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Abstract
A novel tetranuclear silver coordination compound with the formula [Ag4(bdmpza)4]·10H2O (bdmpza = bis(3,5-di-
methylpyrazol-1-yl)acetate) was synthesized by a reaction between an aqueous solution of silver nitrate and an aqueous 
solution prepared by bis(3,5-dimethylpyrazol-1-yl)acetic acid and potassium hydroxide (1:1 molar ratio). The obtained 
compound was characterized by elemental analysis, coupled thermogravimetric–mass spectrometry analysis, vibrational 
IR spectroscopy, and its crystal structure was determined by single-crystal X-ray diffraction method. Furthermore, the 
obtained crystal structure was additionally evaluated by Hirshfeld surface analysis.
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1. Introduction
Due to the modelling of active sites of some zinc 

enzymes, and of active sites of the non-heme iron en-
zymes, which are required in oxygen activation, di-
verse tripodal heteroscorpionate N,N,O ligands have 
been prepared in last decades. Such type of compounds 
can serve as suitable structural mimics for the facial 
2-His-1-carboxylate triad, since they express high 
binding affinity to occupy a trigonal face of coordina-
tion polyhedron.1-4 Numerous compounds based on 
bis(pyrazol-1-yl)acetate with pyrazolyl rings substitut-
ed at 3 and 5 positions are reported.5

The scarcity of suitable N,N,O-triple ligands initially 
led to model compounds with N,N,N-binding sites. First 
N,N,N-tris(pyrazolyl)borate-complexes were reported 
by Trofimenko in the late 1970s.6 In 1999, the first two 
compounds, lithium and niobium, with bis(3,5-dimeth-
ylpyrazol-1-yl)acetate (bdmpza) were published.7 Crystal 
structure of bis(pyrazol-1-yl)acetic acid (Hbpza) and its 
synthetic route, as well the synthesis of bis(3,5-dimeth-
ylpyrazol-1-yl)acetic acid (Hbdmpza), were reported two 
years later.5,8 So far, variety of mono, di-, tetra- and hexanu-
clear metal complexes with bis(3,5-dimethylpyrazol-1-yl)
acetate have been reported.4,7,9–13 Among all the described 
compounds, formed by the routes with bis(3,5-dimeth-

ylpyrazol-1-yl)acetic acid, only two complexes are known 
in which the acetate group is not deprotonated, [Cu(Hbd-
mpza)2](HSO4)2 and [Cu(Hbdmpza)2]Cl2. Two Cu(II) 
compounds with methyl ester acetate group were previ-
ously published as well.14,15

On the other hand, silver is known to be bioactive 
and this property is widely exploited in different everyday 
products as well as in medical devices, especially when in 
form of nano- or colloidal silver or different binary silver 
compounds. For this reason the research on the coordi-
nation chemistry of silver(I) has increased dramatically in 
last decades, and it became widely known that silver com-
plexes with oxygen and nitrogen atoms exhibit different 
antimicrobial activities among others.16, 17 Furthermore, 
the silver(I) complexes have found different applications 
in material science for their structural diversity originating 
from a d10 electron configuration which allows the forma-
tion of different coordination geometries and represent 
a foundation for construction of supramolecular frame-
works.18,19,20 

Herein we report the crystal structure of first silver 
coordination compound with bdmpza ligands. The com-
pound was also characterized by Hirshfeld surface analy-
sis, coupled thermogravimetric–mass spectrometry analy-
sis and infrared spectroscopy. 
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2. Experimental 
2. 1. Materials and Physical Measurements

All reagents and chemicals were purchased from 
commercial sources and used without further purification. 
Bis(3,5-dimethylpyrazol-1-yl)acetic acid was synthesized 
as reported previously.5 An aqueous solution of bis(3,5-di-
methylpyrazol-1-yl)acetate was prepared by bis(3,5-di-
methylpyrazol-1-yl)acetic acid and sodium hydroxide in 
1:1 molar ratio.

CHN elemental analyses were performed with a 
PerkinElmer 2400 CHN Elemental Analyzer. The infrared 
spectra were measured on solid samples using a Perkin-El-
mer Spectrum 100 series FT-IR spectrometer equipped 
with an ATR sampling accessory.

