atmosphere at
a heating rate of 10 °C-min ' from 30 to 1000 °C. Powder X-ray
diffraction (PXRD) patterns were recorded on Philips PW3040/
60 high-resolution diffractometer at 45 kV, 40 mA for Cu Ka
(A=1.5406 A). The dehydrated forms of samples were prepared
by heat treatment under dynamic nitrogen atmosphere at 270 °C
for 2 h. Magnetic susceptibility data were measured using a
Quantum Design MPMS-XL5 SQUID magnetometer. Dia-
magnetic corrections were made for the sample holder and the
samples. The rehydrated samples for magnetic measurements
were obtained by placing the dehydrated samples contained
within the gelatin capsule with a small hole under water vapor
atmosphere for more than two days after carrying out the mag-
netic measurements on the dehydrated samples.

Synthesis. {[Mnz(hpdc),(H,0)4]- H,O}, Al-H,0. 2-hydro-
xypyrimidine-4,6-dicarbox?/1ic acid (Hs;hpdc) was synthesized as
described in the literature.'' Hzhpdc (0.020 g, 0.11 mmol) was
dissolved in 5 mL distilled water, and the pH value of the
solution was adjusted to 7 with 0.05 mol/L NaOH solution.
Then MnCl,-4H,0 (0.040 g, 0.2 mmol) was added to the
solution and stirred for 20 min. The mixture was transferred
into a 30 mL Teflon-lined autoclave and kept at 150 °C for 3
days and then slowly cooled to room temperature. Yellow block
crystals of A1-H,O obtained in 35% yield based on manganese.
IR data (KBr, cm ™ '): 3457.43(s), 1641.29(s), 1575.02(s), 1399.53(s),
1347.43(s), 1266.47(m), 1168.55(s), 1065.28(w), 928.92(w), 879.59(w),
828.91(w), 811.79(m), 787.24(m), 601.55(w), 655.77(w), 741.11(w).
Anal. Calcd (%) for CioH;sMn3N4Oy7 (M, = 653.11): C, 22.07; H,
2.47; N, 8.58. Found (%): C, 22.24; H, 2.38; N, 8.74.

{[Mn;3(hpdc),(H,0)¢]-2H,0},, A2-2H,0. This compound
has been reported by us with in situ hydrothermal reactions of
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Hocpdc (2-chloropyrimidine-4,6-dicarboxylic acid) with MnCl,-
4H,0 and NaOH in aqueous solution.'® Here, we synthesized
this compound by using a solution method at room temperature
with Hzhpdc instead. The procedure was similar to that for
A1-H,O0, except that the final mixture was filtered, and the filtrate
was allowed to stand at room temperature for slow evaporation.
Yellow prism crystals of A2-2H,0 were obtained in 30% yield
on the basis of manganese after three days. IR data (KBr,cm™'):
3375.25(s), 1670.57(s), 1570.02(s), 1397.49(s), 1357.23(s), 1271.59(m),
1166.26(s), 1060.40(w), 930.64(w), 880.11(w), 812.12(w), 790.97(m),
744.88(m), 648.92(w). Anal. Caled (%) for CoHsMnzN4Oqg (M, =
671.12): C, 21.48; H, 2.70; N, 8.35. Found (%) for the rehydrated
sample: C, 21.57; H, 2.61; N, 8.33.

X-ray crystallography. The X-ray diffraction data for Al-
H,O0 were collected on a Rigaku SCXmini CD diffractometer
with graphite-monochromated Mo Ko radiation (1 = 0.71073 A)
at 293 K. The CrystalClear program was used for the absorption
correction. The structure was solved by direct methods with
SHELXS-97 and refined by full-matrix least-squares fitting on
F? by SHELXL-97. All nonhydrogen atoms were refined aniso-
tropically. The hydrogen atoms on the carbon atoms were placed
in calculated positions with isotropic displacement parameters set
to 1.2Ueq of the attached atoms. The hydrogen atoms of coordi-
nated water molecules as well as lattice water molecules were first
determined in difference Fourier syntheses and then fixed at the
calculated positions. The selected bond distances and angles of
the two compounds are listed in Table S1 in the Supporting Infor-
mation.

