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Abstract 

 
Metal-organic frameworks {[Ln4(pztc)3(H2O)11]•10(H2O)}n (Ln = Gd(1), Tb(2); pztc = pyrazine-

2,3,5,6-tetracarboxylate) containing variable coordination spheres and with a complex and unusual 

three dimensional structure, were synthesized by the reaction of H4pztc with the respective Ln(III) 

salt in water under hydrothermal conditions. The compounds were characterized by single crystal X-

ray crystallography, elemental and thermal analysis, and FTIR spectroscopy. The asymmetric units 

in these compounds have four symmetry-independent Ln(III) ions and these are octa- and nona-

coordinate centers, with irregular coordination polyhedra from [Ln(pztc)2(H2O)6], [Ln(pztc)2(H2O)4], 

[Ln(pztc)3(H2O)3], [Ln(pztc)3(H2O)], and [Ln(pztc)4]  cluster units.  The fully deprotonated ligand, 

pztc, coordinates to the Ln3+ ions through seven or through ten of its atoms (i.e., the maximum 

coordination number for this ligand). The three-dimensional open framework contains irregular 

channels along the [001] crystallographic direction. The channels are approximately 12 Å wide at 

their largest dimension and contain strongly hydrogen bonded water molecules of crystallization 

which further stabilize the structure. The solvent accessible volume is 20 % of the total volume. The 

structures exhibit magnetic behavior that is characteristic of the respective isolated paramagnetic 

lanthanide ions. 
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Introduction 

 

The design and preparation of coordination polymers (CPs) and metal organic frameworks (MOFs), 

particularly those containing open channels and pores, are of great interest for applications in 

heterogeneous catalysis, gas adsorption, storage, and separation, magnetism, and optical sensing.1-4  

We are interested in assembling high dimensional open MOFs structures from lanthanide ions and 

small multi-topic ligands. The optical and magnetic properties arising from f-f transitions in the 

lanthanide elements have sparked great interest in the synthesis of lanthanide-MOF structures.4e-g   

The lanthanide ions, however, can pose significant challenges in directing the structure of the 

products, due to their propensity for high and variable coordination numbers.   

In targeting organic linkers for the construction of open framework MOFs, the multi-topic aromatic 

polycarboxylic acid, pyrazine-2,3,5,6- tetracarboxylic acid (H4pztc) is very intriguing because of its 

rigidity, high symmetry, and the presence of ten (N and/or O) donor atoms.  This ligand is among 

the linkers of highest denticities used in CPs and MOFs synthesis, and therefore possesses the 

characteristics to produce polymeric networks with wide structural diversity.  The fully deprotonated 

ligand is widely reported for the synthesis of CPs and MOFs mainly in combination with selected s- 

and d- block metal ions.  Among the s-block metals are Li,5, 6 Na, K, Cs,7 Ca8, and Mg9, whereas the 

d block metals include Co10 and Cu,11-15 alkali metal-Cu,16 Mn,17-19  Fe,20 
 Ni,21,22   Ti,23

 Cd,24-26
 and 

Ag27
. 

   All, except Cd, crystallize as 1-D chains or 2-D layered CPs.  In some cases the structures 

extend into 3-D networks through hydrogen bonding.  A covalently bonded 3-D dense non-porous 

network was reported for Cd.24   

 

Zhang et al. reported the synthesis of heterometallic isostructural pztc-MOFs, namely, Ln-K (Ln = 

Ho, Dy, and Yb),28  and Ln-Na (Ln = Ce, Sm, Eu, Gd, and Tb) 29 with both series possessing 3-D 

arrangements with 1-D channels.  Thuery and Masci also reported a heterometallic 3-D structure 

containing Eu-K-pztc, which is devoid of channels and pores. 30  They also reported the use of the 

actinide element, uranium, (as UO2 species) in the synthesis of a 3-D (UO2)2- pztc MOF structure.31  

Yang et al. synthesized a 2-D layered Tb-pztc that retained its structural integrity when the inter 

layer water molecules are removed32.  To date, there is only one report of 3-D open framework 

structures that contains a homo-metallic lanthanide ion and the pztc ligand.   Quan et al. reported the 
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synthesis of isostructural 3-D Ln-pztc (Ln = Yb, Lu, and Er) MOFs containing water clusters within 

their 1-D channels.33  

 

In several of the reported pztc-containing structures, it is observed that water molecules added as a 

solvent to the synthesis mixtures also serve as a co-ligand and coordinates the metal ions within the 

structures. Further, several of the reported structures, contain pztc in combination with other co-

ligands, including, pyridine
11,22,25 

and 2,2’-bpyridine27.  It also noteworthy that partial deprotonation 

of H4pztc to H2pztc2- can occur during synthesis, leading to significant intra-ligand hydrogen 

bonding within the resulting MOF and CP structures.19,20  This may limit the extent of 

multidimensional connectivity that could otherwise be attained. 