Coupled thermogravimetric–mass spectrometry ana-
lysis (TG-MS) measurements were performed on a Mett-
ler Toledo TGA/DSC1 instrument under dynamic flow of 
argon. Around 1.2 mg of the sample was put into 150 μL 
platinum crucible and heated from 25 °C to 700 °C with a 
heating rate of 10 K min–1. Evolved gases were introduced 
into Balzers ThermoStar mass spectrometer via 75 cm long 
heated capillary. To lower the water content in the mass 
spectrometer, the sample was kept at 25 °C for 15 min at the 
beginning of the mesurement. Blank curve was subtracted.

2. 2. Synthesis
To the aqueous solution of silver nitrate, AgNO3, 

(0.10 mmol, i.e. 1.0 mL of 0.10 M solution) 1.0 mL of 
the aqueous solution prepared of bis(3,5-dimethylpyra-
zol-1-yl)acetic acid (0.040 mmol) and potassium hydrox-
ide (0.040 mmol) was added. The obtained precipitate 
was filtered off and colourless solution was left in a closed 
beaker, wrapped in aluminium foil, in the dark space, to 
prevent reduction of Ag(I) to elemental silver. The co-
lourless prismatic crystals which are also light-sensitive 
appeared in 17 days. Yield: 3.68 mg (23%). Anal. Calcd. 
for C48H80Ag4N16O18: C, 36.02%; H, 5.04 %; N, 14.00%. 
Found: C, 35.87%; H, 5.19 %; N, 14.21%. νmax: 3180 (vw 
ν(OH), 1651(vs, νas(OCO)), 1614 (vs, νas(OCO)), 1556 (s, 
ν(CN), 1463 (m, ν(CN), 1443 (m), 1417 (s, ν(CC)), 1384 
(m), 1345 (vs, νs(OCO)), 1327 (vs), 1299 (m), 1255 (v, 
νs(OCO)), 1146 (w), 1113 (w), 1034 (s), 896 (w), 875 (s), 
801 (s), 768 (ws), 711 (s), 650 (w), 626 (w), 618 (w).

2.3. X-Ray Crystallography
For X-ray structural analysis, single crystal of the 

title compound was surrounded by silicon grease, mount-
ed onto the tip of glass fibre and transferred to the goni-
ometer head in the liquid nitrogen cryostream. Data were 
collected on a SuperNova diffractometer equipped with 
Atlas detector using CrysAlis software and monochro-
mated Mo Kα radiation (0.71073 Å) at 150 K.21 The initial 
structural model was obtained via direct methods using 

the SIR97 structure solution program.22 A full-matrix 
least-squares refinement on F2 magnitudes with anisotro-
pic displacement parameters for all nonhydrogen atoms 
using SHELXL-2018/3 was employed.23 All H atoms were 
initially located in difference Fourier maps; those residing 
on C-atoms were further treated as riding on their parent 
atoms with C(aromatic)−H distance and C(methyl)-H dis-
tances of 0.95 and 0.98 Å, respectively. On the other hand, 
the hydrogen atoms bonded to oxygen atoms were refined 
in the beginning and due to unstable refinement, they were 
treated using AFIX 3 command at the very last refinement 
cycles. Details on crystal data, data collection and struc-
ture refinement are given in Table 1. Figures depicting the 
structures were prepared with Mercury.24 

Table 1. Crystal data, data collection and refinement.

Crystal data	

Formula	 C48H80Ag4N16O18
Mr	 1600.76
Cell setting, space group	 Triclinic, P−1
a (Å)	 10.8581(4)
b (Å)	 12.6003(6)
c (Å)	 12.9796(5)
α (°)	 72.307(4)
β (°)	 89.235(3)
γ (°)	 71.190(4)
V (Å3)	 1594.39(12)
Z	 1
Dx (Mg m−3)	 1.667
μ (mm−1)	 1.288
F(000)	 812
Crystal form, colour	 Prism, colourless
Crystal size (mm3)	 0.4x0.3x0.3
Data collection	
T (K)	 150(2)
No. of measured, independent	 14694, 8314, 6539
and observed reflections
Rint	 0.0293
Refinement	
R (on Fobs), wR (on Fobs), S	 0.0340, 0.0646, 1.060
No. of contributing reflections	 8314
No. of parameters	 406
No. of restraints	 0
∆ρmax, ∆ρmin (eÅ−3)	 0.754, −0.906 

R = ∑||Fo| – |Fc||/∑|Fo|; wR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2; S = 

{∑[w(Fo
2 – Fc

2)2]/(n – p)}1/2 where n is the number of independent 
reflections and p is the total number of parameters refined.

