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Abstract
Two crystalline silver(I) complexes were synthesized by combining the ligand tris(pyrazole-1-yl) methane (L1) with 
silver chlorate, [AgCH(C3H3N2)3. ClO3] (I), and 3,5-bis(pyridin-2-yl)-4-amino-1,2,4-triazole (L2) with silver nitrate, 
[AgC2H2N4(C5H4N)2]NO3 (II). The complexes were characterized by elemental analysis, Fourier ransform infrared spec-
troscopy (FT-IR), and single-crystal X-ray diffraction analysis. The structures and unit cell parameters of the complexes 
were determined. In both complexes, the Ag(I) central atom was found to be coordinated in a highly distorted tetrahedral 
configuration. The nitrogen donors of neighboring ligands coordinated two different Ag(I) ions, resulting in a polynuclear 
structure. Thermogravimetric analysis (TGA) indicated that complex I underwent decomposition through a two-step thermal 
decomposition occurring between 160 and 250 °C, whereas complex II experienced a rapid exothermic reaction within a very 
limited temperature range. Thermokinetic parameters of decompositions were determined by non-isothermal/isoconvertional 
kinetic methods, Ozawa–Flynn–Wall (OFW), and Kissenger–Akahira–Sunose (KAS). Thermodynamic parameters were 
calculated from two steps of the thermal decomposition for complex I and one step for complex II.

Keywords  Kissenger–Akahira–Sunose · Nitrogen-rich ligand · Ozawa–Flynn–Wall · Silver(I) complexes · Thermokinetic 
analysis

Introduction

Some Ag(I) salts, such as silver nitrotetrazolate [1], silver 
azide[2, 3], silver fulminate [4, 5], silver carbide [6, 7], 
silver oxalate [8], and complexes have long been known 
to be explosive at high temperatures [9, 10]. In Ag(I) 
complexes prepared with organic ligands, the complex 
inevitably behaves like an explosive substance if there 
are ions such as nitrate, chlorate, and perchlorate as free 
ions or auxiliary ligands [11–13]. Moreover, recent stud-
ies have highlighted the prominence of nitrogen-rich 
materials in the field of energetic substances [1, 14, 15]. 
These nitrogen-rich materials have shown promise in 
enhancing the explosive properties of Ag(I) complexes, 
making them potential candidates for advanced energetic 
applications. Enhancing the thermal, chemical, and fric-
tional stability of energetic materials is a primary focus 
of current research efforts. Materials exhibiting ener-
getic properties, characterized by a constrained thermal 
decay temperature range and increased thermal stability, 
are employed as initiators in ammunition applications. 
The study carried out by Atakol et al. demonstrated that 
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nitrogen-rich complexes synthesized using AgNO3 were 
predominantly single crystalline and displayed exother-
mic thermal decomposition within a limited temperature 
range. [12] (Fig. 1).

This research focuses on synthesizing novel nitro-
gen-rich Ag(I) complexes intended for use as initiators 
(detonators) that exhibit exothermic decomposition 
within narrow and high-temperature ranges. Accord-
ingly, tris(pyrazole-1-yl) methane (L1; CH(C3H3N2)2) 
and 3,5-bis(pyridin-2-yl)-4-amino-1,2,4-triazole (L2; 
C2H2N4(C5H4N)2), which can be considered slightly rich 
in nitrogen, were chosen as ligands. L1 performs as a 
widely utilized ligand in the formation of spin crossover 
complexes, and its synthesis is relatively straightforward 
[16]. Furthermore, complexes of this substance with Ag(I) 
salts carrying different free ions have been reported in the 
literature; Reger et al.[17] used Bis(1-pyrazolyl) methane, 
Bonfant et al. [18] used Br, I-phenyl(bis pyrazolyl)meth-
ane, and I-alkynophenyl(bispyrazolyl) methane, Dura 
et al.[19] used Bis(pyrazolyl)(pyridin-3-yl) methane as 
ligands. L2 is a ligand utilized in coordination chemistry 
studies and is commercially available. Several complexes 
of this ligand with Fe(II) have been reported in research 
[20]. This study prepared complexes with AgNO3 and 
AgClO3 in a methanol medium using L1 and L2 ligands. 
The complexes were analyzed using the single-crystal 
XRD method, and molecular models were determined. 
Furthermore, thermal degradation and thermokinetic 
analysis were conducted utilizing the TGA method.

The antimicrobial characteristics of Ag(I) salts and 
complexes are recognized globally, and research into 
the antimicrobial efficacy of novel materials is ongoing 
[21–23]. Therefore, investigations into the antimicrobial 
properties of these complexes, designed for use as detona-
tors, were also conducted.

