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Coordination polymers from alkaline-earth nodes
and pyrazine carboxylate linkers†

Yiwen Tang,a Alexandre Cavaco Soares,a Marilena Ferbinteanu, b Yuan Gao,a

Gadi Rothenberg a and Stefania Tanase *a

A new series of alkaline-earth-metal based coordination polymers were synthesized by using a pyrazine-

2,5-dicarboxylic acid (2,5-H2pzdc) ligand under hydrothermal conditions. These compounds show a

variety of structural topologies, reflecting the variable coordination geometries of the alkaline-earth ions

as well as the key role of the metal precursor salts. Ca, Sr, and Ba give porous three-dimensional com-

pounds, namely [Ca(2,5-pzdc)(H2O)2]·H2O (1), [Sr(2,5-pzdc)(H2O)4]·H2O (3), [Ba(2,5-pzdc)(H2O)4]·2H2O

(4) and [Ba(2,5pzdc)(H2O)2] (5), that feature one-dimensional hydrophilic channels which are filled with

water molecules. The Sr compound retains its structure when the lattice water molecules are removed,

while the other compounds undergo a structural rearrangement. The hydrophilicity of the Sr compound

combined with its high stability even in the absence of guest molecules are the key characteristics that

determine its good water adsorption and proton conductivity properties.

Introduction

Building coordination polymers and metal–organic frame-
works (MOFs) from alkaline-earth ions and organic ligands is
much less explored as compared with MOFs built from tran-
sition metal or lanthanide ions.1–7 This is mainly due to the
unpredictable coordination numbers and flexible coordination
geometries of alkaline-earth cations, as well as to their tendency
to form solvated organic–inorganic ionic layers instead of
MOFs.3,8–11 These properties pose challenges to the rational
design and crystallization processes of alkaline-earth coordi-
nation polymers and MOFs. However, the strong ionic character
and the relative high charge of alkaline-earth ions enable the
synthesis of coordination polymers and MOFs with versatile
structures which have great chemical and thermal stability.12,13

Indeed, recent studies showed important developments on
designing alkaline-earth metal based MOFs for various appli-
cations, such as molecular storage and separations,14–17 proton
conductivity18–21 and mechanochemical applications.22

Alkaline-earth metal ions have high affinity towards oxygen-
based ligands, similar to lanthanide ions. Inspired by our

recent work on lanthanide-based MOFs,23,24 we embarked on a
systematic study to understand the coordination of small poly-
carboxylate ligands, e.g. pyrazine-2,5-dicarboxylic acid (2,5-
H2pzdc), to alkaline-earth metal ions (Ca2+, Sr2+ and Ba2+). The
2,5-H2pzdc ligand contains two distinct donor groups, namely
the oxygen atoms of the carboxylic groups and the nitrogen
atoms of the pyrazine ring. These enable the formation of
highly hydrophilic MOFs that bind water selectively and have
high thermal stability.25 Furthermore, the coordination versati-
lity of the 2,5-H2pzdc ligand is expected to lead to a variety
of structural topologies.26,27 To the best of our knowledge,
there are few studies reporting the ability of 2,5-H2pzdc to
form MOFs,23–27 and this is the first one to report in detail
the coordination of 2,5-H2pzdc to alkaline-earth metal ions.
There is only one study reporting the crystal structure of a Sr2+

compound with 2,5-H2pzdc
28 and a few more alkaline-earth

coordination polymers or MOFs containing the ligands
pyrazine-2,3-dicarboxylic acid (2,3-H2pzdc),

29–31 pyrazine-2,6-
dicarboxylic acid (2,6-H2pzdc)

32,33 and pyrazine-2,3,5,6-tetra-
carboxylic acid (2,3,5,6-H4PZTC).

34–36

Here we report on the coordination of 2,5-pzdc to alkaline-
earth metal ions, providing details on the synthesis and
characterization of five polymeric frameworks which contain
Ca2+, Sr2+ and Ba2+ as nodes. We highlight the diversity of the
framework structures obtained as a function of the synthetic
conditions used. Then, we discuss the physical properties
associated with specific hydrophilic molecular networks,
including water adsorption and proton conductivity
properties.

