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Preparation of open and closed forms of the lvt
network with Cu(II) complexes of structurally
related 1,2-diazole ligands†

Chris S. Hawes‡* and Paul E. Kruger*

Reported here are the synthesis and structural characterisation of two topologically related coordination

polymers: [Cu(L1)(CH3CONH2)], 1, and [Cu(L2)(NMP)]$0.5NMP$0.5H2O, 2, (NMP ¼ N-methyl-

pyrrolidinone) prepared from 1H-indazole-3-carboxylic acid, H2L1, and 1H-pyrazole-3-carboxylic acid,

H2L2, respectively. Both 1 and 2 crystallise in the tetragonal space group I41/a and form 3-dimensional

coordination polymers described by the lvt topology, in which [Cu2L2] dimers form four-connected

nodes linked through carboxylate groups. Within 1 the presence of a Cu-bound acetamide molecule

(formed in situ by the solvothermal hydration of acetonitrile) propagates hydrogen bonding between

dimer units that, combined with the steric bulk of the indazole fragment, yield a closed (non-porous)

framework. In 2, however, Cu-bound NMP, which does not participate in hydrogen bonding, coupled

with the less bulky nature of the pyrazole-backbone, gives rise to an open framework of an otherwise

isostructural network.
Introduction

The study of coordination polymers (CPs) and metal organic
frameworks (MOFs) is at the forefront of modern inorganic
chemistry due to the potential such species have in various
applications ranging frommagnetic and luminescent materials,
through catalysis and sensing, to gas separation and storage.1

While many important advances have been made in the
synthesis and physical characterisation of these framework
materials, a key area of investigation remains the synthesis of
ligands containing novel donor groups or additional backbone
functionality.2 By developing new ligands some of the critical
limitations recognized in CPs and MOFs, such as hydrolytic and
structural instability common for zinc cluster-based MOFs, may
be addressed.3 In this regard the use of nitrogen heterocyclic
ligand scaffolds provides an excellent base from which to
explore the synthesis of new framework materials, as azolate-
based CPs and MOFs in particular have been shown to be
resistant to hydrolysis and more structurally resilient than their
related carboxylate analogues.4
als and Nanotechnology, Department of

ate Bag 4800, Christchurch 8140, New

c.nz

ESI) available: Tables of bond lengths,
ters for 1 and 2; thermogravimetric
am for repeat unit of 1 and 2. CCDC
graphic data in CIF or other electronic

Monash University, Clayton, Victoria
Recently we reported several nitrogen heterocyclic and
carboxylic acid ligand based coordination polymers,5

including the rst example of an indazole-carboxylate coor-
dination polymer, featuring 1H-indazole-5-carboxylic acid.6

The fused ring back-bone of indazole, a heterocyclic ligand
only rarely employed in coordination chemistry,7 offers an
opportunity through functionalisation at the 3, 4, 5, 6, or 7 ring
positions, or combinations thereof, to give ligand geometries
not readily available in more commonly used heterocyclic
ligand systems.

Herein we report the synthesis of two structurally related
3D coordination polymers prepared from the iso-functional
diazole-carboxylate ligands: 1H-indazole-3-carboxylic acid,
H2L1, and 1H-pyrazole-3-carboxylic acid, H2L2 (Fig. 1). This
contribution reports rare examples of coordination polymers
formed from either H2L1 or H2L2. To date, the only reported
structurally-characterised metal complexes of L1 consist of
discrete species,8 whilst of the few known metal complexes of
L2,9 only one polymeric material has been reported, a poly-
meric alkyltin material.10 Whilst the dearth of L1 complexes in
Fig. 1 Ligands of interest within this study; H2L1 and H2L2.
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the literature might be rationalised by its somewhat obscure
nature, it is surprising to note that L2 has been similarly
under-explored in coordination chemistry. This is especially
surprising when contrasted to the related compound 1H-pyr-
azole-3,5-dicarboxylic acid, which has been used extensively in
the synthesis of coordination polymers.11 We address this
oversight here.
Experimental
Materials and methods