Crystal data for Al 'HzO: C|2H16Mn3N4O|7, monoclinic,
space group C2/c, a=15.621(2), b=10.6503(9), ¢ = 12.1608(14),
v =2021.3(4), Z = 4, 4=1947mm"!, Dc = 2.146 gcm ™3, § =
1.062, R = 0.0320, and wR = 0.0824 for 2042 independent reflec-
tions [/ > 20(I)]. CCDC-770532 contains the supplementary
crystallographic data for this paper.

Results and Discussions

Structural Descriptions. Single crystal X-ray diffraction
analysis reveals that the asymmetry unit of A1-H,O con-
tains two crystallographically unique Mn atoms, one
hpdc®™ anion, three coordinated water molecules, and a
half of lattice water molecule that resides on the special
position. The Mn2 atom, located on a crystallographic
inversion center, is connected to two symmetry-related
Mnl atoms via the u,-carboxylate O atom and the —OCN—
species of hpdc®~ ligand to form a trinuclear unit, which is
held together through double —OCN— bridges, giving rise
to a 1D coordination polymer chain with the remaining
coordination sites on the metals being occupied by water
molecules (Figure 1). Interestingly, the coordination sphere
and linkage modes of metal ions within 1D chains of
A1-H,O is similar to that of A2-2H,0,'® with a small
discrepancy in the bond lengths and angles (see Table S1 in
the Supporting Information). However, the chain packing
modes in two complexes are remarkably different (Figure 2).
In A1-H,O, there are two sets of chains that are arranged in
two different directions with a torsion angle of 45.76°, one
extends along the [1,—1,0] direction and the other along the
[1,1,0] direction. Finally these two sets of chains interconnect
with each other by interchain hydrogen bonds and alter-
nately stack along the [0,0,1] direction in a —ABAB—
fashion to form a plywood-like array, which is less common
in crystal engineering. Whereas in A2-2H,0,'* there is only
one set of chains that runs along the [0,0,1] direction.
Extensive hydrogen bonds connect adjacent chains to form
a parallel staggered stacking.
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Figure 1. The 1D chain in A1-H,0. Atom with #1 and #4 are symme-
trically generated. All hydrogen atoms and lattice water molecules are
omitted for clarity.

A1-H,0 ‘ Solid-gas equilibrium - A22H,0

Hydrothermal

Figure 2. Ball-and-stick representation of the packing patterns for
(a) A1-H,O and (b) A2-2H,0, respectively. The gray broken lines
represent hydrogen bonds. Hydrogen atoms are omitted for clarity. (c)
Schematic illustrations of the transformation between the plywood-like
stacking in A1-H,O and the parallel staggered stacking in A2-2H,0. The
1D chains in A1-H,0 and A2-2H,O0 are represented by green rods, and
the interchain lattice water molecules are omitted for clarity. A1’ and A2’
represent the two kinds of different amorphous phases after dehydration
of A1-H,0 and A2-2H,0.

Reversible Structural Transformation. During the tem-
perature-controlled synthesis of metal—organic frame-
works, the changes in the coordination geometry of
metal ions and the bonding mode of ligands as well as
the dimensionality of the coordination framework are
more common.* ® However, the temperature change in
our case exerts only a great influence on the number of
noncoordinated water molecules in the crystal lattice,
which result in two structures with different densities
(densities for A2-2H,0 and A1-H,O are 2.061 and
2.146 g-cm >, respectively). The nearest interchain
Mn- - -Mn distance in A2-2H,0 is 5.836 A whereas in
A1-H,O0 is 5.662 A. With the decrease of the distance
between adjacent chains, the lattice water molecules move
away from a normal position to a special position, reach-
ing a compromise with their corresponding packing
geometry of the chains. The orientations of interchain
hydrogen bonds show a trend that is concomitant with the
arrangement of chains, suggesting a cooperative effect of
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hydrogen bonding in directing and stabilizing the two
distinct packing modes in A1-H,O and A2-2H,O0, res-
pectively. The isolation of denser structures at higher
temperature clearly suggests that the process is influenced
by thermodynamic factors; the amount of water involved
in the final structure decreases with increasing tem-
perature, verifying the process is entropy favorable
(aS > 0).412