Experimental

Using general devices and characterization methods

The investigation involved the analysis of silver(I) utilizing 
the GBC brand Avanta PM model AAS apparatus, while 
the C, H, N analysis was conducted with the Eurovector 
3018 C, H, N, S analyzer. FTIR spectra were obtained using 
the Shimadzu Infinity model FTIR spectrometer. The spec-
tra of the ligands were obtained using 13C-NMR and 1H-
NMR techniques on the Bruker Ultrashield 300 MHz NMR 
instrument. The crystal structures of complexes I and II 
were determined by single-crystal X-ray diffraction. Reflec-
tion data were collected at room temperature on a Bruker 
APEX II CCD diffractometer. Absorption correction was 
done by using SADABS [24]. The structures were solved 
by direct methods using SHELXT 2018/2 [25] and refined 
by full-matrix least squares on F2 using SHELXTL-2019 
[26]. Material preparation for publication is carried out by 
using PLATON [27], ORTEP software within WinGX [28] 
and Mercury 4.0 [29] programs. Thermal analyses were 
conducted using Shimadzu DTG 60 and DSC50 instru-
ments. Thermal analyses were conducted in an atmosphere 
of nitrogen, spanning from room temperature to 500 °C, 
utilizing an aluminum pan as the sample holder. Thermoki-
netic analyses were conducted using 2, 5, 10, 15, 20, and 
25 °C min−1 heating rates. Thermokinetic calculations were 
performed according to Ozawa–Flynn–Wall (OFW) [30] 
and Kissenger–Akahira–Sunose (KAS)[31] methods. The 
kinetic parameters of the complexes were calculated from 
thermogravimetric curves of all heating rates using tempera-
tures corresponding to different values of g(α) (0.2–0.8). 
The values for activation energy and the pre-exponential 
factor were calculated through graphical methods, utilizing 
the determined temperature values by the KAS and OFW 
methods. The equations used in these calculations are pre-
sented as follows:

Fig. 1   Chemical structure of 
ligands
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Ozawa–Flynn–Wall (OFW):

Kissenger–Akahira–Sunose (KAS):

where β is a heating speed as oC min−1, R universal gas con-
stant, Ea thermal activation energy (kJ mol−1), A Arrhenius 
pre-exponential factor, T temperature in K, g(α) fractional 
completed fraction of thermal fracture reaction. As previ-
ously stated, the equations were formulated assuming a reac-
tion order of n = 1. Ea and A values were calculated from the 
intercept and slopes of the graphs obtained. Thermodynamic 
parameters in thermal decomposition could be calculated 
using these values [32].

Preparation of ligands

Ligand 1; L1: The preparation of this ligand was carried 
out with the catalyst tetrabutylammonium tetrafluoroborate 
((n-C4H9)4NBF4), utilizing chloroform (CHCl3), pyrazole 
(C3H4N2), and potassium carbonate (K2CO3), following the 
procedures that were found in the literature [16].

Procedure: 13.8 g (0.1 mol) of K2CO3 was placed in a 
250-mL round-bottomed flask, to which 39.85 g (0.3 mol) 
of CHCl3 and 3.35 g (0.05 mol) of pyrazole were added. To 
this mixture, 0.5 g n-C4H9)4NBF4 was added as a catalyst 
and boiled under reflux for 36 h. The initially white mix-
ture transformed into shades of yellow and brown as time 
progressed. The brown liquid phase, subsequently separated 
from the solid K2CO3 through filtration, was evaporated until 
complete removal of CHCl3 was achieved. The resulting oily 
residue was extracted 7–8 times with n-hexane (n-C6H14), 
followed by evaporation until the volume of n-C6H14 was 
reduced by half. The cooling process was conducted using 
an ice bath, separating the crystallized substance (L1) 
through filtration and subsequent air drying. The ligand L1 
was recrystallized in methanol and subsequently air-dried 
once more.

L1, CH(C3H3N2)2: Yield: 38–40%.
Melting point (m.p.):107–108 °C.

(1)ln � = ln

[
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Rg(�)

]

− 1.0516

[
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]
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[
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kT

]

R

(4)ΔH = Ea − RT

(5)ΔG = ΔH − TΔS

Element Analysis: Expected: C: 56.07, H: 4.70, N: 
39.22%

Found: C: 55.87, H: 4.53, N: 38.75%.
13CNMR data in d6-CH3SOCH3 (δ, ppm): 141.45, 130.65, 

107.42 (ring carbons), 82.05 (aliphatic carbon) (Fig. 2a).
1HNMR data in d6-CH3SOCH3 (δ, ppm): 6.42 (t) (3H), 

7.67 (d) (3H), 7.90 (d), 8.99 (s) (1H). (Fig. 2b).
Important IR data (cm−1): νN-H:3165–3109, νC-H(Ar): 

3106–3116, νC-H(Aliph):2989, νC=N:1512, νC=C:1384, 
νC-N:1083, δC-H(Ar): 750. (Fig. 2c).