†Electronic supplementary information (ESI) available. CCDC 1543807, 1543809
and 1543819–1543822. For ESI and crystallographic data in CIF or other elec-
tronic format see DOI: 10.1039/c8dt02177e

aVan ‘t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park

904, 1098 XH Amsterdam, The Netherlands. E-mail: s.grecea@uva.nl
bFaculty of Chemistry, Inorganic Chemistry Department, University of Bucharest,

Dumbrava Rosie 23, Bucharest 020462, Romania
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Experimental

All chemicals and solvents were purchased from commercial
suppliers and used as received. The ligand, pyrazine-2,5-dicar-
boxylic acid (2,5-H2pzdc) was recrystallized from hot water for
single-crystal structure analysis.

Synthesis of alkaline-earth compounds

In a pressure resistant tube, 0.2 mmol of alkaline-earth metal
salts, 0.2 mmol of 2,5-H2pzdc and 20 ml of water were com-
bined. Then the mixture solution was heated at 120 °C for
48 hours in a preheated oven (see Scheme 1 for details). After a
slow cooling down, the resulting white crystalline solids were
separated by gravitation filtration and washed twice with 5 ml
of ethanol.

[Ca(2,5-pzdc)(H2O)2]·H2O (1)

Compound 1 was obtained following a similar procedure as
discussed above but using 20 ml mixture of N,N-dimethyl-
methanamide (DMF, 10 ml)/water (10 ml) as solvent. Yield:
39.1 mg (75% based on metal). IR (KBr, cm−1): 3158 (br), 2122
(s), 2105 (m), 1606 (m), 1573 (m), 1488 (w), 1415 (m), 1328 (m),
1295 (m), 1194 (m), 1050 (s), 806 (m), 727 (w), 555 (w). C, H, N
analysis (%): calcd C 27.66, H 3.07, N 10.76; found C 27.75, H
3.17, N 10.67.

[Ca(2,5-pzdc)(H2O)4] (2)

Yield: 44.5 mg (80% based on metal). Using Ca(OH)2 in the
general procedure described above, we obtained a white crys-
talline solid which is a mixture of the [Ca(2,5-pzdc)(H2O)2]·H2O
and [Ca(2,5-pzdc)(H2O)4] compounds. Because the single-crys-

tals of compounds 1 and 2 have different shapes, they can
easily be distinguished in the mother liquid using an optical
microscope. Therefore, they can be separated for single-crystal
XRD measurements. Detailed characterization was performed
only for compound 1 since only this compound was obtained
in pure form.

[Sr(2,5-pzdc)(H2O)4]·H2O (3)

Yield: 50.9 mg (75% based on metal). IR (KBr, cm−1): 3250
(br), 1597 (s), 1465 (m), 1384 (s), 1306 (s), 1180 (s), 1044 (s),
940 (w), 860 (w), 826 (m), 776 (s), 708 (w), 554 (s), 509 (s),
445 (s). C, H, N analysis (%): calcd C 20.99, H 3.49, N 8.16;
found C 20.92, H 3.24, N 8.28.

[Ba(2,5-pzdc)(H2O)4]·2H2O (4)

Yield: 65.2 mg (80% based on metal). Note that this com-
pound loses the water molecules upon removing the crystals
from the mother liquid, undergoing a structural change as
indicated by PXRD. Elemental analysis results correspond to
the composition [Ba(2,5-pzdc)] and therefore, no detailed
studies were performed on this compound. IR (KBr, cm−1):
3200 (br), 2035 (m), 1827 (w), 1664 (w), 1514 (m), 1441 (s),
1315 (s), 1196 (s), 1056 (s), 956 (m), 848 (s), 603 (w). C, H, N
analysis (%): calcd C 25.08, H 1.04, N 9.76; found C 24.91, H
1.93, N 10.37.

[Ba(2,5-pzdc)(H2O)2] (5)

Yield: 57.1 mg (85% based on metal). IR (KBr, cm−1): 3350
(br), 1613 (s), 1473 (m), 1392 (s), 1369 (w), 1301 (s), 1174 (s),
1035 (s), 956 (m), 821 (s), 775 (s), 693 (w). C, H, N analysis (%):
calcd C 21.23, H 1.77, N 8.26; found C 21.53, H 2.05, N 8.27.