2. 3. Hirshfeld Surface Analysis
To study intermolecular interactions in the title 

compound, the Hirshfeld surface analyses were performed 
using Crystal Explorer, both based on the results of previ-
ous single crystal X-ray diffraction study.25,26 The Hirsh-
feld surfaces were plotted over three quantities: a) dnorm, 
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plotted in red-white-blue colour code, representing short-
er/close to the sum of van der Waals radii/longer contacts 
between the molecules, b) curvedness and c) shape in-
dex, in which red areas represent hollows and blue areas 
represents bumps. Additionally, the full and resolved 2D 
fingerprint plots that show distances from each point on 
the Hirshfeld surface to the nearest atom inside (di) and 
outside (de) of it were calculated.

3. Results and Discussion
3. 1. Crystal Structure

The tetranuclear molecule, [Ag4(bdmpza)4] (Fig. 1), 
is surrounded by ten solvent water molecules. The asym-
metric unit consists of half of the coordination moiety and 
five water molecules, while the other half is formed by an 
inversion centre. Two of symmetry independent bdmpza 
ligands are coordinated in different manners. The first bd-
mpza ligand acts as a tetradentate ligand and thus fulfils its 
binding potential coordinating via its both nitrogen atoms 
and both oxygen atoms from deprotonated carboxylate 
group. Such tetradentate coordination of bdmpza ligand 
is observed very rarely, only in four crystal structures 
where the bdmpza is coordinated to two different metal 
centres.27,28 Contrary to the first bdmpza ligand, the se-
cond bdmpza ligand is bound tridentately via both of its 
N-atoms and additional O from deprotonated carboxylate 
group; such tridentate coordination of bdmpza is preva-
lent, it appears in more than 90% of crystal structures with 
bdmpza in a role of ligand.9 

As a consequence of the described coordination mo-
des of bdmpza ligands, both symmetry independent silver 
ions are coordinated differently (the relevant bonds and 

angles around the metal centres are given in Table 2). Ag1 
is coordinated with four nitrogens, a pair from each of the 
two bdmpza ligands, possessing a seesaw geometry as in-
dicated τ4 value of 0.523.29 In other words, the geometry 
around Ag1 is somewhere between the ideal tetrahedral 
and square planar geometries (the value of 0.497 for τ4‘ 
does not completely confirm the intermediate seesaw ge-
ometry).30 It is worth mentioning that the fourth nitrogen 
atom (N7) is further away than the previous three (N1, 
N3, N5) and thus close to the upper limit of such contacts. 
Therefore, such coordination environment of Ag1 might 
also be described as trigonal with additional contact (i.e. 
3+1) but usually, despite of the significant difference in 
bondlegths, such coordination number is still considered 
to be four. The longest bond can be regarded as secondary 
and still important coordination interaction. Such situa-
tion often occurs when multidentate ligands with limited 
flexibility are present.31–33 

On the other hand, Ag2 is coordinated with three 
oxygen atoms each from one of three different bdmpza li-
gands and one nitrogen atom further away. The relevant τ4 
and τ4‘ values are 0.683 indicating severely distorted tetra-
hedral geometry around Ag2. The coordination sphere of 
Ag2 is accomplished by Ag2‘ obtained by inversion centre 
which is positioned in between them. Additionally, Ag2 
and Ag2‘ are bridged by two carboxylate bridges, bringing 
both atoms to the distance of 2.9062(4) Å which represents 
very strong argentophilic interaction.34,35

Although the tetrasilver compounds are frequent in 
coordination chemistry of silver(I), such tetrasilver cluster 
Ag4O6N8 as found in the title compound has not been ob-
served yet.9 The same holds true for the presence of tetra-
dentately and tridentately coordinated bdmpza ligand: to 
the best of our knowledge, the title compound is the first 
that contains bdmpza ligands ligated in both manners to 
the metal centre.