MS m/z: 214 [M]+ (Basepeak), 147 [CH(C3H3N2)2]+, 
148 [CH(C3H4N2)2]+, 120 [(C3H3N2)2CH = CH = CN]+, 
92 [CH = N-C3H3N2]+, 91 [CH = N-C3H2N2]+, 52 
[CH = CH-C = N]+.

Ligand II, L2, was obtained from Sigma–Aldrich (CAS 
No: 1671–88-1).

Important IR data (cm−1): νN-H:3292 (-NH2)- 3213 
(N-Hring) νC-H(Ar): 3094–3197, νC=C(ring): 1588,, δC-H(Ar): 
786 cm−1 (Fig S1).

Preparation of complexes

Complex I; [AgCH(C3H3N2)3. ClO3]: AgClO3 is not com-
mercially available; therefore, this material was prepared 
using AgNO3 according to methods in the literature [33]. 
0.428 g (0.002 mol) of Tris(pyrazole-1-yl) methane was 
dissolved in 30 mL of heated methanol within a 250 mL 
beaker. A solution of 0.383 g (0.002 mol) AgClO3 was added 
to this solution, dissolved in 40 mL of hot methanol. The 
solution was allowed to rest for a duration of one day, fol-
lowing which the resulting white crystalline precipitate was 
subjected to filtration and subsequently air-dried.

C10H10N6ClO3Ag: Yield 50–52%.
Element Analysis: Expected: C: 29.62, H: 2.48, N: 20.71, 

Ag: 26.60%.
Found: C: 28.87, H: 2.55, N: 19.95, Ag: 26.52 %.
Important IR data (cm−1): νN-H:3134, νC-H(Ar): 3104–3116, 

νC-H(Aliph):2988, νC=C(ring):1523, νCl-O: 916, δC-H(Ar): 744. 
(Fig. 3a).

Complex II; [AgC2H2N4(C5H4N)2] NO3: 0.477  g 
(0.002 mol) 3,5-bis(pyridin-2-yl)-4-amino-1,2,4-triazole 
was weighed and dissolved in 40 mL of heated methanol 
within a 150 mL beaker. A solution of 0.340 g (0.002 mol) 
AgNO3 was added to this solution, dissolved in 40 mL of 
hot methanol. The solution was allowed to rest for a dura-
tion of one day, following which the resulting white crystal-
line precipitate was subjected to filtration and subsequently 
air-dried.

C12H10N7O3Ag: Yield 55–60%.
Element Analysis: Expected: C: 35.32, H: 2.46, N: 24.01, 

Ag: 26.43%.
Found: C: 35.41, H: 2.53, N: 23.37, Ag: 25.82 %.
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Fig. 2   a 13CNMR spectrum, b 
1HNMR spectrum, and c FTIR 
spectrum of L1
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Important IR data (cm−1): νN-H:3259 (-NH2)- 2271 
(N-Hring) νC-H(Ar): 3094–3115, νC=C(ring):1597, νN=O:962, 
δC-H(Ar): 734. (Fig. 3b).

Biological activity of the complexes

Strains and culture conditions

The list of microbial strains preferred in the minimum inhib-
itory concentration (MIC) test is shown in Table 1.

The strains were stored at − 86 °C with 60% glycerol. 
The culture strains were first inoculated onto Tryptic Soy 
Agar plates (TSA; Merck, Darmstadt, Germany). The plates 
were then incubated overnight at 37 ℃. After incubation, 

individual colonies were picked from each culture using ster-
ile loops and inoculated onto Mueller–Hinton Agar plates 
(MHA; Merck, Darmstadt, Germany). These culture plates 
were used for the minimum inhibitory concentration test.

Minimum inhibitory concentration (MIC) test

The MIC values for the strains susceptible to complexes I 
and II were determined according to the recommendations 
of the CLSI (Clinical & Laboratory Standards Institute)[34]. 
Active cultures were prepared as described above. Single 
colonies were taken from each culture and suspended in 
physiological saline (0.9% NaCl) to set the 0.5 McFarland 
standard. First, 100 µL of Mueller Hinton Broth (MHB; 
Merck, Darmstadt, Germany) medium was added to each 
well of the microdilution plates using a multichannel micro-
pipette. Then a series of dilutions with 2500 µg mL−1 stock 
concentrations of complexes I and II were prepared using 
the microdilution method. The stock solutions were prepared 
in 10% DMSO (dimethyl sulfoxide), which has no antimi-
crobial effect against the test strains. The wells containing 
only the medium and inoculum were designed as positive 
control wells, and the wells containing only the medium 
were designed as negative control wells.

The microdilution plates were incubated at 37 °C for 
18 h. The concentration values of the first wells, in which 
no microbial growth was observed at the end of the incuba-
tion, were considered as MIC values.

