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ABSTRACT: A bistable dynamic coordination polymer [Ni(pca)(bdc)0.5(H2O)2] having a two-dimensional (2D) zigzag sheet
structure is synthesized solvothermally. Topological analysis revealed that the frameworks have an hcb type of uninodal net. The
compound exhibits guest specific reversible structural transformations accompanying reversible changes in physical properties
driven by inherent flexibility and transformability.

■ INTRODUCTION

Solid-state reversible structural transformations and functional
studies of bistable dynamic coordination polymers (CPs) or
metal−organic frameworks (MOFs) have recently attracted
great attention to obtain smart functional materials.1−15

Naturally available porous compounds like zeolites are very
rigid, and soft biomolecules like enzymes are quite flexible. So,
it was presumed that the rigidity and flexibility are
irreconcilable and rigidity is the essential criterion to get
porous materials. Generally, rigid porous structures with large
surface areas are very efficient for chemical storage, but their
performance for selective sorption is generally very poor. The
dynamic frameworks have a blend of both rigidity and
flexibility. Rigidity makes material efficient in storage and
flexibility in selective sorption. Kitawaga et al. classified these
dynamic frameworks as “third generation coordination
polymers”, also called “soft porous crystals”.1b,c

The bistable dynamic frameworks exhibit solid-state
structural transformations with breaking, making, or rearrange-
ment of bonds driven by external stimuli like heat, light,
pressure, etc.1b,16 Structural transformations are generally
accompanied by removal or exchange of guest, changes in
coordination number of metal containing nodes, and conforma-
tional changes in flexible parts of organic ligands.17 However,
reports of such bistable dynamic MOFs are very few due to the
difficulties in characterizing those drastic solid-state structural
transformations. Generally, such structural changes in response
to external stimuli are facilitated by weak bonding interactions
like hydrogen-bonding and π−π and C−H···π interactions.
These structural transformation induced chemical and/or

physical processes are much more complicated than encoun-
tered in the rigid frameworks. These materials offer unique
properties such as selective and hysteretic sorption, gate
opening behavior, molecular recognition, and magnetic
bistability.1b,18 Especially, magnetic bistability is very important
and recently attracted great attention to the MOF community.
In many cases during desolvation and resolvation processes
compounds exhibit reversible changes of their magnetic
properties due to loss or gain of solvent molecules, known as
solvatomagnetic effect.19 Thus, investigation of solid-state
structural transformations between bistable phases and their
correlation with the properties is very crucial to design smart
functional materials. Herein, we report the synthesis of
[Ni(pca)(bdc)0.5(H2O)2] (1) based coordination polymer
and its dynamic behavior. The reversible solid-state structural
transformations were accompanied by distinct color change on
de/rehydration. The selective sorption properties were
observed for adsorbates like H2O over MeOH, EtOH, THF,
toluene, etc. The dynamic and static magnetic measurements of
compound 1 and those of the de/rehydrated forms were
performed to trace the possible reversible structural and
magnetic changes.

■ EXPERIMENTAL SECTION
Materials and Measurements. All the reagents and solvents were

commercially available and used without further purification. FT-IR
spectra were recorded on a Nicolet 6700 FT-IR spectrophotometer
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using KBr pellets (400−4000 cm−1), X-ray powder patterns were
measured on a Bruker D8 advanced X-ray diffractometer at room
temperature using Cu Kα radiation ( λ = 1.5406 Å) at a scan rate of
0.4 s/step and step size of 0.01° in 2θ, and thermogravimetric analyses
were recorded on a Perkin-Elmer STA 6000 TGA analyzer under N2
atmosphere with heating rate of 10 °C/min.
Synthesis. A single crystal of 1 was prepared by reacting 1 mmol of

