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Abstract. The metal complexes [Cu(NO3)2(H2O)2(H2azbpz)2]·2H2O
(1) and [Ni(H2O)4(H2azbpz)2](NO3)2·2H2O (2) of 4,4�-azobis(3,5-di-
methyl-1H-pyrazole) (H2azbpz) incorporate the bipyrazole as a mono-
dentate ligand and are associated into supramolecular architectures by
hydrogen bonds and azo-pz π interactions in the solid state. In 1 a cis
configuration is integrated and the NH function adjacent to the metal-
coordinating nitrogen atom gives rise to a seven-membered anion-
assisted hydrogen-bonded ring around the central metal atom bringing
the NH function in endo-position to the azo-bridge. The interplay of

Introduction
Bipyrazoles are versatile tectons in the field of crystal engi-

neering. Their crystal structures alone, as salts or co-crystals
yield a multitude of fascinating supramolecular network struc-
tures.[1–6] Just as versatile are the metal-ligand coordination
compounds from bipyrazoles which vary in their dimensional-
ity from 0D, 1D over 2D to 3D.[7–9] Bipyrazoles can be used
as ligands in their neutral form[10–14] in their mono-anionic
form as pyrazole-pyrazolates,[15–17] and in their di-anionic
forms as bipyrazolates.[18–20] Neutral bipyrazoles yield coordi-
nation compounds comparable to those obtained with 4,4�-bi-
pyridines but with the adjacent pyrrolic NH function as an
additional interaction site. In such metal-coordinated pyrazoles
the acidity of the pyrrolic NH function often increases, making
it a better hydrogen-bond donor.[21] In this regard, especially
seven-membered hydrogen-bonded rings around the central
metal atom in pyrazole coordination compounds with coordi-
nating counter-balancing oxo-anions like carboxylates, nitrate
or sulfate as structural motifs in the so-called second-sphere
coordination are frequently observed (Scheme 1).[10,22–30]

The two pyrazolyl rings in bipyrazoles can rotate freely
around the central C–C bond such that a metal-bridging neutral
bipyrazole can adopt a cis or trans coordination configuration,
in the co-planar ring limit, both with respect to the two metal
or the two N–H hydrogen atoms (Scheme 2). Even with an
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hydrogen-bonds and dimeric azo-pz π interactions in 1 forms one-
dimensional supramolecular chains, which are further interconnected
by a heterodromic D2h symmetric tetrameric water ring. In 2 a trans
form of H2azbpz is mono-coordinated and the synergy of hydrogen-
bonded rings around the central metal atom and continuous azo-pz π
interactions form a two-dimensional supramolecular network structure.
The supramolecular packings of 1 and 2 is further underpinned by the
analysis of their Hirshfeld surface areas.

Scheme 1. Representation of seven-membered hydrogen-bonded rings
around the central metal atom with anions like carboxylates, nitrate,
and sulfate as a structural motif of second-sphere coordination in pyr-
azole coordination compounds.

azo spacer between the two pyrazolyl rings and with only one
coordinating metal atom in the monodentate ligand 4,4�-
azobis(3,5-dimethyl-1H-pyrazole) (H2azbpz) we can still dis-
cern the cis and trans form for the planar ligand based on the
relative position of the N–H atoms.[26,28,30] In the H2azbpz li-
gand there are then two cis and trans forms, each, due to an
additional different orientation of the bent azo spacer
(Scheme 2).

When such cis and trans forms are seen in bipyrazole coor-
dination compounds hydrogen bonds have been identified to
play an important role via the so-called second sphere coordi-
nation to lock the conformers into place and to localize the
NH group through these supramolecular assemblies.[31] Refer-
ring to this concept, the anionic ring around the central metal
atom seen in metal-pyrazole-coordination compounds was re-
garded as a possible strategy to observe the neutral, NH group
versions of H2azbpz in a supramolecular matrix.[25,26,28,30] In
addition the synergy of the hydrogen-bond interactions affects
the cis-trans orientation of bipyrazoles in such complexes or
coordination polymers. Alongside hydrogen-bonds other weak
interactions usually play also a crucial role to explain the
packing of metal-containing compounds. In this regard,
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Scheme 2. Possible cis-trans conformations of bridging bipyrazole and
of (monodentate metal-coordinated) H2azbpz in the limit of a planar
ligand arrangement. The endo-exo conformation of the NH function
with respect to the azo spacer is illustrated in Scheme S1 (Supporting
Information).