Antibiofilm activity

The strains P. aeruginosa ATCC 27853 and S. aureus ATCC 
25923 were used for the biofilm studies as they serve as 
significant Gram-negative and Gram-positive models, 
respectively. Specific incubation conditions and modified 
media were preferred for each strain to promote biofilm for-
mation. P. aeruginosa ATCC 27853 strain was cultured in 
Tryptic Soy Broth (TSB) medium with 1% glucose, while 
S. aureus ATCC 25923 strain was cultured in TSB medium 
with 3% NaCl, according to Onbas et al. [35]. The active 
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Fig. 3   FTIR spectra of (a) Complex I and (b) Complex II

Table 1   List of the strains

Microorganisms Gram reaction

Staphylococcus aureus ATCC 25923 Gram-positive
Methicillin-resistant S. aureus ATCC 43300 Gram-positive
Bacillus subtilis ATCC 6633 Gram-positive
Enterococcus faecalis ATCC 29212 Gram-positive
Pseudomonas aeruginosa ATCC 27853 Gram-negative
Salmonella Typhimurium ATCC 13311 Gram-negative
Escherichia coli ATCC 25922 Gram-negative
Candida albicans ATCC 26555 Fungal strain
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cultures of each strain were prepared according to the above 
instructions.

Single colonies of each strain were taken from the cul-
tures and inoculated into appropriate media (5 mL). Broth 
cultures were incubated overnight at 37 °C. After incuba-
tion, the active cultures of each strain were diluted 1:100 in 
the appropriate media. After the suspensions were prepared, 
140 µL of the modified media were added to the wells of 
the 96-well U-bottom microtiter plates (LP Italiana, Italy). 
At this point, a serial dilution was performed for each strain 
taking into account the previously determined MIC values 
(twofold, MIC, MIC/2, MIC/4, MIC/8, MIC/16…). 10 µL of 
each culture suspension was added to the wells of the micro-
titer plates. The wells containing only media and inoculum 
served as positive controls, while the wells containing only 
media served as negative controls.

The plates were incubated under static conditions at 37 °C  
for 24 h. At the end of the incubation, a crystal violet binding 
assay was performed according to the method of Onbas et al. 
[35]. The dissolved crystal violet dye was read in a micro-
plate reader set to 595 nm (BioTek Elisa reader, μQuant, 
Biotek Inc., Winooski, VT, USA).

Statistical analysis

Data are presented as means and standard deviations. Mul-
tiple comparisons were performed using the One-Way 
ANOVA test, and Tukey’s test was used for post-hoc com-
parisons. All analyses were performed using GraphPad soft-
ware (version 8.0, Boston, MA, USA).

Results

FTIR analysis

The overlaid FTIR spectra of the complex and ligands are 
illustrated in Figs. S2 and S3. In Fig. S2, the νCl-O stretches 
expected at 977–1032–1109 cm−1 in the IR spectrum of 
NaClO3 as reported in the literatüre [36] are observed to be 
shifted to 900–916–976 cm−1 in complex I. This indicates 
that ClO3

− coordinates to L1 through its oxygen atom. In Fig. 
S3, the νN-H stretches observed at 3292 cm−1 in L2 shifted to 
3269 cm−1 in Complex II. This shift is due to the coordina-
tion of nitrogen donors to the Ag(I) ion or hydrogen bonds. 
Also, there was no noticeable change in the νC=C(ring), δC-H(Ar) 
stretching vibrations, and νN=O signals. In the literature, sig-
nals at 1303, 1348, and 1380 cm−1 have been reported for 
ionic nitrate in the IR spectra of AgNO3 and NaNO3 salts 
[37, 38]. Therefore, the strong νN=O stretching observed at 
1340 cm−1 in the FTIR spectrum (Fig. S3) of complex II can 
be attributed to ionic NO3

−. The analysis via single-crystal 

XRD further confirmed that NO3
− exists in an uncoordinated 

state, maintaining its ionic character.

XRD analysis

X-ray powder diffraction (XRPD) patterns of complexes I 
and II are presented in Figs. S4 and S5. The theoretical and 
experimental XRPD patterns of the complexes exhibited 
significant levels of overlap. Sharp and clear peaks provide 
information about the crystal structure; the peaks broaden 
as the crystal size lowers. [39]. The fact that the experi-
mental pattern in complex II is wider than the theoretical 
pattern can be attributed to the presence of microstrains in 
the crystal structure. Furthermore, certain additional peaks 
detected in the experimental patterns could be explained by 
the presence of impurities.