Ni(NO3)2·4H2O, 1 mmol of pyrazine carboxylic acid (pcaH), 0.5
mmol of 1,4-benzene dicarboxylic acid (bdcH2), and 1 mmol of NaOH
in 6 mL of H2O by the solvothermal technique, in a Teflon-lined
autoclave. The autoclave was heated under autogenous pressure to 160
°C for 3 days and then cooled to RT over a 24 h period. Upon cooling
to RT, the desired greenish-blue crystals were obtained in ∼60% yield.
Dehydration (1′). Single crystals of 1 were heated at 140 °C under

reduced pressure for 8 h, and the green dehydrated crystals were
obtained.
Rehydration (1″). The dehydrated sample was taken in a glass vial

and kept in a slightly bigger screw cap bottle containing water and
sealed. After being stored for 3 days at room temperature, the
rehydrated phase was obtained. Rehydrated phase was also obtained
by keeping the dehydrated sample exposed to air, but the complete
rehydration takes a long time (∼30 days).
X-ray Structural Studies. Single-crystal X-ray data on 1 were

collected at 200 K on a Bruker KAPPA APEX II CCD Duo
diffractometer (operated at 1500 W power: 50 kV, 30 mA) using
graphite-monochromated Mo Kα radiation (λ = 0.710 73 Å). The
crystal was on nylon CryoLoops (Hampton Research) with Paraton-N
(Hampton Research). The data integration and reduction were
processed with SAINT20 software. A multiscan absorption correction
was applied to the collected reflections. The structure was solved by
the direct method using SHELXTL21 and was refined on F2 by full-
matrix least-squares technique using the SHELXL-9722 program
package within the WINGX23 program. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were located in
successive difference Fourier maps, and they were treated as riding
atoms using SHELXL default parameters. The structures were
examined using the Adsym subroutine of PLATON24 to ensure that
no additional symmetry could be applied to the models.
Low Pressure Sorption Measurements. Low pressure gas and

solvent sorption measurements were performed using BelSorpmax
(Bel Japan). All of the gases/solvents used were of 99.999% purity. To
obtain a guest free sample, 1 was heated under vacuum for 12 h. Prior
to adsorption measurement the guest free sample 1 was pretreated at
120 °C under vacuum for 5 h using BelPrepvacII and purged with N2
on cooling. Between the experiments with various gases, the
outgassing procedure was repeated for ca. 5 h. The CO2 sorption
isotherm was measured at 195 K, and H2O, MeOH, EtOH, THF, and
toluene sorption isotherms were monitored at 298 K.

■ RESULTS AND DISCUSSION

Compound 1 was obtained by solvothermal reaction of
pyrazine carboxylic acid (pcaH), 1,4-benzene dicarboxylic acid
(bdcH2), NaOH, and Ni(NO3)2 in H2O at 160 °C. The
reaction with Ni(II) yielded block-shaped greenish-blue crystals
which are characterized by single crystal X-ray diffraction (SC-
XRD) technique. The phase purity of the bulk material was
confirmed by powder X-ray diffraction (PXRD) and
thermogravimetric analysis (TGA). Compound 1 crystallizes
in orthorhombic crystal system with space group Pbca and was
formulated as [Ni(pca)(bdc)0.5(H2O)2] (Figure 1). The
asymmetric unit of 1 consists of one Ni(II), one pca, half
bdc, and two coordinated water molecules. Each metal ion
exhibits six coordinated octahedral geometry with N2O4 donor
set (Figure 2a). The two pyrazine rings coordinate to the metal
center, and two water molecules coordinate from the side
opposite to the pyrazine nitrogen’s forming a 1D zigzag chain
along b axis. These metal pyrazine 1D chains are connected at

regular intervals by monodentate coordination of bdc
carboxylate oxygen’s from the side opposite to the pyrazine
carboxylate, forming a 2D zigzag sheet structure. The 2D sheets
are arranged one above the other in ABAB fashion (Figure 2b),
and the free carboxylate oxygens from both the ligands of layer
A form hydrogen bonds with the coordinated water molecules
of the next A sheet present exactly above it. Similarly, the B
layer is hydrogen bonded with the adjacent B sheet present
above it forming hydrogen-bonded interpenetrated 3D
structure.