 

We herein report the synthesis of two new isostructural 3-D open framework lanthanide MOFs,  

{[Ln4(pztc)3(H2O)11]•10(H2O)}n (Ln = Gd(1) and Tb(2)), that contain pztc and a homometallic 

lanthanide ion.  The ligand exhibits four different coordination modes, its highest observed in CPs 

and MOFs.  This, in combination with four crystallographically independent lanthanide ions present, 

results in a highly complex connectivity that generates a unique variety of cluster units, namely,  

Ln(pztc)2(H2O)6], [Ln(pztc)2(H2O)4], [Ln(pztc)3(H2O)3], [Ln(pztc)3(H2O)], and [Ln(pztc)4] within 

the structures.  The structures contains channels that are approximately 12 Å wide at their largest 

dimension, and within which strongly hydrogen bonded water molecules of crystallization that 

further stabilize the framework are present. The structures exhibit magnetic behavior that is 

characteristic of the respective isolated non-interacting paramagnetic lanthanide ions.  

 

Experimental section 

Synthesis  

General method and materials: Pyrazine-2,3,5,6-tetracarboxylic acid was synthesized according 

to published procedure.34 The other chemicals were purchased from commercial suppliers and used 

without further purification.  

Synthesis of 1 and 2. Structures 1 and 2 were synthesized in a similar manner under hydrothermal 

conditions.  In the synthesis of 1, 12.8 mL of a 3.9 mM aqueous solution of H4pztc (12.8 mg, 0.050 

mmol), and Gd(NO3)3.6H2O (16.9 mg, 0.036 mmol) were sealed in a 20 mL glass vial and heated in 
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an oven at 85 oC for 4 days.  The needle-like crystalline product was collected by filtration and 

washed with deionized H2O. The ligand to metal mole ratio in the synthesis mixture was 1:0.75 for 

both 1 and 2. The synthesis yield, chemical composition, and Fourier - transformed infrared (FTIR) 

spectral features are as follows:  

{[Gd4(C8N2O8)3(H2O)11]•10H2O}n (1). Yield = 45 %. Elemental anal. Found: C, 16.48; H, 2.26; N, 

3.71 %. Calc.: C, 16.35; H, 2.40; N, 4.77.  FTIR (cm-1): 3420 (s,br), 3200 (s, br), 1622 (s), 1400 (s), 

1328 (m), 1155 (m), 876 (w), 828 (w), 592 (w). 

{[Tb4(C8N2O8)3(H2O)11]•10H2O}n (2). Yield = 60%. Elemental anal. Found: C, 16.38; H, 2.13; N, 

4.84. Calc.: C, 16.28; H, 2.39; N, 4.75 %; FTIR (cm-1): 3420(s,br), 3200(s, br), 1629(s), 1406(s), 

1328(m), 1195(w), 1159(m), 881(m), 829(m), 773(w), 633(w), 595(w), 498(w). 

 

Characterization techniques 

Suitable crystals of 1 and 2 were selected and mounted on a Bruker APEX-II CCD diffractometer 

equipped with an Oxford Cryosystems low-temperature cryostream operating at T = 110(2) K. The 

structures were solved with Superflip using the charge flipping algorithm35 and by using Olex236 as 

the graphical interface.  The crystals of 1 (and 2) are twinned non-merohedrally.  The diffraction for 

2 was much weaker than 1 with multiple rotational twining. The model was refined with the 

Shelxl37 refinement program. The atomic coordinates for 1 were used for the refinements of 2 with 

Gd replaced by Tb. The results for the refinements are shown in Table 1.   Although the twin law for 

1 was a perfect 180 degree rotation about the (010) reciprocal direction, about half of the reflections 

were composite reflections and were difficult to integrate and scale.  The large residual peaks are 

due to the twinning.  The faces could not be measured and a numerical (face-indexed) absorption 

correction could not be applied due to the twinning.  As the material absorbs strongly, small errors 

due to twinning had a large effect on the residual densities.  Hydrogen atoms were placed in 

geometrically idealized positions and in suitable locations for forming hydrogen bonds to donor 

oxygen atoms.  The compound contains 10 water molecules that are not directly bonded to the metal 

ions, but are strongly hydrogen bonded to each other. Some of these waters are disordered and the 

distances between hydrogen atoms are short.  In the case of 2, a total of 874 restraints (mainly 

atomic displacement RIGU and ISOR restraints) were used to refine the structure. 
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Powdered X-ray diffraction (PXRD) was conducted on a Panalytical Empyrean Series 2 