Physical characterization

Infrared spectra (IR, 4000–400 cm−1, resol. 0.5 cm−1) were
recorded on a Varian 660 FTIR spectrometer equipped with a
Gladi ATR device using KBr pellets as the transmission tech-
nique. Powder X-ray diffraction (PXRD) measurements were
carried out on a Rigaku Miniflex X-ray diffractometer. Data
were recorded from 3° to 60° with a turning speed of 2.5° per
min. Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) measurements were carried out on a
STA 449 F3 Jupiter® (NETZSCH Instrument) unit. The
measurements were performed under the air atmosphere with
a flow of 20 ml min−1. Water adsorption measurements for
both the as-synthesized and dehydrated compounds 1 and 3 at
30 °C were performed in a micro-calorimeter (Calvet C80,
Setaram) which can operate isothermally and is connected to a
home built manometric apparatus. The dehydrated phases of
compounds 1 and 3 were obtained via solvent evacuation
under vacuum at 100 °C for 6 h.

Conductivity measurements

Samples were prepared for impedance analysis by grinding the
crystalline product with a mortar and pestle to uniform par-
ticle size. Disk-shaped pellets were prepared by using a press
and a die measuring 13 mm in diameter. The pellet was

Scheme 1 Top: Synthetic routes used to crystallize various coordi-
nation polymers using alkaline-earth metal salts and 2,5-H2pzdc.
Bottom: The four different coordination modes of 2,5-pzdc linker
observed within the isolated compounds. All red bonds and spheres
refer to the coordinated and lattice water molecules. All hydrogen
atoms within these structures are removed for clarify.
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placed between a pair of parallel copper plates anchored by a
clamp. The typical thickness of the sample was ∼0.4 mm
(±0.05 mm). The electrochemical cell was then fixed with a
clamp and placed in a humidity-controlled environment which
is controlled by different saturated salt solutions. Impedance
analysis was measured using 4-points method at different
temperatures (303 K to 353 K) and various relative humidities
(RH; 44% to 98%). Electrochemical impedance spectroscopy
(EIS) tests were carried out under open-circuit voltage (OCV)
condition using a Gamry potentiostat (Reference 600) with a
frequency range of 106 Hz to 0.1 Hz and a voltage amplitude
of 10 mV.

Structure determination and refinement

Single crystals of the ligand 2,5-H2pzdc and compounds 1–5
were mounted each on a glass fiber. The crystal data have been
collected on a Rigaku R-AXIS RAPID II diffractometer using
graphite monochromated Mo-Kα radiation (λ = 0.71075 A) and
the ω–ϕ scan technique. The structures were solved by direct
methods and refined anisotropically using a full-matrix least-
squares method based on F2 with the SHELXL 97 program.37,38

Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were located and included at their calculated positions
and they were refined by a riding model. The details of the
crystal parameters, data collection and refinement for ligand
are listed in Table S1† and for all complexes are listed in
Table S2 (ESI†). CCDC 1543807, 1543809, 1543819, 1543820,
1543821, 1543822† include all supplementary crystallographic
data for this paper.

Results and discussion
Crystal structure analysis

Five alkaline-earth compounds were synthesized using various
alkaline-earth salts and 2,5-H2pzdc as starting materials. This
was done by varying both the type of alkaline-earth salt as well
as the solvent of the reaction. Scheme 1 shows the details on
reaction parameters varied and the type of the compounds
obtained. Both single-crystals and polycrystalline powders were
obtained in all cases. Crystallographic details are shown in
Section S1 in ESI.†

During our attempts to synthesize various MOFs with alka-
line-earth ions, we have also grown single crystals of the
2,5-H2pzdc ligand in water. Fig. 1 shows its molecular crystal
packing with the hydrogen bonding interactions between
carboxylate groups, nitrogen atoms of the pyrazine ring and
the lattice water molecules. Due to the strong hydrogen bonds
established between the 2,5-H2pzdc ligand and the crystalliza-
tion water molecules, we have foreseen that water molecules
might play a key role in the MOFs crystallization process.
Therefore, we performed all syntheses in aqueous conditions.