Figure 1. Arrangement of 2D sheets in compound 1 along b axis:
metal center, green; carbon, gray; nitrogen, blue; oxygen, red.
Hydrogen atoms are omitted for clarity.

Figure 2. Hydrogen bonding between adjacent layers (A−A or B−B).
(Color code: carbon, gray; nitrogen, blue; oxygen, red; nickel, green.)
(b) ABAB arrangement of 2D sheets.
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Topological analysis using TOPOS software identifies the
structure as having an hcb topological network, with uninodal
3-c net reported in TOPOS and RCSR TTD database,25 which
can be presented as a Schlafl̈i symbol 63 (see SI for TOPOS
analysis).
The thermal analysis showed that the compound is stable up

to 160 °C with negligible weight loss and then ∼12.5% weight
loss in the range 160−230 °C. This weight loss in the range
160−230 °C is attributed to two coordinated water molecules.
After losing the coordinated water molecules, the compound
forms a stable dehydrated phase which decomposes at ∼360 °C
(Figure 3a). The as-synthesized compound was heated at 140

°C under reduced pressure to get the dehydrated phase, which
was confirmed from TGA analysis. The PXRD pattern of
dehydrated phase (1′) indicates that after losing coordinated
water molecules the compound transforms to a new structure.
This dehydrated phase (1′), when exposed to water vapor,
again transformed back to as-synthesized structure (Figure 3b).
To understand these solid-state reversible structural trans-

formations a single crystal was heated in situ in the SC-XRD
instrument, but unfortunately at high temperature (>180 °C)
the compound did not retain its single crystallanity. Thus, to
trace the possible structural changes that occurred on
dehydration, IR spectra of the as-synthesized, dehydrated,
rehydrated compounds and the individual ligands were
recorded (Figure 4a). Both as-synthesized and rehydrated
compounds have a peak around 3110 cm−1 (m), corresponding
to a water molecule,26 but this peak is absent in the dehydrated
phase indicating loss of coordinated water molecules. The
peaks at 1648 cm−1 (s) and 1596 cm−1 (w) (CO

carboxylate) in the as-synthesized compound are indicative of
monodentate coordination of carboxylate. These peaks become
broad in the case of the dehydrated compound, indicating
change in the coordination environment around metal center.
On exposing the dehydrated phase to water these peaks can be
regenerated.
The visible color changes on de/rehydration motivated us to

record the solid state UV spectrum of as-synthesized,
dehydrated, and rehydrated compounds (Figure 4b). Com-
pound 1 has an absorbance maximum at 495 nm which shifts to
532 nm (1′) on dehydration, with visible color change from
greenish-blue to green (red shift). On rehydration, green (1′)
again transforms back to greenish-blue (1″) with an absorbance
maximum at 495 nm indicating that the 1 (or 1″) and 1′ can be
reversibly transformed to each other by the dehydration and
rehydration process.
Bistable flexible structures generally show selective sorption

properties. The compound did not adsorb any gas, since the as-
synthesized compound is not very porous and the desolvated
compound is supposed to transform to a more dense structure.
The sorption properties for different adsorbates (H2O,
CH3OH, EtOH, THF, and toluene) having different polarity
were investigated volumetrically for 1′ at 298 K (Figure 5). In
the case of H2O as a guest (kinetic diameter, 2.65 Å), the
sorption profile for 1′ increases almost linearly with increasing
pressure and reaches a maximum at ∼200 mL g−1, indicating
the uptake of two H2O molecules per formula unit. Desorption
showed large hysteresis with negligible H2O loss with applied

Figure 3. (a) Thermogravimetric analysis of compound 1. (b) Powder
X-ray diffraction patterns of compound 1.