The L1 ligand, characterized by six nitrogen donor atoms 
and three coordination sites, is a commonly referenced 
NNN-type ligand in research [16]. Despite the presence of 
six nitrogen atoms in the structure of the L2 ligand, it exhib-
its the ability to operate as either a two- or three-dentate 
ligand. The molecular models of the two complexes obtained 
from single-crystal XRD analyses were constructed using 
the Pluton/Ortep program and are illustrated in Figs. 4 and 5, 
respectively. Crystallographic data collection and refinement 
details of complexes I and II are given in Table 2. As seen 
in Fig. 4, two of the N donors on the three pyrazole rings 
in the L1 ligand in the complex I coordinated an Ag(Ag2) 
ion. The third nitrogen in the structure (L1) formed a bridge 
and coordinated the second Ag(Ag1) ion. In contrast, two 
of the three nitrogen donors from the second ligand coordi-
nate with the Ag1 ion, whereas the third nitrogen donor of 
this ligand once more facilitates coordination with the Ag1 
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Fig. 4   Molecular model of complex I created by the Pluton program
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ion through a bridge. The two oxygens of the chlorate ion, 
which serve as the free ion, coordinate with the Ag1 ion. In 
this case, the coordination environment surrounding the Ag1 
ion is characterized by AgN2O2, whereas the Ag2 ion has 
a coordination sphere of AgN4. Consequently, a dinuclear 
complex I that included distinct circumferences of the two 
central atoms was synthesized.

Figure 5 depicts complex II, which is also dinuclear, but 
the coordination of the two Ag(I) ions remains identical. 
Two nitrogen donors from the first ligand coordinate with 
the Ag1 ion, while the remaining two nitrogen donors inter-
act with the Ag2 ion through the bridge. Consequently, a 
coordination sphere of AgN4 is established around each of 
the Ag(I) ions. As a result, complex I exhibits non-symmet-
rical characteristics as a dinuclear complex, whereas com-
plex II is designated as a dinuclear complex.

The coordination sphere of silver ions in both complexes 
exhibits a highly deformed tetrahedral arrangement. Recent 
studies have indicated that Ag(I) ions generate degraded 
tetrahedral complexes when interacting with various poly-
dentate ligands [11, 18, 19, 40, 41]; however, the degree 
of degradation is major. The significant bond lengths and 
angles measured around the coordination sphere in the com-
plexes are given in Table 3.

The analysis of the angles presented in Table 3 reveals 
that the coordination sphere surrounding the Ag(I) ions in 
both complexes I and II exhibits a deformed tetrahedral 
configuration. As previously highlighted, the coordination 

sphere consists of AgN2O2 in complex I and AgN4 in 
complex II. The internal angles of the tetrahedron, which 
are expected to be 109°, were recorded as 94.6, 136.3(3), 
151.2(3), and 82.74(19)° in complex I, while in complex II, 
they were measured at 142.3, 154.6, 70.1, and 69.2°. These 
angles show that the distortion is exceptionally high. In the 
study by Qin et al., the complex was obtained with the L2 
ligand, Ag(I) ion, and CF3-SO3

− free ion [42]. The study's 
tetrahedron internal angles were 130.70, 146.11, 71.56°. 
Furthermore, given that the free ion is CF3-SO3

−, one can-
not anticipate the presence of explosive characteristics in 
this complex.

In complex II, the internal angles of the tetrahedral coor-
dination exhibit relatively small values of 70.1° and 69.2°, 
whereas in complex I, such small angles are absent at this 
level. This occurs due to the involvement of one of the oxy-
gen atoms from the ClO3

− free ion in coordinating complex I. 
This ion exhibits greater geometric freedom, resulting in the 
angles of the tetrahedron within the complex being slightly 
nearer to the ideal configuration.

Thermal analysis

The variations in coordination influence the chemical char-
acteristics of complexes. The TG and DTA curves of the 
complexes, as shown in Figs. 6 and 7, were recorded over a 
temperature range from room to 500 °C.

Complex I (Fig. 6) starts to decompose exothermically 
at approximately 200 °C. This decomposition accelerates 
at around 245 °C, and after this temperature, beyond which 
the molecule undergoes a swift exothermic decomposition. 
Analysis of the TG and DTA curves for complex I indicated 
that thermal decomposition occurs in two steps.

Complex II gives entirely different TG and DTA curves 
(Fig. 7). Stable up to 214 °C, the complex suddenly decom-
poses within a narrow temperature range of approximately 
0.2 °C, resulting in a rapid exothermic reaction leading to 
the complete mass loss. The phenomenon is rare in explo-
sive materials. The complex remains stable until it reaches 
a specific temperature, at this point, the entire substance 
transitions into a gaseous phase through a strong exother-
mic process. The characteristics of complex II indicate its 
potential application as an initial explosive [15].

Both complexes' TG and DTA curves exhibit irregulari-
ties in the regions where swift reactions occur. Complex 
I showed a mass loss of around 55% after the 1st and 2nd 
thermal decompositions (Fig. 8a). Similarly, in complex II, 
the sudden mass loss observed in the 200–300 C range indi-
cates that the complex undergoes thermal decomposition 
(Fig. 9a). The nature of the gaseous products resulting from 
thermal decomposition can differ based on the atmosphere 
during TG analysis. Removing the gaseous products causes 
a loss of mass as well as a brief decline in pan temperature. 
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This can be observed as a deformation in the TG and DTA 
curves. The 3D plotted TG and DTA curves of complexes I 
and II distinctly illustrate this phenomenon (Figs. 8 and 9).