All reagents and starting materials were used as received from
standard suppliers and were of reagent grade or higher. The
ligands H2L1 (ref. 12) and H2L2 (ref. 13) were prepared
according to published procedures. Infrared spectra were
recorded on a Perkin Elmer Spectrum One FTIR instrument
operating in diffuse reectance sampling mode with samples
diluted in powdered KBr in the range 400–4000 cm�1. Melting
points were recorded on an electrothermal melting point
apparatus and are uncorrected. Thermogravimetric analysis
was performed on an AlphaTech Q600 SDT DSC/TGA instru-
ment where samples were heated on alumina crucibles under
nitrogen ow of 100 mL min�1 and were heated at a rate of 1 �C
min�1 to 500 �C. Elemental analysis for C, H and N were carried
out at Campbell Micro Analytical Laboratories, Otago Univer-
sity, Dunedin. Phase purity of crystalline materials was
conrmed by indexing unit cell collections from a representa-
tive sampling of crystals from each batch.
X-ray crystallography

Single crystal data and experimental details for 1 and 2 are
presented in Table 1, and hydrogen bonding parameters are
Table 1 Crystallographic data for compounds 1 and 2

Compound reference 1 2

Chemical formula C10H9CuN3O3 C9H11CuN3O3

Formula mass 282.74 272.75
Crystal system Tetragonal Tetragonal
a/Å 16.6545 (16) 18.0584 (8)
b/Å 16.6545 (16) 18.0584 (8)
c/Å 16.3362 (18) 18.3413 (11)
a/� 90.00 90.00
b/� 90.00 90.00
g/� 90.00 90.00
Unit cell volume/Å3 4531.2 (8) 5981.2 (5)
Temperature/K 113 (2) 113 (2)
Radiation source Cu Ka Mo Ka
Space group I41/a I41/a
No. of formula units per unit cell, Z 16 16
No. of reections measured 9990 36 629
No. of independent reections 1998 2647
No. of reections observed (I > 2s(I)) 1320 2497
Rint 0.0853 0.0626
Final R1 values (I > 2s(I)) 0.0455 0.0651
Final wR(F2) values (I > 2s(I)) 0.0931 0.1589
Final R1 values (all data) 0.0876 0.0702
Final wR(F2) values (all data) 0.1097 0.1620

This journal is © The Royal Society of Chemistry 2014
presented in Table S1 (ESI†). X-ray crystallographic data
collection and renement was carried out with either an Oxford-
Agilent SuperNova instrument with focusedmicro-source Cu Ka
(l ¼ 1.5418 Å) radiation and ATLAS CCD area detector (1) or a
Bruker APEX-II instrument (2), using graphite-monochromated
Mo Ka (l ¼ 0.71073 Å) radiation. Both structures were solved
using direct methods with SHELXS14 and rened on F2 using all
data by full matrix least-squares procedures with SHELXL-97
(ref. 15) within OLEX-2.16 Non-hydrogen atoms were rened
with anisotropic displacement parameters. Hydrogen atoms
were included in calculated positions with isotropic displace-
ment parameters 1.2 times the isotropic equivalent of their
carrier atoms, except H16A and H16B of structure 1, which were
manually located from residual Fourier peaks and modelled
with appropriate bond length restraints and Uiso dependences.
The functions minimized were

P
w(Fo

2 � Fc
2), with w ¼ [s2(Fo

2)
+ aP2 + bP]�1, where P ¼ [max(Fo)

2 + 2Fc
2]/3.

Synthesis of [Cu(L1)(CH3CONH2)], 1

H2L1 (10 mg; 0.062 mmol) was added to Cu(NO3)2$2.5H2O
(15 mg; 0.062 mmol) in 5 mL of acetonitrile within a 23 mL Parr
instruments Teon-lined acid digestion bomb, which was
sealed and heated to 120 �C, allowed to dwell at this tempera-
ture for 36 hours, and then cooled at 5 �C h�1 to room
temperature. The product was isolated as a pure crystalline
phase consisting of green octahedral blocks. Yield 12.1 mg,
69%; mp: >300 �C; found: C, 42.4; H, 3.16; N, 14.9%;
C10H8N3O3Cu requires: C, 42.5; H, 3.21; N, 14.9%; �nmax/cm

�1

(KBr): 3397 s, 3153 m, 1667 s, 1580 s, 1470 m, 1343 m, 1195 m,
1149 w, 1091 w, 1003 w, 958 w, 846 s, 799 m, 734 m, 650 m,
562 m.