Compound 1 crystallizes in the triclinic space group P1. The
asymmetric unit contains one Ca2+ ion, one fully deprotonated
2,5-pzdc2− linker, two coordinated water and one lattice water
molecules. Fig. 2a shows that the Ca1 ion is coordinated to six

oxygen atoms and two nitrogen atoms to form a distorted
dodecahedral coordination geometry. Four coordination sites
are occupied by two different carboxylate oxygen atoms and
two nitrogen atoms (O1, O3, N1 and N2) from two 2,5-pzdc2−

linker in a chelated fashion, and the other four sites are occu-
pied by two bridging carboxylate oxygen atoms (O3′ and O4)
from two different 2,5-pzdc2− ligands and two oxygen atoms
(O5 and O6) from two coordinated water molecules. The Ca–O
bond lengths are in the range from 2.395 to 2.536 Å, and the
Ca–N bond lengths are 2.575 Å and 2.647 Å, respectively. The
2,5-pzdc2− linkers exhibit two independent coordination
modes in the molecular framework of 1, one ligand being co-
ordinated to six Ca2+ ions and the other one binding two Ca2+

ions (see Fig. 2b and c). The Ca1 dodecahedron in 1 is con-
nected by two bridging carboxylate oxygen atoms to a neighbor
dodecahedron to form a dinuclear unit. Then, these dinuclear

Fig. 1 The molecular structure of 2,5-H2pzdc showing the hydrogen
bonding (dash blue lines) interactions. Colour code: H, white; O, red; N,
purple; C, grey.

Fig. 2 (a) The coordination environment of the Ca1 ion; (b, c) The
coordination modes of the 2,5-pzdc2− linker in 1; (d) View of the 3D
structure of 1 along a axis showing the 1D channels filled with water
molecules. The 2,5-pzdc2− linkers are presented in blue and magenta,
illustrating the different coordination modes. Colour code: Ca, green; O,
red; N, purple; C, grey; H, white.
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units can be viewed as a 6-connected node which is linked
through 2,5-pzdc2− linkers to six adjacent same units to give a
three-dimensional (3D) structure. One-dimensional (1D)
rhombohedral channels can be observed along the a direction
and these channels are occupied by lattice water molecules
(see Fig. 2d).

Compound 2 crystallizes as colourless needles in a mono-
clinic system with the space group C2/c. Fig. 3 shows that 2
consists of Ca2+ ions linked by 2,5-pzdc2− ligands, giving rise
to a 1D chain. The asymmetric unit consists of one Ca2+ ion,
one fully deprotonated 2,5-pzdc2− ligand and four coordinated
water molecules. As shown in Fig. 3a, Ca1 is surrounded by six
oxygen atoms and two nitrogen atoms to adopt a distorted
dodecahedral coordination geometry. Within this distorted
dodecahedron, the coordination sphere of Ca1 ion contains
two carboxylate oxygen atoms and two nitrogen atoms (O1,
O1′, N1 and N1′) from two 2,5-pzdc2− ligands in a chelated
fashion as well as other four oxygen atoms (O3, O3′, O4 and
O4′) from four coordinated water molecules. The Ca–O bond
lengths are in the range from 2.411 to 2.539 Å, and the Ca–N
bond length is 2.570 Å. Fig. 3b shows that the carboxylate
groups of the fully deprotonated 2,5-pzdc2− ligand in 2 have
only one coordination mode. In this case, the carboxylate
groups bridge one Ca2+ ion in a η1 mode. The connection of
the Ca2+ ions through bridging 2,5-pzdc2− ligands leading to a
1D zig-zag chain and each chain is connected to six adjacent
chains through hydrogen bonding interaction. (see Fig. 3c).