The complex I has a two-step mass loss, as observed from 
the TG and DTA curves and a corresponding DTA curve 
(Table 4). In contrast, complex II shows a considerable mass 
loss in a very narrow temperature range at a heating rate of 
10 °C min−1. In complex II, the pan exhibits no residue, 
whereas complex I shows approximately 55% residue pre-
sent. Initially, this residue was considered Ag2O, but the 
ratio of Ag2O residue to molecular mass is 27.64%. In this 
case, the mass loss should have been 72.36%. The residue 
resulting from the thermal decomposition of complex I was 
considered another substance, and TG–DTA analysis of the 
complex was performed in an O2 atmosphere (Fig. 10). As 
illustrated in Fig. 9a, the observed mass loss was approxi-
mately 65.59 ± 1.91%, leaving a residual mass of 35%. 
Assuming that the residue is AgCl, a theoretical mass loss 
of 65.82% is expected. The findings indicate that the final 
product of the decomposition reaction in complex I is AgCl. 
Research indicates that chlorate salts undergo decomposition 
at approximately 170 °C, releasing O2, while the chloride 

compound of the cation remains (AgCl) [9]. In complex I, 
the initial phase involves releasing O2, which subsequently 
oxidizes around 22% of the organic ligand's mass, removing 
it from the environment (Fig. 10). The remaining residue 
decays with increasing temperature after this temperature.

Thermokinetic analysis was performed using TG curves 
of complexes I and II. The thermokinetic data (activation 
energies, Ea, and Arrhenius exponential factor, A) of the 
thermal decompositions were calculated by the Ozawa-
Flynn-Wall (OFW) and Kissinger–Akahira–Sunose (KAS) 
methods. This analysis was conducted separately for the 
two steps of complex I and as a single step for complex II 
[43–45]. These results were used to calculate the thermody-
namic parameters of the thermal decompositions. The cal-
culated thermokinetic data and thermodynamic parameters 
are given in Tables 5 and 6, respectively.

The focus here is on the reason for this significant differ-
ence between the thermal decomposition reactions of the 
two complexes. The thermal decomposition of complex I 
occurred in two steps, while complex II occurred in one step 
with a swift reaction. The ClO3

− ion is a stronger oxidant than 
the NO3

− ion, and one would expect a faster decomposition 

Table 2   Crystallographic data 
of complexes I and II 

Parameters Complexes

Complex I Complex II

Empirical formula C10H10O3N6ClAg C12H10O3N7Ag
Formula weight 405.56 408.14
Temperature (K) 293(2) 293(2)
Wavelength (Å) MoKα 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group C2221 P212121

a (Å) 10.0511(10) 7.468(2)
b (Å) 9.144(2) 8.162(3)
c (Å) 14.8243(15) 22.808(7)
α = γ = β (°) 90 90
V (Å3) 2852.5(5) 1390.1(7)
Z 8 4
Dc/g.cm−3 1.889 1.950
�/mm−1 1.619 1.479
F(000) 1600 808
Crystal description/color Plate/colorless Plate/colorless
Crystal size/mm 0.207 × 0.193 × 0.096 0.289 × 0.103 × 0.094
Θ range for data collection (◦) 2.128–25.242 1.786–26.997
Measured ref./Rint 11,072/0.0479 20,185/0.1167
Independent/[I > 2σ(I)] ref 2628/2370 3037/2235
No. of parameters 192 212
Final R1, wR2 indices [I > 2σ(I)] 0.0325/0.0781 0.0449/0.0989
R1, wR2 indices (all data) 0.0379/0.0813 0.0719/0.1109
Goodness-of-fit on F2 0.984 0.997
Δρmax, Δρmin/e Å −3 0.719/− 0.964 0.755/− 0.662
CCDC number 2,379,785 2,379,784
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of complex I, but the opposite was observed. The reason for 
this is undoubtedly the coordination in complexes and the 
intramolecular or intermolecular interactions caused by this 
coordination. Upon analyzing the hydrogen bonds with the 
Platon program (Table 7), a strong intermolecular interaction 
is not detected in complex I [46]. On the other hand, strong 
intermolecular hydrogen bonding occurs in complex II. The 
hydrogen bonds obtained from the Platon program for the 
two complexes are detailed in Table 7. Also, the potential 
hydrogen bonding interactions within the complexes were 
illustrated using Mercury software (Fig. 11).