Table 2. Selected bond lengths and angles (Å, °) for the title com-
pound. 

Ag1−N1	 2.368(2)	 N1−Ag1−N3	 80.55(8)
Ag1−N3	 2.311(2)	 N1−Ag1−N5	 122.41(8)
Ag1−N5	 2.199(2)	 N1−Ag1−N7	 147.30(7)
Ag1−N7	 2.622(2)	 N3−Ag1−N5	 139.02(8)
Ag2−O1i 	 2.229(2)	 N3−Ag1−N7	 97.54(7)
Ag2−O2i	 2.245(2)	 N5−Ag1−N7	 80.02(7)
Ag2−O4i	 2.380(2)	 O1−Ag2−O2i	 154.34(8)
Ag2−N7i 	 2.582(2)	 O1−Ag2−O4i	 88.75(7)
Ag2−Ag2i	 2.9062(4)	 O1−Ag2−N7i	 106.73(7)
		  O2i−Ag2−O4i	 109.32(7)
		  O2i−Ag2−N7i	 95.48(7)
		  O4i−Ag2−N7i	 76.27(7)
		  O1−Ag2−Ag2i	 82.51(5)
		  O2i−Ag2−Ag2i	 77.89(5)
		  O4i−Ag2−Ag2i	 170.51(4)
		  N7i−Ag2−Ag2i	 109.75(5) 
Symmetry codes: (i) –x+1, –y, –z +1.

Figure 1. ORTEP representation of tetranuclear coordination mol-
ecules [Ag4(bdmpza)4]. Only the atoms in the asymmetric unit are 
labeled. The thermal ellipsoids are given at 30% probability level 
while hydrogens and water molecules are omitted for clarity. The 
strong argentophilic interaction between Ag2 and its symmetry 
equivalent is also shown.
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Molecular entities in the title crystal structure are 
intensely connected with hydrogen bonds (Table 3, Figs. 
2 and 3). The O-H…O hydrogen bonds strongly dominate 
and connect either coordination clusters with water mo-
lecules or water molecules with adjacent water molecules. 
As shown in Fig. 2, the O-H…O interactions lead to the 
formation of characteristic five-membered ring defined by 
oxygen atoms which are further connected and as a con-
sequence, parallel zig-zag chains of interchanging water 
and coordination molecules are formed as shown in Fig. 3. 
These are further connected by C-H…O interactions. Note 
that in Table 3 only the hydrogen bonds compliant with 
classical criteria, i.e. D−H∙∙∙A angle > 110 °, O…O distance 
< 3.04 Å and C∙∙∙O distance < 3.22 Å are given. Additio-
nal C-H…O interactions are present between the zig-zag 
chains, for which the C…O distances are significantly lar-
ger than the sum of van der Waals radii. Such bonds are 
between two neighbouring coordination molecules (C19…

O4i, 3.402(3) Å) and between coordination and water mo-

lecules (C2…O5wiv, 3.258(4) Å; C24…O2wv, 3.521(3) Å); 
the corresponding symmetry codes are as given under 
Table 3.

3. 2. Hirshfeld Surface Analysis
To additionally evaluate the intermolecular inter-

actions in the crystal structure, Hirshfeld surface (HS) 
analysis was used. Fig. 4a represents Hirshfeld surface of 
tetranuclear coordination molecule mapped over dnorm in 
a range from −0,6379 to +1.6617 arbitrary units. The in-
tense red spots in the vicinity of oxygens and hydrogens 
indicate donors and acceptors of O−H…O interactions, i.e. 
hydrogen bonds between coordination molecule and ad-
jacent water molecules. HS mapped over curvedness and 
shape index (Figs. 4b and 4c) indicate the absence of broad 

Table 3. Hydrogen bond geometry in C48H80Ag4N16O18. 