Diffractometer, using Cu Kα radiation, Bragg-Brentano optics, a Pixel 3-D area detector, and with 

voltage and current settings of 45 kV and 40 mA, respectively.  FTIR measurements were recorded 

on the neat samples on a Bruker Alpha-P FTIR spectrophotometer (intensive pattern: m-medium, s-

strong, and w-weak).  Thermogravimetric analysis (TGA) was conducted on a TA Instrument Q50 

thermal analyzer. The solids were heated at a rate of 5 ºC/min from ambient temperature to 700 ºC 

under air flow. Temperature dependent magnetization measurements were carried out on a 

superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS-5S) 

in the range of 5K-320 K under an applied field strength of 1000 Oe.  The samples were prepared by 

fully dispersing an appropriate amount of dry powder in eicosane. Elemental analysis was 

performed at Atlantic Microlab, Atlanta, GA, USA.  

Results and discussion 

Synthesis 

The colorless products obtained were of small needle-like morphology.  In addition to the ligand to 

metal mole ratio of 1:0.75 used for the structures of 1 and 2, syntheses were also conducted using 

ratios of 1:1.3, 1:1.5 and 1:2.0.  Powdered XRD and single crystal X-Ray crystallography revealed 

that all products from these ratios are isostructural with 1 and 2.  It is noteworthy that full 

deprotonation of the ligand occurs in the synthesis of these structures, without the addition of a base 

to synthesis mixtures. This is in contrast to reported synthesis of other 3-D pztc structures during 

which a base is usually added.24,28-33 Also, in our attempts to synthesize structures that incorporate 

3,6-dimethylpyrazine-2,5-dicarboxylate and/or 2,2’- bpyridine as co-ligands in similar mole ratios as 

above, it was observed that the structures were resistant to incorporating these additional ligands 

under the synthesis conditions explored, as indicated by single crystal X-Ray analysis.  

 

Crystal structure description 

Compounds 1 and 2 are isostructural.  The diffraction for 1 was significantly better than 2, hence the 

structure of 1 will be discussed in detail. Selected bond lengths and bond angles for 1 are shown in 

Table 2. The lists of bond lengths, bond angles and other structural details are provided as electronic 

supplemental information (ESI). The structure is a complex 3-D metal organic framework consisting 

of four topologically inequivalent Gd(III) ions, four pyrazine tetracarboxylate ligands, eleven 

coordinated water and ten lattice water molecules (Fig. 1).  
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Fig.1. A diagram showing the four different gadolinium ions, the four inequivalent pyrazine 
molecules, and the bound water molecules in the crystal structure of 1. 
 
The gadolinium ions have variable coordination numbers and irregular coordination polyhedra based 

on the calculated bond angle variance and mean quadratic elongation.
38 The Gd-O bond distances 

vary within the range of 2.333(4) to 2.662(3) Å (Table 2). The bond length and angle variations are 

accommodated because the electronic effects are small and the atomic 4f shell does not contribute 

much to the chemical bonding. The interaction between the metal ion and the ligands is primarily 

electrostatic. Thus, in these cases steric and packing effects override electronic effects, or at least 

play a prominent role in determining bond angles. The large size of the lanthanide ion and the 

ligand’s high denticity facilitate variable geometries and high coordination numbers (eight and nine). 

The presence of coordinated water molecules is also a contributing factor.  

 

Metal coordination:  The coordination number of the gadolinium, Gd1, is nine with seven oxygen 

and two nitrogen atoms from four surrounding pyrazine ligands, and the GdN2O7 polyhedron is an 

irregular tricapped trigonal prism (Fig. 2a).39 It is the only gadolinium ion in the structure without 

oxygens from water molecules.  Four pyrazine ligands donate seven oxygen atoms as follows:  one 

pyrazine contributes a carboxylate group in k2-O2 chelating mode, a second contributes one oxygen 

atom from a carboxylate group in k-O mode, and the third (and fourth) ligand contributes one 

oxygen each from two of its carboxylates that are ortho to a ring-nitrogen. For the third and fourth 

ligand, the two ortho oxygen atoms and the nitrogen atom, bind the metal in tridentate k3-O’NO”- 
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chelating mode.  This -ONO- coordination mode is also observed in 3-D uranyl and cadmium 

coordination polymers.24,31 The Gd-O bond lengths range from 2.344 (3) to 2.506(3) Å and the Gd1-

N bond lengths range from 2.519(3) to 2.611(3) Å   [average bond length is 2.45 (3) Å], while the 

O-Gd-O angles range from 54.4 (1) to 84.9(1)° (Table 2).  

  

Fig. 2a. 