Figure 4. (a) Infrared spectrum of compound 1. (b) Solid-state UV
spectrum of compounds 1, 1′, and 1″. Inset shows reversible visible
color changes in compound.
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vacuum. Interestingly, the sorption isotherms for CH3OH (3.8
Å), EtOH (4.3 Å), and toluene (4.012 Å) showed negligible
uptakes. The selective and slow uptake of H2O by the
dehydrated phase is ascribed to very small and polar pore
windows and the H-bonding between the host and the guest,
driven by inherent flexibility and transformability of the
framework.27 The selectivity was also confirmed by exposing
the dehydrated phase to THF and MeOH vapors separately for
8 days. The PXRD patterns of dehydrated (1′) and THF or
MeOH exposed (1′) samples were exactly the same indicating
that only H2O can transform the structure (Figure S3). These
results are in agreement with the sorption isotherms of these
adsorbates.
It is known that the magnetic interactions are extremely

sensitive to even the smallest change in either localized or long-
range structural ordering owing to their effects on the short-
range direct/superexchange interactions as well as long-range
dipolar interactions. The temperature dependence of magnet-
ization in ZFC and FC mode showed the χT values for 1, 1′,
and 1″ at 300 K are 1.1, 1.2, and 1.1 emu K mol−1 Oe−1,
respectively (Figure 6). These values are slightly higher than
the spin only value of 1 emu K mol−1 Oe−1, for one Ni (II) ion
with spin value 1 and Lande g value 2, which could be due to a
possible orbital contribution (Figures S4−S5). Upon cooling,
the χT value remains almost constant down to 60 K for 1 and
1″, whereas for 1′ it is 110 K. Below this temperature, the χT
value decreases sharply to reach a minimum at 0.3, 0.23, and
0.39 emu K mol−1 Oe−1 at 2 K for 1, 1′, and 1″, respectively.
The sharp decrease of χT could be due to the antiferromagnetic
interaction of the Ni(II) ions. Fitting of data above 80 K, with
the Curie−Weiss law, gives the Curie constant C = 0.91, 0.81,
and 0.87 emu K mol−1 Oe−1 and Weiss constant θ = −30, −35,
and −30 K for 1, 1′, and 1″, respectively. The large negative
Weiss constant value indicates the presence of antiferromag-
netic coupling between the Ni (II) ions. The FC and ZFC
magnetization does not show irreversibility in the measured
temperature range for all the samples. Below 300 K, the ZFC
FC magnetization curve shows a gradual increase and changes
its slope further at 80 K with no saturation effect observed until
the lowest measured temperature. The ZFC and FC magnet-
ization shows a maximum at 3 K for 1 which is a signature of
antiferromagnetic interaction between the Ni(II) ions, but 1′
and 1″ do not show any maximum as 1. The moment values for

1 and 1″ are almost the same in the measured temperature
range whereas the moment value of 1′ is lower at low
temperature. After resolvation of compound 1′, the structure of
the compound changed to a very similar structure of compound
1. This difference in magnetic moment values for 1 and 1″ is
probably due to little structural damage during the dehydration
and rehydration processes, which is very common for MOF
compounds.
In conclusion, we have successfully synthesized a 2D

coordination polymer exhibiting reversible structural trans-
formations accompanying visible color change. The compound
shows selective uptake of H2O over other organic solvents,
which is attributed to very strong affinity of polar solvent to the
metal ions and the H-bonding interaction between the host and
guest. The magnetic measurements showed the presence of
antiferromagnetic interaction in all three compounds. The
present study provides an insight into the reversible dynamic
structural transformations between the two states driven by
inherent flexibility and transformability, the characteristic
features of multifunctional materials.

Figure 5. Adsorption isotherms for 1′ at 298 K. (Filled symbols
indicate adsorption, and open symbols indicate desorption.)

Figure 6. Temperature dependence of the magnetization at 200 Oe
applied field (a) and MH loops at 2 K (b) for 1, 1′, and 1″.
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