especially non-directional π–π interactions gained a lot of
attention.[32–34] Besides the aforementioned potential interac-
tion sites for hydrogen bonds, the dimethylpyrazole moiety and
the azo function could also be prone to show such interactions
via their π-electronic systems to adjacent entities.

Supplementing our studies on coordination compounds of
H2azbpz,[17] we herein present the incorporation of its
neutral, non-deprotonated form into the monomeric metal
complexes [Cu(NO3)2(H2O)2(H2azbpz)2]·(H2O)2 (1) and
[Ni(H2O)4(H2azbpz)2](NO3)2·2H2O (2). Their assembly into
supramolecular architectures is analyzed with an emphasis on
hydrogen-bonding ring motifs and azo–π interactions. The
supramolecular crystal packing of 1 and 2 is further manifested
by the analysis of their Hirshfeld surface areas.

Results and Discussion

The slow evaporation of an ethanolic solution of
Cu(NO3)2·2.5H2O and H2azbpz yielded block-shaped
yellow-greenish crystals of composition
[Cu(NO3)2(H2O)2(H2azbpz)2]·(H2O)2 (1). The representative
nature of the investigated single crystal for X-ray crystal struc-
ture elucidation was confirmed by positively matching the ex-
perimental and simulated powder X-ray diffractograms and
thereby confirmed the overall phase-purity (Figure S1, Sup-
porting Information). The asymmetric unit contains one ni-
trato, one aqua (O1) and one monodentate H2azbpz ligand: all
bound to the CuII ion, which sits on the inversion center (Fig-
ure 1). Additionally one water of crystallization (O2) is in-
cluded. The d9-CuII ion is coordinated in a Jahn–Teller-dis-
torted tetragonal bipyramid with the aqua ligands and pyrazole
group of the H2azbpz ligands in the equatorial positions [bond
lengths: Cu–O1 1.9617(14) Å, Cu–N1 1.9902(15)]. The nitrato
ligands sit on the apical positions of the bipyramid with elon-
gated bond lengths of Cu–O5 2.5359(14) Å.
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Figure 1. Extended asymmetric unit of
[Cu(NO3)2(H2O)2(H2azbpz)2]·(H2O)2 (1). (50% thermal ellipsoids,
hydrogen-bonds in yellow dotted lines, hydrogen atoms with arbitrary
radii). Symmetry transformation: i = 1 –x, 1 –y, 1 –z. Selected bond
lengths and angles are given in Table S1 (Supporting Information).

In 1 the copper-coordinated pyrazole group of the H2azbpz
ligand participates with the nitrate ion in a seven-membered
hydrogen-bonded ring around the central metal atom (Cu–N1–
N2–H2–O3–N7–O5) bringing the NH function in an endo-po-
sition with regard to the azo group. In the non-coordinating
pyrazole group, the NH function forms a bifurcated hydrogen
bond to the nitrate ion and the pyridinic nitrogen atom accepts
a hydrogen bond from one of the crystal water molecules. This
non-coordinated pyrazole moiety is, thus, integrated in a nine-
membered hydrogen-bonded ring around the central metal
atom of an adjacent entity (Cu–O1–H2O1–O2-H1O2–N5–N6–
H6–O5) with the NH function in the exo-position to the azo
group (Figure 3). The nine-membered homodromic ring
(Scheme S2, Supporting Information) can be denoted as R3

3(9)
in the Etter notation.,[35–39] H2azbpz adopts a cis form with
endo-exo position of NH towards the azo bridge (Scheme S1,
Supporting Information).