The plywood-like arrangement is ubiquitous in our
daily lives owing to their high strength and stability.
However, the parallel stacking pattern of the chains is
overwhelmingly predominant over the nonparallel fash-
ion with cross-like arrangement in the field of crystal
engineering of metal—organic systems. Although such a
nonparallel array may deliver some unique characteristics
to the crystal, such as anisotropic properties or porosity
depending on orientation of the chains,®’ little explora-
tion on the origin of this orientation preference and the
possibility of structural manipulation has been made.
Can the interchain arrangement be adjusted by an ex-
ternal driving force without destroying the coordination
skeletons? Different orientations of the similar 1D chains
in the two isomers obtained at different temperature
inspire us to search for a transformation between parallel
staggered and plywood-like stacking. When some crystals
of A2-2H,0 were put directly into an autoclave contain-
ing distilled water and heated at 150 °C for 24 h, to our
surprise, A2-2H,0 can be totally transformed to Al-
H,O0, as confirmed by PXRD (Figure 3). Further, the
conversion experiment was designed deliberately based
on the consideration of gas—solid equilibrium under
hydrothermal conditions. An open tube containing the
crystals of A2-2H,0 (no water in the tube) was confined
in a sealed autoclave with water and allowed to stand for
16 h at 150 °C. The PXRD pattern of the final phase
indicates that A2-2H,0 could be completely transformed
to A1-H,O via a solid—solid transformation process.
This result is fascinating because it provides an unusual
example of the structural transformation via twisting the
chains to a different orientation based on thermody-
namics approach, which is meaningful for the chemists
in rational design of switchable functional materials.

Although heat-treatment can transform the parallel
stacking to the plywood-like stacking, the inverse trans-
formation from Al1-H,O to A2-2H,0 (water vapor
undergoes inclusion into crystal state, AS < 0) cannot be
realized directly by cooling treatment, even cooling the
sample to liquid nitrogen temperature. This can be easily
understood since a reaction that is thermodynamically
feasible may not be kinetically favorable. Interestingly,
when we destroyed the interchain hydrogen bonds of two
compounds by heating the sample at 270 °C to remove all
water molecules (TGA in Supporting Information, Figure
S1) and then exposed the dehydrated samples A1’ and A2’
to moist atmosphere, A1’ could be spontaneously trans-
formed to A2-2H,0 after 24 h, as verified by PXRD
(Figure 3), IR (Figure 4), and element analysis,* although
it undergoes a little loss in crystallinity. The reversible

(12) (a) Mahata, P.; Sundaresan, A.; Natarajan, S. Chem. Commun. 2007,
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(13) Element analysis for A2-2H,0 (C;,H;3Mn3;N4O,g) caled (%): C,
21.48; H,2.70; N, 8.35. Rehydrated A1’ sample, found (%): C, 21.45; H, 2.70;
N, 8.41.
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Figure 3. PXRD patterns showing the transformation from A2-2H,0
to A1-H,O (top) and A1-H,O to A2-2H,0 (bottom). Top: (a) calculated
powder pattern of A2-2H,0, (b) experimental powder pattern of
A2-2H,0, (c) crystals A2-2H,0 were put into autoclave with water
and kept at 150 °C for 24 h, (d) open tube with some crystals of A2-2H,0
(no water in the tube) was confined in an autoclave containing water and
kept at 150 °C for 16 h, and (e) calculated powder pattern of Al-H,O.
Bottom: (a) calculated powder pattern of Al-H,O, (b) experimental
powder pattern of A1-H,0, (c¢) Al-H,0 dehydrated at 270 °C to obtain
amorphous phase Al’, (d) sample after exposure to a H>O vapor, and
(e) calculated powder pattern of A2-2H,0.
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Figure 4. (a) IR spectra recorded for the transformation from A1-H,O
to A2:2H,0; Al1-H,O (black), Al'(red), Al-rehydrated (green),
and A2-2H,0O(blue). (b) IR spectra recorded for the transformation from
A2 to A2:2H,0; A2-2H,0 (black), A2’ (red), and A2'-rehydrated
(green).