 

The second symmetry independent metal, Gd(2), coordinates eight oxygen atoms with the GdO8 

polyhedron in a more regular square antiprism geometry. Four of these oxygens are from 

monodentate water molecules (Fig. 2b). The remaining four oxygens are from two pyrazine 

tetracarboxylate ligands, with each ligand contributing one O atom in k-O mode from each of two 

adjacent carboxylate groups. The Gd-O bond lengths range between 2.333(3) Å and 2.421(3) Å.  

 

 

Fig. 2b. 
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Gd(3) is nine coordinate with seven oxygen atoms and two nitrogen atoms in an irregular tricapped 

trigonal prism geometry (Fig. 2c). Four oxygens and two nitrogens are from two pztc ligands, with 

each ligand in tridentate k3-O’NO” chelating mode involving single oxygen atoms from two of its 

carboxylates, and the adjacent nitrogen atom of the pyrazine ring. Two Gd-O bonds are from the 

carboxylate oxygens of a third bridging ligand in bidentate k2- O’O” chelating mode.  The Gd3-O 

bond lengths range between 2.376(3) Å and 2.490(3) and the Gd3-N bond lengths range from 

2.520(3) to 2.662(3) Å. The ninth bond is with an oxygen from one coordinated water molecule, 

with Gd3-O(9W) bond length of 2.400(3) Å.  

 

 

Fig. 2c. 

The fourth symmetry independent metal, Gd4 is nine coordinate with a distorted tricapped trigonal 

prism geometry (Fig. 2d). This ion is highly hydrated: Six Gd-O bonds are with the oxygen atoms of 

six coordinated water molecules with Gd4-O(W) bond lengths ranging between 2.393(3) to 2.507(3) 

Å. Presumably, this range in distances is dictated by hydrogen bonding and ligand-ligand repulsions. 

Two bonds to oxygens are formed with one pztc ligand. The ligand contributes one oxygen atom 

from each of two adjacent carboxylate groups. The third Gd-O bond is with a carboxylate oxygen of 

a second pztc ligand. The Gd4-O bond lengths range between 2.339(3) and 2.541(3) Å.  
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Fig. 2d. 
 

 
Fig. 2. Coordination environments of the 4-different gadolinium ions, (a) Gd1, (b) Gd2, (c) 

Gd3, and (d) Gd4. 
 

The observed Gd-O bond lengths are within the range typically reported for Gd-MOFs with oxygen-

containing ligands.40-43 Likewise, the Gd-N bond lengths are within the range typically reported for 

Gd- MOFs with nitrogen-containing ligands.44,45 Compound 2 shows bond angles and bond lengths 

(Tables S1-S3) similar to those that are generally reported for Tb-N, Tb-O or Tb-ONO coordination 

in MOFs.46 This wide range in bond distances associated with the multiple coordination modes of 

the ligands is significant and results in the complex network structure.  

Ligand coordination:  There are four inequivalent pztc ligands (and eleven inequivalent water 

molecules) and four different complexing gadolinium atoms. Two pyrazine tetracarboxylate ligands 

coordinate as decadentate and the other two are heptadentate (Fig. 3). Both decadentate pyrazine 

tetracarboxylates are µ4-ligands (each coordinates 4 metal atoms, with 2 metal atoms by two donor 

atoms and 2 metal atoms by three donor atoms). 
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Fig. 3.  Coordination modes of pztc. 

One heptadentate pyrazine is a µ3-ligand, coordinating two metal atoms by two donor atoms, and 

one metal atom by three donor atoms of the ligand. The second heptadentate pyrazine is a µ4-ligand. 

It coordinates two metal atoms with one donor atom, one metal atom by two donor atoms, and one 

metal atom by three donor atoms. This diverse combination of coordination modes by pztc, 

represents a first for this ligand in MOFs, to the best of our knowledge. 

Two subnets are visible when the structure is projected on the (100) plane, and these are linked by 

the hydrated gadolinium ions, Gd2 and by Gd4 (Fig. 4).  
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Fig.4. The structure of {(Gd4(pztc)3(H2O)11•10(H2O)}n viewed along the a-axis. 

The first subnet is an infinite two-dimensional layer of nine coordinate gadolinium ions (Gd1) 

bridged by pyrazine ligands parallel to the (001) plane (Fig. 5). 
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Fig.5.  A subnet consisting of an infinite two-dimensional layer of nine coordinate gadolinium ions 
(Gd1) bridged by pyrazine tetracarboxylate ligands viewed along the a-axis (top) and the c-axis 
(bottom). 
 
The second subnet is an infinite one-dimensional chain consisting of gadolinium ions (Gd3) bridged 

by pyrazine ligands (along [100]).  The polymeric chain consists of two chains cross linked by 

pyrazine ligands. The chains form strong hydrogen bonds to each other to form an infinite two-

dimensional layer in the ab-plane (Fig. 6a). 