Synthesis of [Cu(L2)(NMP)]$0.5NMP$0.5H2O, 2

H2L2 (200 mg; 1.8 mmol) was added to Cu(NO3)2$2.5H2O
(220mg; 0.9 mmol) in 20mL of N-methylpyrrolidone containing
2 mL of water. The mixture was heated to 50 �C and stirred
briey to ensure dissolution of the starting materials. The
mixture was then ltered, and the ltrate le to stand in a
calcium chloride desiccator for a period of several weeks, giving
the product as large blue blocks which were isolated by ltra-
tion. Yield 125 mg, 13%. mp: >300 �C; found: C, 41.9; H, 4.87; N,
14.6%; {C9H11N3O3Cu$0.5(H2O)$0.5(C5H9NO)} requires: C,
41.7; H, 5.02; N, 14.8%. �nmax/cm

�1 (KBr): 3519 m, 2873 s, 1668 s,
1582 m, 1524 m, 1385 m, 1302 s, 1145 s, 1114 m, 1073 w, 986 w,
823 s, 773 s, 632 m.

Results and discussion
Synthesis and X-ray crystal structure of 1

The ligand H2L1 was reacted in acetonitrile solution with one
equivalent of Cu(NO3)2$2.5H2O under solvothermal conditions
whereupon green octahedral-shaped crystals of 1 were isolated
directly following cooling. The crystals of 1 were analysed by
single crystal X-ray diffraction and the data obtained were
solved and rened in the tetragonal space group I41/a, Table 1.
The asymmetric unit of 1 contains a single 5-coordinate Cu(II)
RSC Adv., 2014, 4, 15770–15775 | 15771



Fig. 3 Topological representation of the lvt network in 1 with [Cu2L2]
units selected as nodes.
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ion with distorted square pyramidal geometry (s5 ¼ 0.43),17 and
a doubly deprotonated molecule of L1 that coordinates through
all four hetero-atoms to the equatorial positions of symmetry-
equivalent Cu(II) centres. This arrangement gives rise to an
[M2L2] dimer which is further linked to adjacent dimers via
additional Cu–O bonds, Fig. 2.

The apical coordination site of the square pyramidal Cu(II)
ion is occupied by the terminal atom of a trigonally disposed
species consisting of four-atoms. Charge balance requires a
neutral species and consideration of the electron density and
hydrogen bond donor–acceptor interactions is consistent with
an acetamide molecule coordinating through the oxygen atom.
This assignment was supported by IR spectroscopy (�nmax

1667 cm�1, C]O stretch) and microanalyses which rule out
other possible identities, such as acetic acid, for the coordi-
nating species. We have shown previously that acetate can form
via the hydrolysis of acetonitrile in the presence of Cu(II) under
solvothermal conditions and it is most likely that acetamide is
the precursor to this species.18 Indeed, 1 could also be prepared
in similar yield by adding acetamide to the initial reaction
mixture.

The extended structure of 1 constitutes a three-dimen-
sional polymer, where the copper dimers bridged by the
indazole nitrogen atoms are further linked by coordination
through the non-chelating oxygen atom of the carboxylate
group. Topologically, the most sensible description of the
network can be arrived at by considering the [Cu2(L1)2] dimer
as a single node, which is linked to four adjacent dimers by the
Cu1–O13 bonds. When the network is simplied in this
manner, the structure can be described by the (42$84) lvt
network, Fig. 3. Despite the apparent presence of channels
within the network, no signicant void space is observed
within 1. In reality, these channels are lled by both the steric
bulk of the indazole rings, and the coordinating acetamide
Fig. 2 Molecular structure and atomic numbering scheme for 1.
Hydrogen atoms not involved in hydrogen bonding omitted for clarity.
Symmetry operations used to generate equivalent atoms: (i) 1/2� X, 1/
2 � Y, 3/2� Z; (ii) 1/4 + Y, 1/4� X, 5/4 � Z; (iii) 3/4 � Y, �1/4 + X, 7/4 �
Z; (iv) �1/4 + Y, 3/4 � X, �1/4 + Z.