Apart from this asymmetrical configuration of H2azbpz (see
Figure 2 top), the seven- and nine-membered hydrogen-bonded
rings around the central metal atom in 1 give rise to a one-
dimensional hydrogen-bonded chain along the c axis (see Fig-
ure 2 bottom). This is accompanied by an offset dimeric stack-
ing between the azo function and the dimethylpyrazole moie-
ties (dmpz) of H2azbpz ligands from adjacent fragments (see
Figure 2 middle, and for details Figure S5, Supporting Infor-
mation).

These hydrogen-bonded chains are interconnected by
hydrogen bonds of the hydrogen atoms of the coordinated
water molecule H1O1 and the water molecule of crystallization
H2O2 not involved in forming the mentioned seven- and nine-
membered hydrogen-bonded rings (see Figure 3 top: hydrogen
bonds interconnecting the chains are represented as green-
dashed lines).

In total the water molecules build a tetrameric heterodromic
water cluster with D2h-symmetry connecting four molecular
entities from different chains in 1, which results from the aqua
ligands with O1 acting as double hydrogen-bond donors and
the crystal water molecules with O2 as double hydrogen bound
acceptors (Figure 3 and Figure S3, Supporting Information).
The O···O distances are 2.713(2) Å and 2.664(2) Å (Table 1).
It has been found, that the stability of such water clusters de-
creases in the order homodromic, antidromic and heterodromic
(Scheme S2, Supporting Information).[35] This exemplifies the
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Figure 2. Top: Seven-membered and nine-membered hydrogen-
bonded rings with the cis form of H2azbpz in 1 (hydrogen bonds as
orange-dashed lines). Middle: representation of the dimeric stacking
of adjacent molecular fragments in 1 with azo-pi-contacts as black-
dashed lines. Bottom: One-dimensional hydrogen-bonded chain along
the c axis in 1. See Table 1 for hydrogen-bonding details. See Figure
S5 (Supporting Information) for details on the azo-pi contacts. Sym-
metry transformations: ii = –x+1, –y+1, –z; iv = x, y, z–1.

cooperativity of the association of the water cluster in the crys-
tal structure of 1. The hydrogen bonding pattern in the cyclic
water tetramer can be denoted as R2

2(8) according to the Etter-
graph notation.[36–39] The study of interactions of water aggre-
gates in crystal matrices received attention to attain a deeper
knowledge of the bulk properties of water. Such water struc-
tures include, for example, tetrameric clusters,[40–42] a
(H2O)14-cluster of S6 symmetry,[43] a (H2O)12-containing infi-
nite chain,[44] a one-dimensional water chain substructure,[45]

ribbons of cyclic water pentamers,[46] 2D-water/ice layer with
octameric subunits,[47] three dimensional water sheaths,[48] as
well as a three dimensional chiral water aggregate.[49] Some-
times even different structural water motifs are present as, for
example, a cyclic water tetramer together with an opened octa-
mer,[50] a single cyclic water hexamer and tapes of edge-shar-
ing cyclic water hexamers[51] and a water cube and cyclic
water hexamer.[52] On this subject Ruiz-Pérez et al. identified
a similar D2h-(H2O)4-cluster besides an S4 symmetric
tetramer in the two-dimensional sql coordination polymer
[Co2(bta)(H2O)8]n·4nH2O [with H4bta = 1,2,4,5-benzenetetra-
carboxylic acid].[42]

An analogous evaporation experiment using Ni(NO3)2·6H2O
instead of Cu(NO3)2·2.5H2O led to greenish block shaped
crystals of composition [Ni(H2O)4(H2azbpz)2](NO3)2·2H2O
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Figure 3. Top: D2h-symmetric heterodromic (H2O)4-cluster found in 1
with the hydrogen bonds O1–H1O1···O2 and O2–H2O2···O3 between
the one-dimensional strains in green-dashed lines. Bottom: Arrange-
ment of the one-dimensional chains. See Table 1 for details on
hydrogen bonds. Symmetry transformations: ii = –x+1, –y+1, –z; iii
= –x+1, –y, –z+1.

Table 1. Details of the hydrogen bonding interactions in
[Cu(NO3)2(H2O)2(H2azbpz)2]·(H2O)2 (1).