 

Fig. 6a. 
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Fig. 6b 

Fig. 6.  A subnet consisting of infinite one-dimensional chains of gadolinium ions (Gd2) along the 
crystallographic direction [100] (a).  These chains are hydrogen bonded to each other via 
coordinated water molecules to form an infinite two-dimensional layer in the ab-plane (b).  

Further complex connectivity between pztc and Gd ions are present in the other directions, 

generating multi-atom bond circuits which are comprised of oxygen and carbon atoms and the four 

inequivalent Gd ions. A 3-D open framework structure with irregular shaped channels along the 

crystallographic direction [001] results, which is approximately 12 Å as the widest part dimension 

(Fig. 7). Void analysis using PLATON47 indicates that, the total solvent accessible volume is 20 % 

of the total volume and 25 % of the total volume with coordinated water removed, which is 

consistent with the amount of solvent molecules from elemental and thermogravimetric analyses.  
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7a  
 
 

 
 

7b 
 

Fig. 7. A diagram of the 3-D framework with perspective projected onto a) the (001) plane  and b)  
the (010) plane.  
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The decadentate coordination (Fig. 3a) is extremely rare for this ligand in MOFs and CP 

structures.24,31  In heptadentate coordination, two oxygen atoms from two different CO2 groups, and 

a nitrogen atom at position 4 do not coordinate to Gd (Fig. 3b).  Non-coordinated oxygen atoms 

form strong hydrogen bonds (of comparable strength to Gd) with water molecules. It appears that 

the pztc4 and Gd(III) ions are well suited for both forming hydrogen bonds to water and for forming 

bonds to each other.  The small partial charge on the oxygen atoms in this ligand allows bonds of 

comparable strength to be formed to Gd and water molecules.  Thus cluster units [Gd(ptzc)2(H2O)6], 

[Gd(ptzc)2(H2O)4], [Gd(ptzc)3(H2O)3], [Gd(ptzc)3(H2O)], and [Gd(ptzc)4], coexist in the structure.  

Higher coordination numbers for the ligand appears to be more stable than lower coordination 

numbers.  Possibly, heptadentate, instead of decadentate, coordination occurs to provide hydrogen 

bond acceptors for the coordinated water molecules in the absence of other water molecules. Steric 

hindrance from the ligand’s carboxylates, that is reported to inhibit tridentate -ONO- coordination in 

related compounds as expressed by other researchers,22
 is not a significant factor in this case.   

The structures crystallize in a triclinic system, P-1 space group, which is also observed for 3-D Cd 

pztc MOF24. The space group is however, different from other pztc-coordination polymers in which 

triclinic system, P18,9   and monoclinic system, P21/c space groups33 are present, for example.   The 3-

D MOFs lanthanide-pztc that are reported by Quan et al. 33
 share the unusual bis-tridentate -ONO- 

chelation of the pztc, but possess significant differences in metal-pztc-H2O ratios, 3-D connectivity 

and space group, than those that are present in 1 and 2.  

 

The varied and multidirectional connectivity of the pztc in these lanthanide structures is striking and 

the loss of symmetry is significant. However, it is not clear how the interplay between the chemical 

and symmetry restrictions produces this complex network structure.  It is clear that the variations 

occur because the metal centers are large and because the interactions between the metal ions and 

the ligands are primarily electrostatic. The absence of electronic effects at the Gd atom and its large 

size places fewer restrictions on the bond angles. This leads to the open, 3-D network. Interestingly, 

the crystal structure might be regarded as a composite structure consisting of three different 

coordination polymers (Gd1, Gd2, and Gd3) and discrete [Gd4(pztc)2(H2O)6] units. These four 

structural elements coexist in a single crystal structure. Each of these motifs resembles the structures 

of standard transition metal polymers.  
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Simplifying the structure using TOPOS48 reveals a network structure with Gd atoms and the ligands 

as nodes. To derive the simplified net, centers of the µ4-heptadentate and decadentate pyrazine 

groups are reduced to 4-coordinate nodes, the µ3-heptadentate ligands are 3-coordinate nodes, and 

the Gd2 and Gd4 atoms 2-coordinate nodes in the structure. The 2-connected nodes are linear 

linkers which do not affect the overall topology. Only 3-connected and higher order nodes are 

considered when evaluating the topology of an MOF structure.  This network is simplified further 

by removing the intervening 2-coordinate Gd linkers to generate a 3,3,4,4,4,4-coordinate, 6-nodal 

net. (Figs. 8a and 8b). 

 

 

8a 
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8b 

Fig. 8. The underlying topology of the coordination network, showing 6-nodal net in compound 1. 
The nodes corresponding to the µ3 and µ4 ligands are show as spheres.  