Table 7 indicates that no notable intramolecular and 
intermolecular hydrogen bonding interactions are present 

in complex I. Many C-H…..X (X = O or N) interactions 
are noted, yet these interactions do not represent conven-
tional hydrogen bonding. In certain investigations, these 
have been identified as hydrogen bonds [47]. These inter-
actions were found using crystallographic programs with 
the distance between atoms as a reference. They are not 
interactions that fit the classical definition of hydrogen 
bonding [48]. Complex II exhibits two strong hydro-
gen bonding interactions, as illustrated in Fig. 11; these 
hydrogen bonds are formed between the -NH2 group of the 
ligand and the ionic NO3

− ion. The presence of hydrogen 
bonds increases the thermal stability of energetic com-
pounds [15]. As a result, the difference between the ther-
mal behavior of the two complexes is primarily due to the 
stability imparted by hydrogen bonds and secondarily to 
the initiation of thermal decomposition of the ClO3

− ion.

Table 3   Selected bond lengths and angles around the coordination 
sphere

Complex Bond lengths/Å Bond angles/°

N1 Ag1 N1 136.3(3)
Ag1 N1 2.262(5) N4 Ag2 N4 94.6(3)
Ag1 N1 2.262(5) N6 Ag2 N4 117.6(2)
Ag2 N4 2.409(6) N6 Ag2 N4 117.6(2)
Ag2 N4 2.409(6) N6 Ag2 N4 82.74(19)
Ag2 N6 2.230(5) N6 Ag2 N4 82.74(19)
Ag2 N6 2.230(5) N6 Ag2 N6 151.2(3)

N2 N1 Ag1 127.7(4)
I C1 N1 Ag1 124.6(4)

C1 N1 N2 104.1(5)
N1 N2 C4 117.2(4)
C3 N2 N1 111.6(5)
C3 N2 C4 130.4(5)
N4 N3 C4 121.5(5)
C5 N3 N4 110.9(5)
C5 N3 C4 127.5(5)
N3 N4 Ag2 121.3(4)
C7 N4 Ag2 133.7(5)
C7 N4 N3 105.0(6)

Ag1 N1 2.228(6) N1 Ag1 N2 69.2(2)
Ag1 N2 2.499(6) N1 Ag1 N3 142.3(2)
Ag1 N3 2.260(6) N1 Ag1 N6 126.0(2)
Ag1 N6 2.429(6) N3 Ag1 N2 111.5(2)

N3 Ag1 N6 70.1(2)
N6 Ag1 N2 154.6(2)

II N3 N1 Ag1 130.1(5)
C6 N1 Ag1 120.4(5)
C6 N1 N3 107.7(6)
C1 N2 Ag1 126.6(6)
C1 N2 C5 118.2(7)
C5 N2 Ag1 115.1(4)
N1 N3 Ag1 131.9(5)
C7 N3 Ag1 118.4(5)
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Fig. 6   TG (black) and DTA (red) curves of complex I 
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Minimum inhibitory concentration (MIC) test

The MIC values are listed in Table 8. The concentrations 
of complexes I and II ranged between 0 and 1250 µg mL−1. 
All microbial strains tested were susceptible to complexes I 
and II. Complex I proved to be more effective as it showed 
antimicrobial activity against all strains at lower concentra-
tions. B. subtilis ATCC 6633 was found to be the most sus-
ceptible strain, and the concentration values of complexes 
I and II were calculated to be 2.44 and 4.88 µg mL−1,  
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Table 4   Thermoanalytical data of the complexes

Complexes 1th Thermal Decomposi-
tion

2nd Thermal Decomposi-
tion

Tem-
perature 
range/°C

Mass loss /% Tem-
perature 
range/°C

Mass loss/%

I 190–215 22.65 ± 0.69 215–243 34.26 ± 2.61
II 169–170 94.45 ± 0.84 – –
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respectively. The lowest MIC values were determined for 
complex II with 78.13 µg mL−1 for the strains S. aureus 
ATCC 25923, E. faecalis ATCC 29212, E. coli ATCC 
25922, and C. albicans ATCC 26555. According to this 
result, both complexes I and II also showed antifungal 
effects.

Antibiofilm activity

The inhibitory effects of complexes I and II on biofilm for-
mation were investigated using a crystal violet test against 
S. aureus ATCC 25923 and P. aeruginosa ATCC 27853. 
Subinhibitory concentrations, expressed as fractions of the 
MIC of each compound (e.g., MIC/2 to MIC/512), were 
applied during biofilm formation to evaluate their preven-
tive effect.

Both complexes significantly inhibited biofilm forma-
tion in both strains, albeit with different efficacy. Com-
plex I showed a stronger inhibitory effect against S. aureus 
ATCC 25923 compared to complex II. Complex I signifi-
cantly reduced biofilm formation at concentrations up to 
MIC/64 (19.53 µg mL−1 ÷ 64), while complex II (MIC: 
78.13 µg mL−1) required at least MIC/16 for comparable 
effects. This indicates a higher sensitivity of S. aureus 
biofilm formation to complex I at lower doses (Fig. 12a).