D–H···A D–H /Å H···A /Å D···A /Å D–H···A /°

O1–H1O1···O2ii 0.77(3) 1.96(3) 2.713(2) 167(3)
O1–H2O1···O2 0.81(3) 1.87(3) 2.664(2) 167(2)
O2–H2O2···O3iii 0.80(3) 2.07(3) 2.838(2) 161(2)
O2–H1O2···N5ii 0.77(3) 1.96(3) 2.725(2) 174(3)
N2–H2···O3 0.82(2) 2.02(2) 2.803(2) 161(2)
N6–H6···O4iv 0.81(3) 2.54(3) 3.221(2) 142(2)
N6–H6···O5iv 0.81(2) 2.32(3) 3.100(2) 161(2)
i = –x+1, –y+1, –z+1; ii = –x+1, –y+1, –z; iii = –x+1, –y, –z+1; iv =
x, y, z–1.

(2). Again the experimental and simulated powder X-ray dif-
fractograms were positively matched (Figure S1, Supporting
Information) and, thereby, confirmed the representative nature
of the investigated single-crystal and overall phase-purity. The
asymmetric unit contains one nickel atom sitting on an inver-
sion center, one H2azbpz, two coordinating water molecules
(O1 and O3), one crystal-water molecule (O2), and one nitrate
ion. The nickel atom is octahedrally coordinated by four water
molecules in the equatorial position [bond lengths: Ni–O1
2.064(2) Å, Ni–O3 2.072(2) Å] and two H2azbpz ligands
through the pyridinic nitrogen atom N1 [bond length: Ni–N1
2.108(2) Å] (Figure 4).
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Figure 4. Extended asymmetric unit of
[Ni(H2O)4(H2azbpz)2](NO3)2·2H2O (2) (50% thermal ellipsoids
hydrogen atoms with arbitrary radii). Symmetry transformation:
i: –x+1, –y+1, –z+1. Selected bond lengths and angles are given in
Table S2 (Supporting Information).

A nine-membered hydrogen-bonded ring around the central
metal atom (Ni–N1–N2–H2-O4–N7–O6–H2O3–O3) is formed
by the participation of the non-coordinating nitrate ion. This
motif can be assigned the R2

2(9) graph set in the Etter nota-
tion.[35,37,38,39] As in the copper complex 1 also in 2 one pyr-
azole ring of the H2azbpz ligand is not coordinating. This non-
coordinated pyrazole moiety acts as a hydrogen-bond acceptor
via its pyridinic nitrogen to a water molecule and as a
hydrogen-bond donor to a nitrate ion. Overall this hydrogen-
bonded ring can be described as R2

2(7) in the Etter notation
(Figure 5 top).[35,37,38,39] Both pyrrolic NH functions are in the
exo position to the azo bridge in H2azbpz, corresponding to
the trans form represented on the right in middle of Scheme 2.
The water molecules in the Ni complex show a trimeric motif
with O···O distances of O1···O2 2.6787(13) Å, and O2···O3
2.6979(13) Å, which can be described as part of a six-mem-
bered hydrogen-bonded ring around the central metal atom
(Ni–O1–H1O1–O2–H1O2–O3) with the graph set R2

2(6) (see
Figure S4, Supporting Information). Details on the hydrogen
bonds in 2 are listed in Table 2.

The hydrogen-bond motifs in 2 lead to a two-dimensional
hydrogen-bonded sheet in the ac plane. This is accompanied
by continuous π interactions along the a axis of azo-pz to off-
set arranged H2azbpz ligands (see Figure 5 and Figure S6 for
details, Supporting Information). Those sheets are stacked
along the b axis in an AA fashion with the nitrate anions in-
volved in the described hydrogen-bonding rings as the connec-
tors between the two-dimensional sheets (see Figure 5).

The supramolecular packing in 1 and 2 can be further under-
pinned by their Hirshfeld surfaces calculated with Crystal-
Explorer.[53–56] The thereof derived two-dimensional finger-
print plots show the characteristic features for the already dis-
cussed hydrogen bonds observed in 1 and 2 (see Figure 6).