Compound 3 crystallizes in triclinic space group P1. The
asymmetric unit consists of two Sr2+ ions, two fully deproto-
nated 2,5-pzdc2− linkers, eight coordinated water and two
lattice water molecules. Both Sr2+ ions are surrounded by seven
oxygen atoms and two nitrogen atoms displaying equivalent
coordination spheres but with different coordination bond
lengths (see Fig. 4a). In this case, both Sr1 and Sr2 are linked
to two different carboxylate oxygen atoms and two nitrogen
atoms (O1, O7, N1, N4) from two 2,5-pzdc2− ligands in a che-
lated fashion as well as the third carboxylate oxygen atom (O5)
from the third 2,5-pzdc2− linker and four oxygen atoms (O9,

O10, O11, O12) from four coordinated water molecules. The
Sr1–O bond lengths range from 2.563 to 2.694 Å, while Sr2–O
bond lengths range from 2.575 to 2.725 Å. The Sr1–N and
Sr2–N bond lengths are 2.804, 2.810, 2.772 and 2.857 Å,
respectively. Fig. 4b and c show that the 2,5-pzdc2− linkers
adopt two different coordination modes in 3, one bridges four
Sr2+ ions and the other one bridges two Sr2+ ion. The connec-
tion of Sr2+ ions through 2,5-pzdc2− linkers and the hydrogen
bonding interactions between coordinated water and lattice
water molecules lead to a 3D structure (see Fig. 4d). The
distorted hexagonal 1D channels along the b direction are
occupied by lattice water molecules. Single-crystals of 3 can
also be obtained by mixing hot aqueous solutions of SrCO3

and 2,5-H2pzdc, followed by cooling at room temperature.28

Compounds 4 and 5 were synthesized under the same
experimental conditions but using different starting barium
salts. Two different crystal structures were obtained, as con-
firmed by the single-crystal XRD analysis. Compound 4 crystal-
lizes in the monoclinic space group C2. The asymmetric unit
contains one Ba2+ ion, one fully deprotonated 2,5-pzdc2−

ligand, four coordinated water and two lattice water molecules.
The Ba1 ion is coordinated to eight oxygen atoms and two

Fig. 3 (a) The coordination environment of the Ca1 ion in 2; (b) The
coordination modes of the 2,5-pzdc2− linker in 2; (c) View of the 1D
chain of 2 along b axis; the lattice water molecules are removed for
clarity. The 2,5-pzdc2− linkers are presented in magenta, illustrating the
same coordination mode. Colour code: Ca, green; O, red; N, purple; C,
grey.

Fig. 4 (a) The coordination environments of the Sr1 and Sr2 in 3; (b, c)
the coordination modes of the 2,5-pzdc2− linker in 3; (d) view of the 3D
structure of 3 along the b axis showing the channels filled with water
molecules. The 2,5-pzdc2− linkers are presented in green and magenta,
illustrating the two different coordination modes. Colour code: Sr, dark
blue; O, red; N, purple; C, grey.
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nitrogen atoms to form its coordination sphere. The two car-
boxylate oxygen atoms and two nitrogen atoms (O1, O3, N1,
N2) are from two 2,5-pzdc2− linkers which are bound in a
chelate fashion. Then, Ba1 is further coordinated by two car-
boxylate oxygen atoms (O1′, O3′) from two 2,5-pzdc2− linkers
as well as four oxygen atoms (O5, O6, O7, O8) from four co-
ordinated water molecules (see Fig. 5a). The Ba1–O bond
lengths range from 2.769 to 3.061 Å, whereas the two Ba1–N
bond lengths are identical and equal to 2.90 Å. Fig. 5b shows
that all 2,5-pzdc2− linkers adopt one coordination mode, brid-
ging two Ba2+ ions. The Ba1 polyhedron unit is linked through
four μ2–η2 carboxylates groups and two monoatomic oxygen
atoms from the coordinated water molecules to form a dinuc-
lear Ba2 unit. These dinuclear units are connected by 2,5-
pzdc2− linkers and hydrogen bonding interaction between the
coordinated and lattice water molecules, leading to a 3D struc-
ture. The rhombohedral 1D channels along the c direction are
occupied by lattice water molecules.