D−H∙∙∙A	 D−H (Å)	 H∙∙∙A (Å)	 D∙∙∙A (Å)	 D−H∙∙∙A (°)	 Symmetry code of A

C14−H14∙∙∙O4 	 1.00	 2.30	 3.129(3)	 139.7	 i
O1W−H1WA∙∙∙O2 	 0.92	 2.06	 2.903(3)	 152.3	 –
O1W−H1WB∙∙∙O3	 0.91	 1.97	 2.834(3)	 156.6	 –
O5W−H5WB∙∙∙O1 	 0.86	 2.13	 2.953(3)	 160.2	 ii
O5W−H5WA∙∙∙O3 	 0.86	 1.91	 2.750(3)	 166.6	 –
O2W−H2WB∙∙∙O1W	 0.89	 1.98	 2.822(3)	 158.3	 –
O2W−H2WA∙∙∙O3W	 0.89	 1.98	 2.857(3)	 168.9	 iii
O3W−H3WA∙∙∙O2W	 0.84	 1.97	 2.784(4)	 161.1	 –
O3W−H3WB∙∙∙O5W	 0.86	 2.02	 2.872(3)	 167.4	 –
O4W−H4WA∙∙∙O3W	 0.87	 2.08	 2.949(3)	 173.2	 –
O4W−H4WB∙∙∙O1W	 0.84	 2.14	 2.971(3)	 170.0	 –

iii Symmetry codes: (i) –x+2, –y, –z +1; (ii) x+1, y, z; (iii) –x+2, –y, –z; (iv) x–1, y, z; (v) x, y, z+1. Note that symmetry codes 
(iv) and (v) refer to the information in text.

Figure 2. A branched hydrogen bond network around the asym-
metric unit; for clarity, only H-bonds in an asymmetric unit are 
shown.

Figure 3. A view down a axis on crystal packing. O–H···O hydrogen 
bonds between water-water or water-coordination molecule lead to 
the formation of parallel zig-zag chains. Hydrogen atoms and 
C-H…O interactions are omitted for clarity.
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flat regions that disable planar stacking of the coordination 
molecules, and also show the bumps and hollows to repre-
sent the touching of the molecules. 

Additionally, selected 2D fingerprint plots for the 
coordination molecules are shown in Fig. 5, i.e. for all con-
tacts as well as for individual H∙∙∙H, O∙∙∙H / H∙∙∙O, C∙∙∙H 
/ H∙∙∙C and N…H / H…N contacts, whose percentage to 
the total Hirshfeld surface area is also given. These con-
tacts comprise more than 99% of the HS area; the other 
two minor contributions are from C…O / O…C and Ag…H 
/ H…Ag contacts. The H…H interactions are in the middle 
of the scattered points in the 2D fingerprint plots with an 
overall contribution of 60.8% (Fig. 5b). Two sharp spikes 
at di + de at ~1.8 and 2.1 Å, respectively, represent the re-
ciprocal O…H / H…O interactions (Fig. 5c) contributing 
18.4% to the total HS. C…H/H…C and N…H/H…N in-
teractions appear as broad shoulders at di + de around 2.6 
Å (Figs. 5d and 5e).

3. 3. �Coupled Thermogravimetric–Mass 
Spectrometry Analysis

The TG curve of the title compound in argon flow 
shows two-step thermal degradation and a total mass loss 
of 68.58%. The mass loss starts at room temperature and 
ends at about 400 °C and proceeds in two distinctive steps 
as observed in Fig. 6. The first step starts already at the 
beginnig of isothermal measurement at 25 °C and ends at 
around 80 °C with 10.49% mass loss. The observed mass 
loss correpsonds to the dehydration (calc. 11.25%). At 
the end of this step small signal m/z = 18 was detected in 
mass spectrometer, confirming dehydration. Since at the 
beginnig of the measureument there is high water content 
in the system, signals due to water evolution are relatively 
low. The second mass loss step of 58.09% from 150−400 
°C represents the thermal decomposition of four bdmpza 
ligands; during this step evolution of CO2 (m/z = 44) and 