Figure 7 summarizes the relative contributions to the Hirsh-
feld surface area close contacts for 1 and 2. A fragmented
breakdown of their contribution to the Hirshfeld surfaces can
be found in Figures S7–S36 (Supporting Information).

The common feature regarding the azo–π interactions in 1
and 2 is the offset stacking of the dmpz moieties and the azo
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Figure 5. Top: Hydrogen-bonding interactions in 2 stabilizing the
trans-configuration of H2azbpz and nitrate anions as the connectors
between the sheets. Middle: Two-dimensional sheet in 2 through the
interplay of hydrogen-bonds and azo-π interactions. Bottom: View
along the a axis on the AA packing of the sheets. See Table 2 for
details on hydrogen bonds. Symmetry transformations: i = –x+1,
–y+1, –z+1; ii = –x, –y+1, –z+1; iii = x, y, z + 1; iv = x + 1, y, z;
v = –x+1, –y+2, –z+1; vi = –x, –y+1, –z. vii = 1–x, 1–y, –z.

function, which are represented as solely N···C contacts with
4.4 % for 1 and N···C contacts with 7.7% and N···N-contacts
with 1.7% for 2 to the Hirshfeld surface areas.[57] Those num-
bers also nicely quantitatively reflect the differences between
the one-dimensional chain structure in 1, where only one side
of H2azbpz shows azo–π contacts and the two-dimensional
sheet structures in 2 where both sides of the planar ligand show
such interactions (see Figure 8, Figures S20 and S21 and Fig-
ures S34–S36, Supporting Information).
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Table 2. Details of the hydrogen bonding interactions in
[Ni(H2O)4(H2azbpz)2](NO3)2·2H2O (2).

D–H···A D–H /Å H···A /Å D···A /Å D–H···A /°

O1–H1O1···O2 0.90 (3) 1.81 (3) 2.679 (3) 163 (3)
O1–H1O2···O4 0.84 (3) 2.20 (3) 2.941 (4) 147 (3)
O1–H1O1···O5 0.85 (3) 2.35 (3) 3.146 (3) 157 (3)
O2–H1O2···O3i 0.82 (1) 2.56 (3) 3.138 (3) 129 (3)
O2–H1O2···O5ii 0.82 (1) 2.18 (2) 2.824 (3) 136 (3)
O2–H2O2···N5iii 0.82 (1) 1.92 (1) 2.741 (3) 176 (4)
O3–H1O3···O2iv 0.68 (4) 2.02 (5) 2.698 (3) 175 (5)
O3–H2O3···O6v 0.68 (4) 2.14 (4) 2.809 (3) 168 (5)
N2–H2···O4v 0.88 1.95 2.792 (3) 158
N6–H6···O5vi 0.88 2.05 2.839 (3) 150
(i) –x+1, –y+1, –z+1; (ii) –x, –y+1, –z+1; (iii) x, y, z + 1; (iv) x + 1,
y, z; (v) –x+1, –y+2, –z+1; (vi) –x, –y+1, –z.

Figure 6. Representation of the Hirshfeld surface areas mapped with
dnorm on the left and the two-dimensional fingerprint plots on the right
for 1 (top) and 2 (bottom) with di and de as the distances from the
surface to the nearest atoms interior and exterior to the surface. Red
spots depict the closest and blue spots the most distant contacts.

It can be assumed that due to the general strength and direc-
tionality, the high relative contributions to the Hirshfeld sur-
face areas and the identification of interactions in all directions
the identified hydrogen-bonds are the main driving forces in
the assembly of 1 and 2. However, besides the hydrogen bonds
the main contacts between the chains in 1 and the layers in 2
are weak van der Waals contacts represented as H···H contacts
with high relative contributions to the Hirshfeld surface area
between the methyl groups of the ligands (see Figure S8 and
S23, Supporting Information).