Unlike 4, compound 5 crystallizes in the monoclinic space
group C2/c. The asymmetric unit of 5 has one Ba2+ ion, one
fully deprotonated 2,5-pzdc2− linker and four coordinated

water molecules. Each Ba1 is bridged to ten oxygen atoms, in
which four oxygen atoms (O1, O1′, O2, O2′) from two 2,5-
pzdc2− linkers coordinated in a chelated fashion and two
oxygen atoms (O1″, O1′′′) from two 2,5-pzdc2− linkers bound in
a monodentate mode. The other four oxygen atoms (O3, O3′,
O3″, O3′′′) are from four coordinated water molecules
(see Fig. 6a). The Ba1–O bond lengths are in the range 2.774 to
2.993 Å. Fig. 6b shows that the carboxylate groups within
2,5-pzdc2− linkers adopt one coordination mode, bridging
three Ba2+ ions in a bridging–chelating μ2–η2,η1 mode.
As shown in Fig. 6c, the connection of Ba2+ ions through
2,5-pzdc2− linkers and bridging coordinated water molecules
leads 5 to a 3D structure with distorted rectangular channels
along the b direction.

Compounds 1–5 exhibit five different crystal structures,
revealing the expected versatile coordination modes of the
alkaline-earth metal ions as well as the influence of the start-
ing metal salts and the reaction conditions used. A clear trend
in the connectivity of various alkaline-earth metal ions with
the same linker 2,5-pzdc2− can be observed in this work. Thus,
the coordination number is 8 for Ca2+ and it increases to 10
for Ba2+, reflecting the increase of the ionic radius from Ca2+

Fig. 5 (a) The coordination environment of the Ba1 ions in 4; (b) the
coordination modes of the 2,5-pzdc2− ligand in 4; (c) view of the 3D
structure of 4 along the c axis showing the rhombohedral channels
filled with water molecules. The 2,5-pzdc2− linkers are presented in
green, illustrating the same coordination modes. Colour code: Ba,
orange; O, red; N, purple; C, grey.

Fig. 6 (a) The coordination environment of the Ba1 ion; (b) the coordi-
nation mode of the 2,5-pzdc2− linker; (c) view of the 3D structure of 5
along the b direction showing the empty rectangular channels. The 2,5-
pzdc2− linkers are presented in light blue, illustrating the same coordi-
nation modes. Colour code: Ba, orange; O, red; N, purple; C, grey.
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to Ba2+. This is most likely due to the decreased charge density
of the alkaline-earth metal ions with larger ionic radius and
their tendency to complete the coordination sphere by
π-interactions with the pyrazine linker 2,5-pzdc2−.3

The Ca2+ ion shows the most diverse coordination modes
among the reported alkaline-earth metal based coordination
compounds (see a detailed comparison in Table S3†). The
coordination numbers range from 6 to 9 in different cases and
the crystal structures are completely different from each other
even though sometimes they bear similar or even the same
ligand.14,20,29,34,35,39–41 This behavior is likely due to the high
polarizability and hygroscopic nature of the Ca2+ ion.20 Other
larger ions, Sr2+ and Ba2+, have higher coordination numbers
such as 8, 9 and 10, and prefer to form 3D structure built from
1D metal ion-carboxyl chains (also see Table S3†).33,42–44 Such
examples indicate that a diversity of crystal structures can be
obtained by employing alkaline-earth metal ions as metal node
with different, similar or even the same organic ligands as linker.

Materials characterization

The phase purity of compounds 1–5 was confirmed by compar-
ing the experimental and simulated powder X-ray diffraction
(PXRD) patterns (see Fig. 7 and S1–S5†). The results indicate
that only bulk compounds 1, 3 and 5 have a crystalline phase
purity, in which all major peaks of experimental PXRD are in
good agreement with the simulated ones. However, the bulk
compound 2 presents a mixture phase which contains both
[Ca(2,5-pzdc)(H2O)2]·H2O and [Ca(2,5-pzdc)(H2O)4], as also con-
firmed by single-crystal XRD studies. For the bulk compound 4,
there is a great difference between the experimental and simu-
lated PXRD patterns, which we attribute to a crystal structure
rearrangement derived from the crystal weathering effect.16