 

The channels and voids contain tightly hydrogen-bonded non-coordinated water. Non-coordinated 

water molecules are hydrogen bonded to each other, to the coordinated water molecules, and also to 

oxygen atoms of selected ligand carboxylates that are within close proximity. The hydrogen bonding 

network of water molecules is extensive and further stabilizes the structure. Using the bond valence 

model, the nine-coordinate Gd(III) forms bonds of -0.33 v.u. each to nine oxygen atoms. Each of the 

two hydrogen atoms of the coordinated water molecule donates an external hydrogen bond of 0.17 

units to another water molecule or to a non-coordinated oxygen atom from pztc. This hydrogen bond 

strength is similar to that of liquid water and a single coordination sphere with hydrogen bonded 

water molecules about Gd(III) is stable.   The hydrogen bond O…H bond distances ranged from 1.68 

Å (H6WB-O18W) to 2.14 Å (H20A-010W) while the O---O distances (which are more precisely 

determined) are in the range 2.638(5) to 2.893(5) Å. These O—O distances (Table 3) are within the 

range reported for hydrogen bonds in a related lanthanide structure 33 and similar to those in liquid 

water and ice (2.82 Å).  

PXRD patterns:  The PXRD patterns of 1 and 2 were recorded to investigate the phase purity of 

each structure. The diffraction patterns are almost identical to each other and also match that of the 
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simulated pattern from single crystal x-ray crystallography (Fig. S2), thus further confirming the 

isostructural nature of both. This also confirms that each structure crystallizes as a pure phase.   

FTIR spectra 

The FTIR spectra of H4pztc, 1 and 2 were acquired and compared (Fig. S3). The peak around 1700 

cm-1 in the spectrum of H4pztc ligand disappears in the spectrum of 1 due to the formation of 

(CO2)Gd bonds, and shows that the ligand is fully deprotonated within the structure.  The broad 

absorption bands at 3420 cm-1 and 3200 cm-1 are attributed to the O-H vibrations of coordinated 

water and the water of crystallization. The νas(C=O) absorption for the ligand at 1730 cm-1 and 1659 

cm-1 redshift to 1629 cm-1 in 1 due to the formation of partial bond between oxygen atom and the 

Gd(III) ion which reduces the bond strength of  C=O.  In addition, 1 exhibits νs(C=O) absorption at 

1406 cm-1 and 1328 cm-1.  The C-O stretching vibrations are observed at 1140 cm-1 and 1174 cm-1 in 

the pure ligand and at 1160 cm-1 in 1.  

 

Thermal properties 

The thermal properties of 1 and 2 were assessed from their respective TGA curve (Fig. S4).  For 1, 

the first weight loss event starts at room temperature and ends at 190°C, accounting for 21% of the 

total sample weight and corresponding to the loss of twenty one molecules of coordinated and lattice 

H2O (calc. 22 %). A second major weight loss event of 35 % occurs between 450°C and 700°C and 

is attributed to the decomposition of the ligand. The final residue of 45 wt % is attributed to Gd2O3 

(calc. 41 %). The TGA data correlates well with elemental and x-ray single crystal analysis.   The 

thermogravimetric curve of 2 shows similar weight loss features. 

 
Magnetic properties 

Temperature – dependent magnetic susceptibilities were measured between 5K to 320 K for 1 and 2. 

The χ and χT values versus temperature are both plotted, where χ is the molar magnetic 

susceptibility per molecular unit (Fig. 9). The temperature-dependent susceptibility curves for both 1 

and 2 obey the Curie-Weiss law and show that the lanthanide ions exhibit paramagnetic behavior in 

the structures. For 1, the χT value remains constant at a value of 35 cm3Kmol-1 (with S = 3.5, L = 0, 

J = 3.5 and gJ = 2) over the temperature range investigated (Fig. 9a inset). This is consistent with the 

theoretical value49 of 31.5 cm3Kmol-1 for four isolated non-interacting Gd(III) ions, and suggests 

that the interatomic distances are outside of the range within which Gd…Gd magnetic interactions 

can occur.   
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Fig. 9a 

 

Fig. 9b. 
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Fig. 9. Magnetic susceptibility vs temperature plots for 1 (a) and 2 (b).

 

For 2, the average χT can be considered as around 52 cm3mol-1K (Fig. 9b) (with S = 3, L = 3, J = 

6 and gJ  = 1.5) and compares well with the theoretical spin only value of 47.2 cm3mol-1K for 

four non interacting Tb(III) ions.49 Also, an abrupt decrease of χT below 10 K is observed, 

suggesting some possible electron transition and/or magnetic interactions on metal centers with 

changing temperature. Surely, it is fundamentally very interesting and detailed studies should be 

further conducted. 