Conclusions

We synthesized the metal complexes
[Cu(NO3)2(H2O)2(H2azbpz)2]·(H2O)2 (1) and
[Ni(H2O)4(H2azbpz)2](NO3)2·2H2O (2) and discussed their so-
lid-state supramolecular interactions, resulting in the stabiliza-
tion of a cis configuration of H2azbpz in 1 and a trans configu-
ration in 2 by different anion-assisted hydrogen-bonded rings
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Figure 7. Relative contributions of close contacts [H···H (blue), O···H
(red), N···H (green), N···C (violet), C···H (cyan), miscellaneous
(orange)] to the Hirshfeld surface areas of 1 and 2 (under miscel-
laneous in orange the marginal contributions of C···O, N···O, O···O,
C···C, N···N and for 1 also the Cu···O contacts are summarized).

Figure 8. Visualization of the close contacts to the Hirshfeld surface
mapped with dnorm of the [Cu(H2O)2(H2azbpz)2]-fragment in 1 (top)
and [Ni(H2O)4(H2azbpz)2] fragments in 2 (bottom) responsible for the
one-dimensional chain or two-dimensional sheet structure, respectively
(C···N contacts as green-dashed lines, hydrogen bonds as orange-
dashed lines).

around the central metal atom together with the coordinating
and non-coordinating pyrazole moieties. Besides the identifica-
tion of the different configuration of the ligand on a molecular
level in 1 and 2 the interplay between the hydrogen-bonded
ring motifs accompanied by an offset azo-π stacking of the azo
functions and the dmpz moieties of the ligand leads to a one-
dimensional chain structure in 1 and a two-dimensional sheet
structure in 2. The chains in 1 are connected by a D2h-symmet-
ric tetrameric water cluster, whereas in 2 the hydrogen-bonded
rings involving the counterbalancing nitrate anions are iden-
tified as the decisive interactions between the sheets. In ad-
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dition Hirshfeld surface analysis was employed to further work
out the differences in their three-dimensional crystal packing.
The identified azo–dmpz interactions were also quantitatively
assessed by the relative contribution of N···C and N···N con-
tacts to the Hirshfeld surface areas.

Experimental Section

General: Reagents were obtained from commercial sources and used
without further purification. H2azbpz was prepared as described by us
earlier.[17] Elemental Analysis was conducted with a Perkin–Elmer
CHN 2400. IR spectra were recorded with a Bruker Tensor 37 IR
spectrometer equipped with a ATR unit. The powder X-ray diffraction
pattern (PXRD) was obtained on a Bruker D2 Phaser powder dif-
fractometer with a flat silicon, low background sample holder, at
30 kV, 10 mA for Cu-Kα radiation (λ = 1.5418 Å).

Single Crystal X-ray Structures: Suitable crystals were carefully se-
lected under a polarizing microscope, covered in protective oil and
mounted on a 0.05 mm cryo loop. Data collection: Bruker Kappa
APEX2 CCD X-ray diffractometer (Bruker AXS Inc., Madison, WI,
USA) with microfocus tube, Mo-Kα radiation (λ = 0.71073 Å), multi-
layer mirror system, ω-scans; data collection with APEX2,[58] cell re-
finement with SMART and data reduction with SAINT,[58] experimen-
tal absorption correction with SADABS.[59] Structure analysis and re-
finement: All structures were solved by direct methods using
SHELXL2016.[59] Refinement was done by full-matrix least-squares
on F2 using the SHELX-97 program suite. Crystal data and details on
the structure refinement are given in Table 3.[60,61] The datasets of 1
and 2 were solved in P1 and transformed with PLATON to P1̄ using
the command “CALC ADDSYM SHELX”.[62,63] In both compounds
the hydrogen atoms for CH3 were positioned geometrically (C–H =
0.98 Å) and refined using a riding model (AFIX 137) with Uiso(C) =
1.5Ueq. In 1 the protic hydrogen atoms for NH were found and refined
free with Uiso(H) = 1.5Ueq. The hydrogen atoms of the coordinating
water molecule and the water molecule of crystallization were found
and refined with Uiso(H) = 1.5Ueq(O). In 2 The protic hydrogen atoms
for NH were positioned geometrically (N–H = 0.98 Å) and refined
using a riding model (AFIX 43) with Uiso(N) = 1.2Ueq. The hydrogen
atoms of the coordinating water molecules and the water molecule of
crystallization were found and refined free with Uiso(H) = 1.5Ueq. The
found and refined H atoms were restricted with DFIX commands for
their O–H, H···H, and Cu···H distances. Graphics were drawn with
Diamond.[64]