Based on the XRD results, we decided to perform thermo-
gravimetric analysis (TGA) to verify the thermal stability of
compounds 1, 3 and 5. Fig. 8 reveals that their frameworks are
stable up to ca. 450 °C in air, decomposing above this tempera-

ture. Compounds 1 and 3 display a similar TGA curve with two
steps of weight loss below 300 °C. The first weight loss step of
15 wt% (calc. 14 wt%) and 6 wt% (calc. 5 wt%) for 1 and 3 in
the temperature range 75–110 °C is assigned to the removal of
the lattice water and half of the coordinated water molecules for
1 as well as all lattice water molecules for 3. The second weight
loss step of 5 wt% (calc. 5 wt%) for both 1 and 3 in the tempera-
ture range of 220–260 °C corresponds to the removal of the
other half of coordinated water molecules for 1 and one co-
ordinated water molecule for 3, respectively. However, com-
pound 5 exhibits a different one step weight loss curve, in
which 10 wt% (calc. 10 wt%) in the temperature range of
100–150 °C is assigned to the removal of all the coordinated
water molecules for 5. Based on the TGA results, we can activate
these alkaline-earth based MOFs by heating to remove the guest
water molecules and study further their potential applications.

Therefore, we designed a suitable activation process for
compounds 1 and 3 to effectively remove the lattice water
molecules. Consequently, 1 and 3 were heated at both the
100 °C and 200 °C under vacuum (<10−4 torr) for 6 h. The TGA
results (see Fig. S6 and S7 in the ESI†) on the activated 1 and 3
indicate that all the lattice water molecules are removed below
100 °C. Additionally, 1 lost half of its coordinated water mole-
cules under the same temperature. Upon activation at 200 °C,
the TGA curve of 1 remains the same, whereas 3 loses some co-
ordinated water molecules. The PXRD patterns of the activated
1 and 3 (see Fig. S1 and S3†) indicate that the coordinated
water molecules play a key role in stabilising the molecular
structure of these alkaline-earth compounds. A significant
crystal structure change is observed upon removing the co-
ordinated water in 1 and 3.

Water adsorption studies

As we reported earlier, lanthanide-based MOFs constructed
from 2,5-H2pzdc linkers undergo a reversible phase change
upon dehydration–rehydration procedures.45 To investigate
whether the new alkaline-earth compounds show similar be-

Fig. 7 PXRD patterns of the as-synthesized alkaline-earth based MOFs.
Colour code: 1 (green), 2 (red), 3 (dark blue), 4 (wine) and 5 (orange).

Fig. 8 TGA curves of the as-synthesized alkaline-earth based MOFs.
Colour code: 1 (green), 3 (dark blue) and 5 (orange).
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havior, a water adsorption study was carried out. Here we used
both forms of the compounds 1 and 3, as synthesized and acti-
vated (at 100 °C), respectively. Fig. S8† shows that the water
uptake is 3.96 wt% (2.2 mmol g−1) for as-synthesized 1, indi-
cating that 0.5 extra water molecules per Ca2+ metal ion can be
incorporated inside the framework at saturated pressure (P/P0

= 0.98). The extra water uptake reveals the structural flexibility
of 1, which is usually observed in molecular networks which
contain metal ions with high coordination numbers.46,47 For
activated 1, however, a very low water uptake of 0.9 wt%
(0.5 mmol g−1) is observed even at the saturated pressure. It is
probably due to an irreversible crystal structure change derived
from losing the coordinated water molecules upon activation
(see Fig. S1†). The crystal structure change may cause the col-
lapse of the 1D channels of 1, preventing the adsorption of
water molecules.48 Additionally, the activated 1 with unsatu-
rated coordination Ca2+ ions cannot return to its original struc-
ture by adsorbing water molecules (see Fig. S1†).

Fig. 9 shows that the as-synthesized 3 has a much lower
water uptake, 0.9 wt% (0.5 mmol g−1) below the relative
pressure P/P0 = 0.8. The water uptake reaches 2.16 wt%
(1.2 mmol g−1) with the water pressure increased from 0.8 to
1.0 (P/P0). The adsorption isotherm of type V suggests that the
water molecules are adsorbed in the void between particles of
compound 3 as the capillary condensation occurred. The acti-
vated 3 takes up more water, about 4.8 wt% (2.6 mmol g−1) at
saturated pressure (P/P0 = 0.98), reflecting that one water mole-
cules per Sr2+ metal ion can be incorporated inside the chan-
nels of 3. This shows that the activated 3 rehydrated to its orig-
inal form. Compound 3 retains its original structure upon acti-
vation because no coordinated water molecules are removed
(see Fig. S3†).