 

Conclusion 

 

Two new isostructural open 3-D lanthanide organic frameworks, 

[Ln4(C8N2O8)3(H2O)11]•10(H2O) (Ln= Gd and Tb) were synthesized under hydrothermal 

conditions using the ligand, pyrazine-2,3,5,6-carboxylic acid.  The fully deprotonated ligand 

coordinates four crystallographically distinct lanthanide ions in decadentate or heptadentate 

modes. There is a delicate interplay of hydrogen bonding (between water molecules only and 

between pztc and water molecules) and, ligand to Ln(III) coordinate bonding. This yields a 

complex three-dimensional structure with four distinct Ln(III) ions and four different pztc 

ligands with varied ligand coordination modes. This combination of coordination modes is new 

for this ligand in MOFs and CP structures.  The combination of the deprotonated ligand of high 

denticity, and the lanthanide metal ions with their propensity for high coordination, promotes 

intricate 3-D connectivity, leading to open framework structure with channels. The channels 

contain hydrogen bonded non-coordinated guest water molecules. The magnetic behavior of the 

structures is characteristic of the respective isolated paramagnetic lanthanide ions.  The results 

demonstrate the versatility of the multidentate pztc ligand in the design and synthesis of 

lanthanide MOFs. 

 

Electronic Supplementary Information (ESI) available: TGA curves, FTIR spectra, PXRD 

patterns, and the lists of bond lengths, bond angles and other structural details are provided as 

ESI. Crystallographic data for the structural analysis have been deposited with the Cambridge 

Crystallographic Data Center as CCDC Nos. 1035324 and 1035325 for 1 and 2 respectively. 

These data can be obtained online free of charge via 
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http://www.ccdc.cam.ac.uk/pages/Home.aspx (or from Cambridge Crystallographic Data Centre, 

12 Union Road, Cambridge CB21EZ, UK, or www.deposit@ccdc.cam.ac.uk). 
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 Table 1.  Crystallographic data and processing parameters for 1 and 2 
 

Identification    1                                                                                            2 

Empirical formula  C24H42Gd4N6O45 C24H42Tb4N6O45 
Formula weight  1763.63  1770.31 
Temperature/K  110(2)  110(2) 
Crystal system  triclinic  triclinic 
Space group  P-1  P-1 
a/Å  8.5607(10) 8.5627(15)  
b/Å  14.1023(17) 14.078(3)  
c/Å  20.294(2) 20.297(3) 
α/°  88.5392(17) 88.568(3 
β/°  86.4998(15)  86.325(4)  
γ/°  81.2519(16) 81.382(3) 
Volume/Å3  2416.6(5) 2413.82 
Z  2  2 
ρcalcmg/mm3  2.426 2.436 
µ/mm-1  5.553 5.923 
F(000)  1686 1696 
Crystal size/mm3  0.39×0.15×0.11 0.83 x 0.11 x 0.03 
Θ range for data collection  2.011° to 33.346°  1.463° to 26.732° 

Index ranges 
-13<=h<=13, -21<=k<=21, -
31<=l<=31 

-10<=h<=10, -17<=k<=17, -
25<=l<=25 

Reflections collected  24173 19021 
Independent reflections  17134 [R(int) = 0.0571]  10146[R(int) = 0.1810] 

Data/restraints/parameters  14301/238 /809 10146/874/781 
Goodness-of-fit on F2  1.055 0.971 
Final R indexes [I>=2σ (I)]  R1 = 0.0571, wR2 = 0.1454 R1=0.1360, wR2 =0.2557 
Final R indexes [all data]  R1 = 0.0691, wR2 = 0.1514 R1=0.2457, wR2 =0.2983 
Largest diff. peak/hole / e Å-3  4.727 / -5.902 4.694/-4.535 
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Table 2. Selected interatomic distances (Å) and bond angles (°) with their estimated  

standard deviations (x 103 Å, x 10°)) in {[(Gd4(C8N2O8)3(H2O)11]•10(H2O)}n 
_______________________________________________________________________________ 

  

Bond lengths 

Gd(1)-O(1)  2.385(3) 

Gd(1)-O(5)  2.394(3) 

Gd(1)-O(7)  2.482(3) 

Gd(1)-N(1)  2.610(3) 

Gd(1)-N(5)  2.519(3) 

Gd(1)-O(9)#1  2.438(3) 

Gd(1)-O(10)#1  2.506(3) 

Gd(1)-O(11)#2  2.344(3) 

Gd(1)-O(4)#3  2.366(3) 

Gd(2)-O(1W)  2.364(3) 

Gd(2)-O(2)  2.413(3) 

Gd(2)-O(2W)  2.347(3) 

Gd(2)-O(3)  2.333(3) 

Gd(2)-O(3W)  2.360(3) 

Gd(2)-O(4W)  2.376(4) 

Gd(2)-O(13)  2.421(3) 