Figure 4. Hirshfeld surface of coordination molecule [Ag4(bdmpza)4]; a) plotted over dnorm in the range from −0,6379 to +1,6617 a. u., together with 
the adjacent water molecules, b) plotted over curvedness (range from −4.000 to 0.4000), and c) plotted over shape-index (range from −1.000 to 
1.000).
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Figure 5. a) A full 2D fingerprint plot of [Ag4(bdmpza)4] coordina-
tion molecule, together with those resolved into b) H∙∙∙H, c) O∙∙∙H / 
H∙∙∙O, d) C∙∙∙H / H∙∙∙C and e) N…H / H…N contacts. 
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NO2 (m/z = 46) was detected. For complete removal of bd-
mpza during this step the theoretical mass loss would be 
61.79% of the initial mass. However, as different oxidizing 
products are formed during this step, the residue after the 
thermal treatment is Ag2O. The mass of solid residue re-
presents 31.42% of the starting mass which is in accordan-
ce with the theoretically expected (28.96%).

3. 4. Infrared Spectroscopy
In the infrared spectrum (Fig. 7) bands belonging 

to the vibrations of water molecules and bdmpza ligand 
can be assigned. The weak broad band at approx. 3200 
cm–1 can be attributed to the O−H stretching in water 
molecules. The broadness of the band confirms the in-
tense participation of such bonds in the hydrogen bond 

Figure 6. Coupled TG-MS curves of the title compound.

Figure 7. Vibrational IR spectrum of the title compound.
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network. Since carboxylate groups of bdmpza ligand are 
coordinated to metal centers in two different modes, two 
pairs of bands belonging to the (OOC) stretching vib-
rations can be observed: (a) asymmetric longitudinal 
valence oscillations of carboxylate groups appear as two 
strong bands at 1651 and 1614 cm–1, while (b) symmetric 
OOC stretching is also observed in a shape of two se-
parated strong bands at 1345 and 1255 cm–1, respective-
ly. Bands at 1556 and 1463 cm–1 can be attributed to the 
stretches of the C=N and C−N bonds of pyrazole rings. A 
band that appears in the spectra at 1417 cm–1 is probably 
the band of longitudinal oscillation of the C–C bonds in 
rings.4,36

4. Conclusions
A new coordination compound [Ag4(bdm-

pza)4]·10H2O (bdmpza = bis(pyrazol-1-yl)acetate) was 
prepared by the reaction between an aqueous solution of 
silver nitrate and an aqueous solution of bis(3,5-dimethyl-
pyrazol-1-yl)acetic acid and potassium hydroxide (1:1 
molar ratio). The structure represents the first silver(I) co-
ordination compound with bdmpza ligands in which the 
first bdmpza is tetra- and the second bdmpza is tridentately 
coordinated. The tetrasilver cluster Ag4O6N8 forms which 
has not been observed till now. The coordination molecule 
[Ag4(bdmpza)4] is surrounded by ten water molecules and 
an extense hydrogen bond network is formed. The TG-MS 
curve of the title compound in argon flow shows two-step 
of thermal degradation with a total mass loss of 68.58%, 
attributed to the dehydration (11.25%) and the thermal 
decomposition of four bdmpza ligands (58.09%). In the 
infrared spectrum, the vibrations of water molecules and 
bdmpza ligand can be assigned. The broadness of the weak 
O−H stretching band indicates the presence of intense hy-
drogen bond network in the compound. Unidentate and 
bidentate bonding of carboxylate groups of ligands reflects 
in two pairs of bands belonging to the (OOC) stretching 
vibrations, asymmetric and symmetric.

5. Supplementary Information
CCDC 2053074 contains the supplementary crystal-

lographic data. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif.
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Povzetek
Pripravili smo novo štirijedrno spojino srebra s formulo [Ag4(bdmpza)4]·10H2O (bdmpza = bis(3,5-dimetilpirazol-1-il)
acetat). Spojino smo sintetizirali z reakcijo med vodno raztopino, pripravljeno iz bis(3,5-dimetilpirazol-1-il)ocetne kis-
line in kalijevega hidroksida v množinskem razmerju 1:1 ter vodno raztopino srebrovega nitrata. Dobljen produkt smo 
analizirali z elementno analizo, termogravimetrično analizo sklopljeno z masno spektrometrijsko analizo, vibracijsko 
IR spektroskopijo, njeno kristalno strukturo pa smo določili z metodo rentgenske difrakcije na monokristalu. Kristalna 
struktura je bila dodatno ovrednotena z analizo Hirshfeldovih površin.
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