Proton conduction measurements

The single crystal structural study of compound 3 shows its 1D
channels filled with water molecules running along the b axes

(see Fig. 4d). This structural feature, in addition to the co-
ordinated water molecules pointing toward channels, may
facilitate a good proton conduction path.49 Impedance spectra
measured at different relative humidities (RH) and tempera-
tures are shown in Fig. 10. It is worth noting that the amount
of water molecules within 1D channels of compound 3
increased as the water partial pressures (RH) increased.
Similar to the water adsorption, at constant temperature of
293 K, the conductivity increased from 1.12 × 10−8 to 9.05 ×
10−6 S cm−1 when RH increased from 50% to 98%. These
results indicated that the increasing of the proton conductivity
has a close relationship to the amount of water molecules
within 1D channels of 3. This is due to the water molecules
which can work as a proton carrier and grain boundary
remover.50 In the case of 3, increasing the relative humidity
facilitates the incorporation of water molecules into 1D chan-
nels by hydrogen bonding interactions with the carboxylate
oxygen atoms, coordinated and lattice water molecules, which
improve the proton conductivity.51

Subsequently, to understand the proton conduction mecha-
nism mediated by the water molecule, we compared the impe-
dance values at different temperatures, while keeping the RH
at 44%. The conductivity increased from 3.70 × 10−6 to 7.95 ×
10−6 S cm−1 with the temperature increased from 303 K to
353 K (see Fig. 10c). The proton conductivity value of 3 is com-
parable with that of MIL-53 and other alkaline-earth metal
based MOFs (a detailed comparison is given in Table S4†). The
Arrhenius activation energy of 0.16 eV is derived from these
conductivity results (see Fig. 10d). This relatively low activation
energy indicates that the Grotthuss mechanism is likely
occuring, in which a proton hops from a proton donor to an

Fig. 9 Water adsorption isotherms for as-synthesized 3 (dark blue) and
dehydrated 3 (black) at 30 °C. Filled and open symbols correspond to
adsorption and desorption cycles, respectively.

Fig. 10 (a) Impedance spectra of the dehydrated 3 at 293 K measured
at 66% (red), 86% (blue) and 98% (orange) relative humidity (RH). (b)
Impedance spectrum of the dehydrated 3 at 293 K at 50% RH (black). (c)
Impedance spectra of the dehydrated 3 at 44% RH and 303 K (red),
313 K (blue), 323 K (yellow), 333 K (green), 343 K (purple) and 353 K
(grey). (d) Arrhenius plots of the proton conductivities of dehydrated 3 at
44% RH.
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acceptor along a hydrogen bond.52,53 In the case of compound
3, the metal cations serve to improve the acidity of the co-
ordinated water molecules, which can donate protons to adja-
cent lattice water molecules; therefore, protons can be trans-
ported through the hydrogen bonding networks (see Fig. S9 in
ESI†).20 However, the plausible reason behind the low proton
conductivity of 3 is due to the hydrogen bonding network
within the 1D channel is highly asymmetric, because the
lattice water molecules are arranged as discrete clusters. This
is also observed in other proton-conducting MOF materials
(see Table S4†).54,55

Conclusions

We report here the successfully synthesis of a series of alka-
line-earth coordination polymers using a pyrazine–carboxylate
ligand as linker. These compounds exhibit a variety of crystal
structures derived from the large and flexible coordination
geometries of the alkaline-earth ions together with the coordi-
nation versatility of the 2,5-pzdc2− linker used. All compounds
with 3D networks feature highly hydrophilic open channels
which are filled with water molecules. Notably, the Sr-based
compound 3 can retain its original structure after removing all
lattice water molecules from the 1D channels, thus exhibiting
a potential proton conduction ability because of its appropri-
ate pathway for proton transporting. These results suggest that
it is possible to design water stable porous compounds made
from abundant and non-toxic alkaline-earth metal ions.
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