Gd(2)-O(16)#4  2.351(3) 

Gd(3)-O(9W)  2.400(3) 

Gd(3)-O(14)  2.427(3) 

Gd(3)-O(15)  2.403(3) 

Gd(3)-O(19)  2.407(3) 

Gd(3)-O(21)  2.376(3) 

Gd(3)-N(2)  2.662(3) 

Gd(3)-N(3)  2.520(3) 

Gd(3)-O(23)#5  2.490(3) 

Gd(3)-O(24)#5  2.464(3) 

Gd(4)-O(5W)  2.507(3) 

Gd(4)-O(6W)  2.457(3) 

Gd(4)-O(7W)  2.447(3) 

Gd(4)-O(8)  2.442(3) 

Gd(4)-O(8W)  2.512(3) 

Gd(4)-O(17)  2.338(3) 

Gd(4)-O(20)  2.541(3) 

Gd(4)-O(20W)  2.394(3) 

Gd(4)-O(21W)  2.438(3) 

 

Bond angles 

O(9)-Gd(1)-O(10) 53.20(10) 

O(1)-Gd(1)-N(1)  62.31(10) 

O(13)-Gd(1)-O(14) 82.50(10) 

O(10)-Gd(1)-O(14)  75.93(11) 

O(1)-Gd(1)-N(1)  62.31(10) 

O(1W)-Gd(2)-O(3W) 84.89(11) 

O(1W)-Gd(2)-O(2) 77.29(11) 

O(13)-Gd(2)-O(16)  70.64(11) 

O(23)-Gd(3)-O(24)  53.31(11) 

O(24)-Gd(3)-N(2)  66.98(10) 

O(15)-Gd(3)-O(21)  77.25(11) 

O(6W)-Gd(4)-O(7W) 70.47(10) 

O(6W)-Gd(4)-O(8) 66.80(10) 

O(17)-Gd(4)-O(20) 69.97(10) 

 

__________________________________________________________________________________________________________ 
13-X,1-Y,-Z; 2-1+X,+Y,+Z; 32-X,1-Y,1-Z; 41+X,+Y,+Z; 52-X,2-Y,-Z 
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Table 3.  Selected hydrogen bond distances (Å) and angles (°) with their estimated standard    

 deviations (x 103 Å, x 10°) in {[(Gd4(C8N2O8)3(H2O)11]•10(H2O)}n 

__________________________________________________________________________________________________________  
D-H...A d(D-H)  d(H...A)  d(D...A)  <(DHA) 
_____________________________________________________________________________________________________________  

O(1W)-H(1WA)...O(12W) 1.007(7) 1.804(7) 2.809(4) 176.6(14) 
O(1W)-H(1WB)...O(16W) 0.985(7) 1.713(7) 2.684(5) 168.0(10) 
O(2W)-H(2WA)...O(18W) 0.984(8) 1.781(11) 2.736(5) 162.7(13) 
O(3W)-H(3WB)...O(15W) 0.985(8) 1.733(9) 2.709(5) 170.1(12) 
O(4W)-H(4WA)...O(19W) 0.981(7) 1.691(9) 2.638(5) 160.7(14) 
O(4W)-H(4WB)...O(22)#8 0.986(7) 1.713(8) 2.685(4) 168(3) 
O(5W)-H(5WA)...O(10)#5 1.008(7) 1.957(10) 2.809(4) 140.5(8) 
O(6W)-H(6WA)...O(11)  0.996(7) 1.842(8) 2.834(5) 174.3(13) 
O(6W)-H(6WB)...O(18W) 0.984(7) 1.684(8) 2.638(5) 162.1(11) 
O(21W)-H(21A)...O(12)  0.975(4) 1.933(5) 2.890(4) 166.3(8) 
O(10W)-H(10A)...O(14)  0.986(7) 1.855(8) 2.807(4) 161.3(10) 

____________________________________________________________________________________________________________ 

11-X,2-Y,1-Z; 21+X,-1+Y,+Z; 32-X,1-Y,-Z; 41+X,+Y,+Z; 52-X,1-Y,1-Z; 61-X,2-Y,-Z; 7-1+X,+Y,+Z; 8-
1+X,1+Y,+Z; 9-X,2-Y,1-Z    
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Graphical Abstract 

 

 

 
An open 3-D MOF with complex connectivity of multi-topic pyrazine-2,3,5,6-tetracarboxylate 

linker and Gd(III) atoms. The asymmetric unit contains four symmetry-independent Gd(III) 

atoms as octa- and nona-coordinate centers, and the fully deprotonated ligand coordinates the Gd 

(III) through seven or through ten of its atoms.  The structure contains irregular channels of 

approximately 12 Å along the [001] crystallographic direction.   
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