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-1902040 and CCDC-1902041. (Fax: +44-1223-336-
033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

[Cu(NO3)2(H2O)2(H2azbpz)2]·(H2O)2 (1): H2azbpz (20.1 mg,
0.092 mmol) was dissolved in 14 mL of ethanol whilst stirring.
Cu(NO3)·2.5H2O (12.1 mg, 0.052 mmol) dissolved in 2 mL of ethanol
was added without stirring over 10 min at room temperature. The yel-
low-greenish solution was filtered through a Pasteur pipette filled with
glass wool and allowed to stand for the solvent to evaporate undis-
turbed at 25 °C in an oven. After 7 d small light-green block-shaped
crystals appeared. Yield: 10.3 mg (28% based on copper). The IR
spectrum is given in Figure S2 (Supporting Information).
Cu0,5C10H18N7O5: calcd. C 34.51, H 5.21, N 28.17%; found: C 33.76
H 5.15, N 27.60%.
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Table 3. Crystal structure and refinement details of
[Cu(NO3)2(H2O)2(H2azbpz)2]·(H2O)2 (1) and
[Ni(H2O)4(H2azbpz)2](NO3)2·2H2O (2).

1 2

Empirical formula CuC20H36N14O18 NiC20H40N14O12

M# /g·mol–1 696.18 727.35
Crystal system triclinic triclinic
Space group P1̄ P1̄
Crystal size /mm 0.09�0.02�0.02 0.08�0.06� 0.02
Temperature /K 140 140
a /Å 7.3242(10) 6.8374 (6)
b /Å 8.6468(11) 8.4943 (7)
c /Å 13.6761(18) 14.6525 (12)
α /° 73.520(8) 99.644 (4)
β /° 75.488(8) 102.220 (4)
γ /° 65.008(8) 101.682 (4)
V /Å3 744.21 (18) 794.57 (12)
Z 1 1
μ /mm–1 0.811 0.691
F(000) 363 382
Max./min. transmission 0.913, 1.000 0.657, 0.746
Measured, indep., ob-

11992, 2644, 2451 11454, 3287, 2874
served reflections
Rint 0.036 0.032
Data / restraints / pa-

2644 / 0 / 227 3287 / 8 / 236
rameters
Max./min. Δρ /e·Å–3 a) 0.28, –0.41 2.32, –0.46
R, wR(F2) 0.0268, 0.0672 0.0553, 0.1497
S [I � 2σ (I)] b) 1.064 1.021
R, wR(F2) 0.0318, 0.0688 0.0635, 0.1572
S [all data] b) 1.064 1.025

a) Largest difference peak and hole. b) R1 = [Σ(|Fo| – |Fc|)/Σ|Fo|]; wR2

= [Σ [w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]]1/2. Goodness-of-fit S = [Σ [w(Fo

2–
Fc

2)2] / (n–p)]1/2.

[Ni(H2O)4(H2azbpz)2](NO3)2·2H2O (2): The synthesis was carried
out in analogy to 1 by using 15.1 mg of Ni(NO3)2·6H2O. After one
week 7.3 mg (19% based on nickel) of yellow-greenish crystals were
collected. The IR spectrum is given in Figure S2 (Supporting Infor-
mation). NiC20H40N14O12: calcd. C 33.03 H 5.54 N 26.96%; found:
C 32.47 H 5.56 N 27.72%.

Supporting Information (see footnote on the first page of this article):
PXRD patterns, IR spectra, monodentate metal-coordinating forms of
H2azbpz, Analysis of azo-π interactions, Hirshfeld surface analysis of
1 and 2, selected bond lengths and angles of 1 and 2.

Keywords: Pyrazoles; Hydrogen bonds; Water cluster;
Crystal engineering; Hirshfeld surface
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