transformation from A2 to A2-2H,O was observed
(Supporting Information, Figure S2). These observations
indicate that the A2-2H,O should be a more stable phase at
low temperature, in this case, the parallel stacking as an

Inorganic Chemistry, Vol. 49, No. 15,2010 7049

energetically favored configuration occurs preferentially. In
recent years, the structural transformations of metal—organic
coordination complexes induced by thermal treatment or
desolvation have attracted considerable attention.'* A num-
ber of interesting examples involving single-crystal to single-
crystal'® or crystal to amorphous to crystal transformations'®
have been reported. Among them, the changes in the co-
ordination mode, thermal association or condensation, re-
arrangement of bonds, or distortion and sliding of network
structures were already observed. For 1D coordination
polymer chains, although various types of packing arrays
can be constructed under different experimental conditions,™”
such a reversible manipulation of the chain orientations based
on thermal treatment accompanied by dehydration/hydra-
tion is rarely reported.

After dehydration, most absorption bands in the IR
spectra of two samples coincide with those in the as-
synthesized samples except for some frequency shifts
(Figure 4), suggesting that the Mns(hpdc), coordination
skeletons of polymer chains are remaining in A1’ and A2’
This high stability may be related to the special chelating
ability of the hpdc®™ ligand. However, one question may
be raised at this point. After the hydrogen bonds are
broken, does a difference in chain orientation still remain?
Although the formation of amorphous state increases the
difficulty in the structural analysis on two dehydrated
samples, the magnetic study of these two samples offers a
significant insight into understanding the effects of dif-
ferent chain orientations.

Structural-Related Magnetic Properties. Magnetic
studies reveal that A1-H,O exhibits a similar spin-canted
antiferromagnetic behavior to that of A2-2H,0.'% Un-
der an external field of 5 kOe, the y,T value decreases
smoothly to ca. 75 K and then drops quickly to 4.81 cm?
K mol"at 4 K with decreasing temperature. Below 4 K,
the ¥, T curve shows a small rise, which is field depen-
dent and disappears at a higher field (Figure 5a). Such
behavior is characteristic of spin-canted antiferromag-
netism. The antisymmetric exchange between the Mn'"
centers and the slanted equatorial planes of Mn"
ions within the chain, as that observed in A2-2H,0,
should be mainly responsible for this canting effect.'
Taking into account the structural characters of the 1D
chain, an approximate fit to the magnetic susceptibilit
data was achieved based on a model for linear Mn'"
trimers (J), where a molecular field approximation (zJ')
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Fujita, M. Coord. Chem. Rev.2007, 251,2592. (c) Ganguly, R.; Sreenivasulu, B.;
Vittal, J. J. Coord. Chem. Rev. 2008, 252, 1027. (d) Noro, S.; Kitagawa, S.;
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therein.
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J. Am. Chem. Soc. 2009, 131,6934. (g) Kim, T. H.; Shin, Y. W.; Jung, J. H.; Kim,
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Chem. Commun. 2008, 3402.
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Figure 5. (a) The y,,7 vs T plots under different fields at low tempera-
ture for A1-H,0. (b) The ., 7 vs T'and x,,, vs T plots under different fields
atlow temperature for dehydrated sample A1'. (c) The y,,, 7 vs T'and x,, vs
T plots under different fields at low temperature for dehydrated sample
A2'. (d) Magnified y,,7 vs T plots under different fields for A2’ in the
range of 2—8.5 K.

was considered for intertrimer interactions. The best
fitting parameters are J = —0.88 cm™ ', z/' = +0.02cm ™!,
and g = 2.02 (Supporting Information, Figure S3).