In contrast, complex II was more effective against 
P. aeruginosa ATCC 27853. Significant inhibition was 
observed at all sub-MIC levels tested down to MIC/64, 
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Table 5   Thermokinetic analysis 
results of complexes

Complexes Measuring and calculation methods

KAS OFW

Ea/kJ mol−1 A/min−1 Ea/kJ mol−1 A/min−1

Complex I 1th ther-
mal decomposition

102.64 ± 10.78 30.46 105.4 ± 10.3 1.12 × 1010

2nd thermal decom-
position

85.013 ± 7.328 0.298 89.372 ± 6.642 1.27 × 108

Complex II 134.4 ± 11.5 2.85 × 106 134.8 ± 10.9 7.07 × 1015

Table 6   The calculated 
thermodynamic parameters of 
complexes

Complexes Methods

KAS OFW

ΔH/kJ mol−1 ΔS/J K−1 ΔG/kJ mol−1 ΔH/kJ mol−1 ΔS/J K−1 ΔG/kJ mol−1

Complex I 
1th thermal 
decomposition

100.96 − 220.84 211.41 103.73 − 56.84 132.54

2nd thermal 
decomposition

83.334 − 259.31 213.02 87.694 − 94.088 134.75

Complex II 132.72 − 22.30 143.87 133.10 157.58 54.28
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while complex I only produced statistically significant 
reductions at MIC/16 and higher. Remarkably, complex 
II maintained its antibiofilm efficacy even at highly diluted 
concentrations (MIC/64), indicating its strong antibiofilm 
potential against P. aeruginosa ATCC 27853 (Fig. 12 b).

These results indicate that both drugs can inhibit bio-
film formation at concentrations far below their minimum 
inhibitory concentrations without causing cell death.

Conclusion

Two newly synthesized and extensively studied nitrogen-
rich Ag(I) complexes were the focus of this investiga-
tion. Complexes I and II stand out structurally due to the 
extremely deformed tetrahedral coordination environments 
that were revealed by the single-crystal X-ray diffraction 
study. Distinct variations in breakdown tendencies were 
revealed by thermal studies. Complex II showed promise 

Table 7   H bonds and 
interactions in complexes

Complex Donor Acceptor D–H H––A D–A D–H–A

Complex I C2–H2 O3 0.93 2.53 3.457(11) 171
C3–H3 N4 0.93 2.59 3.041(9) 110
C4–H4 O1 0.98 2.37 3.298(9) 158
C4–H4 O2 0.98 2.52 3.366(10) 144
C5–H5 O2 0.93 2.48 3.230(11) 138
C7–H7 O1 0.93 2.47 3.392(11) 170
C8–H8 O1 0.93 2.52 3.250(11) 136
C10–H10 O3 0.93 2.59 3.411(11) 147

Complex II N5–H5A O1 0.87 2.12 2.966(10) 164
N5–H5B O1 0.87 2.12 2.966(10) 164
C3–H3 O1 0.93 2.59 3.384(11) 158
C4–H4 N5 0.93 2.40 3.009(11) 123
C9–H9 O3 0.93 2.59 3.425(10) 150
C9–H9 N5 0.93 2.57 3.187(11) 124
C11–H11 O3 0.93 2.40 3.162(11) 139

Fig. 11   Possible hydrogen 
bonds drawn with Mercury 
software



10947Two novel energetic Ag(I) complexes: synthesis, crystal structure, and thermal investigations﻿	

as an effective initiator for energy applications due to its 
extremely fast exothermic reaction within a small tempera-
ture range. In addition, these complexes have proven effec-
tive against a range of microbes in antimicrobial investiga-
tions. The results demonstrate how the thermal stability and 
reactivity of Ag(I) complexes are controlled by the ligand 
selection and coordination interactions. Future research into 
the practical applications of energetic metal complexes can 
build on this study's important contributions to our under-
standing of their design and behavior.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10973-​025-​14430-2.
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Table 8   MIC values for the tested strains

The concentration values marked with black circles represent the determined MIC values. The minimum inhibitory concentration (MIC) is 
defined as the lowest concentration at which no visible microbial growth is observed. Conversely, the concentrations at which microbial growth 
is observed are labeled with a “+” symbol
I: Complex I; II: Complex II
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Fig. 12   Biofilm-inhibitory activity of complex I (light gry bars) and 
complex II (dark gray bars) against S. aureus ATCC 25923 a and 
P. aeruginosa ATCC 27853 b. The effects of subinhibitory concen-
trations, expressed as fractions of the MIC of each compound (e.g., 
MIC/2, MIC/4, …, MIC/512), on biofilm formation were investi-
gated. These concentrations were applied during biofilm formation. 

The bars represent the mean values of three independent experi-
ments ± standard deviation (SD). Statistical significance was deter-
mined using one-way ANOVA followed by Tukey’s post-hoc test. 
Different lowercase letters (e.g., a, b, c) above the bars indicate statis-
tically different groups. *p < 0.05, **p < 0.01, ***p < 0.001
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