15772 | RSC Adv., 2014, 4, 15770–15775
molecules. The acetamide molecule within the asymmetric
unit forms two hydrogen bonds, both originating from the
NH2 group; one hydrogen atom points towards the nearby
coordinating carboxylate oxygen atom, to form a six-
membered hydrogen bonding ring, while the other interacts
with the coordinating acetamide oxygen atom on an adjacent
dimer, to propagate a hydrogen bonding chain parallel to the c
unit cell axis.

Thermogravimetric analysis of 1 shows 20% mass loss with
onset at 180 �C and centred at 250 �C, consistent with the loss of
acetamide (calculated 21%). A small plateau is observed in the
TGA trace from ca. 250–280 �C; however, on heating crystals of 1
to this temperature a loss of single crystallinity was observed,
suggesting a thermally activated single crystalline phase is not
accessible from this starting material.

Synthesis and X-ray crystal structure of 2

Considering the homology between H2L1 and H2L2 we expec-
ted an isostructural framework to that found in 1 to form,
although the less bulky nature of H2L2 would potentially allow
the formation of voids. Subjecting H2L2 to the exact reaction
conditions used to generate 1 failed to yield any identiable
products, most likely due to the low stability of 5-unsubstituted
pyrazoles under harsh solvothermal conditions. Instead, H2L2
was combined with Cu(NO3)2$2.5H2O in a variety of solvents
under more mild conditions. It was found that carrying out the
reaction in N-methylpyrrolidinone (NMP) produced a blue
micro-crystalline solid on standing. Furthermore, addition of
water to the mixture caused the crystals to redissolve. As such,
the reaction was carried out in a 9 : 1 mixture of NMP and
water, and 2 slowly crystallised by allowing the solution to
stand in a CaCl2 desiccator for several weeks. Smaller crystals
could also be obtained by using a 20 : 1 NMP–H2O mixture and
allowing the mixture to stand in a sealed vial. The blue crystals
obtained were subjected to single crystal X-ray diffraction, and
the data obtained were solved and rened in the tetragonal
This journal is © The Royal Society of Chemistry 2014
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space group I41/a, Table 1. Notably, the crystal structure was
solved in the same space group as 1, although with a consid-
erably larger unit cell with a volume of 5981.2(5) Å3 (cf.
4531.2(8) Å3 for 1).

The structure model revealed an equivalent coordination
mode for the L2 ligand as was the case for L1, in which each
heteroatom coordinates to the Cu(II) ion, rstly with the
formation of a [Cu2(L2)2] dimer, which is then linked into a
three-dimensional network by bridging through the second
carboxylate oxygen atom. The structures of the dimer units in 1
and 2 are superimposable (Fig. S1†), however, the geometry of
coordination to the linking carboxylate oxygen atom shows a
slight deviation. While the Cu(II) centre in 1 showed distortion
towards trigonal bipyramidal geometry (s5 ¼ 0.43), the Cu(II)
centre geometry in 2 is essentially square pyramidal with s5 ¼
0.09. This leads to a greater distance between the nodes in 2
(7.8606(2) Å vs. 7.1660(4) Å for 1), and gives rise to the larger unit
cell volume. The coordination sphere of the Cu(II) ion is
completed by an NMP molecule in the axial position, with
Cu(1)–O(10) distance 2.337(4) Å, signicantly longer than the
equivalent Cu(1)–O(14) bond in 1 of 2.268(3) Å, as would be
expected for a truly square planar coordination geometry, and
consistent with the weaker nature of NMP as an oxygen donor
ligand when compared to acetamide. A small amount of crys-
tallographic disorder was detectable on the NMP molecule,
visualised as a two fold rotation about the coordinating oxygen
atom; however, as the minor contributor displayed less than
20% occupancy, and was further disordered by a slight plane-
tilting motion, only the major contributor was modelled. The
structure of 2 is shown in Fig. 4.