For dehydrated sample A1’, the y,, and y,,,T product
exhibit a monotonous increase and decrease upon cool-
ing, respectively. The absence of magnetic field depen-
dence and no abrupt increase in the y,,7" value at low
temperature (Figure 5b) suggests the disappearance of a
spin-canting effect upon dehydration. A least-squares fit
of the magnetic susceptibility data, based on the above-
mentioned model, led to the values of J = —1.57 cm™ !,
zJ'=—=0.47cm ', and g = 2.03 (Supporting Information,
Figure S3), revealing a slight enhancement of antiferro-
magnetic coupling interactions in A1’. Interestingly, the
dehydrated sample A2’ exhibits a magnetic property
which is different from that of A1’. With lowering tem-
perature, the y,, value increases steadily to reach an inflec-
tion point at about 6 K. Below this temperature, the y,
value increases slowly and is field dependent (Figure Sc).
The y,, T vs T curves at different applied fields show the
appearance of a very small spontaneous magnetization
below 6.5 K along with a small increase in y,,,7 values as
the applied field decreases, which implies the existence
of a canted antiferromagnetic state (Figure 5d). These
distinct magnetic behaviors at low temperature clearly
reveal that the two dehydrated samples possess different
structural characteristics. When A1’ and A2’ were rehy-
drated, the primordial magnetic behaviors can be recov-
ered (Supporting Information, Figure S4). In this case, it
should be noted that the magnetic behavior of the rehy-
drated A1’ corresponds to that of A2-2H,O0.

For both isomers A1-H,O and A2-2H,0, the spin-
canted antiferromagnetism is observed. Due to the iso-
tropic character of the high-spin Mn" ion, the existence of
the slanted basal planes of adjacent Mn" ions should
be responsible for this canting effect.'” When the two
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compounds are totally dehydrated, only the Mn;(hpdc),
coordination skeleton is kept in A1’ and A2'. The differ-
ence in magnetic behavior of the dehydrated samples
clearly shows the effect of chain orientations. For A1,
the plywood-like stacking hampers the migration of the
1D chains, therefore, no significant interchain interaction
may take place upon dehydration. The departure of the
axial water molecules brings about a configuration modi-
fication from twist to flatness, resulting in the disappea-
rance of a spin-canting effect. For A2/, the 1D chains
packing as parallel bundles are less affected by steric
hindrance. The removal of coordinated water allows the
formation of the axial Mn—O interactions involving the
oxygen atoms of carboxylate groups of neighboring
chains through interchain aggregation, which may induce
the structural deformation of the chain skeleton and
facilitate the formation of high-dimensional framework.
Therefore, a different magnetic behavior from that of A1’
can be found. From IR spectra, it can be found that a new
intense and broad band appeared at 1618.29 cm ™' in A2/
(Figure 4), except that the characteristic v,,(COO™)
vibrations of both compounds shift to a low wavenumber
after dehydration. This observation clearly shows the
difference of a carboxylate bridging mode in Al and
A2, supporting the axial coordination of carboxylate
oxygen atoms.'” Up to date, the solvent-induced struc-
tural and magnetic conversion has attracted intense
interest,'® and several interesting examples have shown
that a condensation process of the low-dimensional
skeleton into the high-dimensional system may occur
after the loss of the coordinated water molecules in order
to maintain the octahedral environment of the metal
ion." Our results demonstrate an important influ-
ence of skeleton orientation on such a process and
suggest a potential pathway for manipulating skeleton
orientation.

Conclusion

The present studies describe a thermal dehydration-as-
sisted packing isomerization of one-dimensional (1D) coor-
dination polymer chains. A reversible phase transformation
between parallel staggered and plywood-like stacking of
chains can be completed in multiple ways, such as solution,
solid to solid, or crystalline to amorphous to crystalline
processes. These results not only provide a new insight into
understanding the intrinsic connection of packing geometry
of different structures but also are intriguing for further
design and synthesis of advanced functional materials.
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