As would be expected due to the structural similarities with
complex 1, the extended network of 2 can be described by the lvt
topology by making the same assignment of nodes to the
centroid of the pyrazole-bridged copper dimer. Interestingly,
while the topological descriptions are identical, the physical
Fig. 4 Structure of compound 2 with unique heteroatom labelling
scheme. Hydrogen atoms omitted for clarity. Symmetry operations
used to generate equivalent atoms: (i) 1/2� X, 3/2� Y, 1/2� Z; (ii)�3/4
+ Y, 3/4 � X, 3/4 � Z; (iii) 5/4 � Y, 3/4 + X, �1/4 + Z.

This journal is © The Royal Society of Chemistry 2014
structures of 1 and 2 are substantially different. While 1
comprised a densely packed network with no appreciable void
space, 2 denes a more open structure, where channels are
observed running parallel to the a and equivalent b unit cell
axes, with interatomic dimensions ca. 9 Å, (Fig. 5) while no void
space is observed directly parallel to the unique c axis. When the
structures of 1 and 2 are compared, this discrepancy becomes
intuitive as when the additional carbon atoms comprising the
indazole ring are considered separately, a channel structure
akin to 2 but occupied by the indazole backbone is observed,
Fig. 6.

The diffuse electron density within the channels in 2 was
unable to be satisfactorily modelled, and as such the SQUEEZE19

routine was applied to the crystallographic data, which sug-
gested a void content of 1230 electrons per unit cell, equivalent
to 153 electrons per [Cu2L2] unit, occupying 36% of the unit cell
volume. These data are consistent with a void occupancy of
approximately 3 non-coordinating molecules of NMP per dimer,
suggesting a total volatile mass percentage of 59%, including the
coordinating solvent molecules. Thermogravimetric analysis is
in approximate agreement with this value, showing a total of
52% mass loss in two overlapping steps by 150 �C, with onset at
room temperature, followed by a brief plateau, a further 6%
mass loss centred at 210 �C, and a rapid decomposition centred
at 310 �C. Elemental analysis conrmed the partial loss of lattice
solvent on prolonged standing in air, suggesting a molecular
formula for a dry sample of [Cu(L2)(NMP)]$0.5(NMP)$0.5(H2O).
Although the narrow plateau region in the TGA trace of the as-
synthesised compound discouraged attempts to directly des-
olvate compound 2, the material was observed to retain single
crystallinity on soaking in diethyl ether, chloroform or acetoni-
trile; however, the crystals disintegrated instantly on removal
from any of these more volatile solvents, preventing the collec-
tion of a guest-exchanged crystal structure. Furthermore,
attempts to measure gas sorption on activated samples of 2
failed to observe any signicant uptake, most likely due to
framework collapse brought on during the desolvation activa-
tion procedure. Thematerial was observed to lose crystallinity on
soaking in methanol, preventing supercritical CO2 activation
due to the lack of a suitable intermediate uid.
Fig. 5 Channel structure of 2 viewed parallel to the a axis, showing
unit cell dimensions in blue. Hydrogen atoms and channel solvate
omitted for clarity.

RSC Adv., 2014, 4, 15770–15775 | 15773



Fig. 6 Comparison of 1 (left) and 2 (right), viewed along equivalent
vectors. The additional atoms comprising the phenyl ring of the
indazole fragment of L1 are highlighted in yellow.
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Conclusions

We have demonstrated the reproducibility of formation of the
lvt network in the case of 3-carboxy-1,2-diazoles in the presence
of Cu(II). This retention of coordination functionality on
altering the nature of the ligand system has allowed exploration
into the effect of the steric bulk present on the indazole
framework in comparison to that of the smaller pyrazole ring
system, whilst also demonstrating the amenability of two
different synthetic methods, including the in situ formation of
the acetamide co-ligand.

Coordination polymers built upon indazole ligands are
almost unknown within the literature; 1 is an especially rare
additional example, and the synthesis and structural charac-
terisation of 2 represents only the second reported example of a
coordination polymer featuring the 1H-pyrazole-3-carboxylic
acid ligand. This is somewhat surprising considering the wealth
of examples of coordination polymers incorporating the 1H-
pyrazole-3,5-dicarboxylic acid manifold and is most probably
due to the lower stability associated with 5-unsubstituted pyr-
azoles. Work in our laboratory is currently continuing to employ
the indazole framework in the preparation of coordination
polymer networks, and results to this end will be reported in
due course.
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