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Abstract
The new salt bis(4,5-dihydro-1H-benzo[g]indazole)silver(I) hexafluorophosphate, [Ag(N2H10C11)2]PF6, has been synthesized in methanol at ambient temperature and characterized by elemental and thermal analyses, FTIR and
1
HNMR spectroscopies, Rietveld refinement from powder diffraction data and
DFT studies. The salt crystallizes in the triclinic space group P-1 with the parameters: a = 7.776 Å, b = 8.676 Å, c = 9.226 Å, α = 69.27˚ β = 89.86˚, γ =
74.50˚, V = 558.02 Å3, Z = 1. In the structure, the silver center is coordinated
to two nitrogen atoms from two 4,5-dihydro-1H-benzo[g]indazole ligands,
forming a centrosymmetric complex cation, [Ag(N2H10C11)2]+, with a linear
coordination geometry around the silver center. The hexafluorophosphate
ion, PF6− , acts as counter anion. The crystal packing is governed by N-H···F
and C-H···F hydrogen bonds that interconnect the ionic constituents and
Ag···F and Ag···π interactions help for the stabilization of the packing. The optimized structure was obtained at B3LYP/LanL2DZ level in the gas phase. The
stability and reactivity of the structure were studied using respectively
HOMO-LUMO gap and electronic global quantities (ionization potential (I)
and electron affinity (A)) as descriptors.
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1. Introduction
Pyrazole is a five-membered heterocycle, made up of three carbon atoms and
two nitrogen atoms in adjacent positions. Numerous compounds containing this
organic molecule are known to exhibit anti-hyperglycemic, analgesic, anti-inflammatory, antipyretic, antibacterial, antimicrobial, antihypertensive and
antidepressant activities [1] [2] [3]. The coordination chemistry of pyrazole derivatives continues receiving considerable attention, due to the ability of these
molecules to act as remarkably flexible ligand systems in complexation with a
wide range of metal ions [4] [5] [6]. They easily coordinate metal centers
through their N2 atoms and also form interesting hydrogen interactions. Metal
complexes of pyrazole derivatives often yield unusual electronic and steric properties that can be fine-tuned nearly at will [7] [8]. They find applications in antipyretics and antirheumatics, in herbicides, in fungicides, and also as metal ion
extractants [9] [10]. Furthermore, pyrazole complexes exhibit luminescence, anticancer and anti-HIV activities [11] [12] [13]. In living organisms, metal ions
are usually bonded to the imidazole unit of hystidine, which is a part of proteins.
In view of the similarity of pyrazole and imidazole, pyrazole metal complexes are
suitable agents to mimic enzymatic reactions [14].
The pyrazole derivative, 4,5-dihydro-1H-benzo[g]indazole, is a bulky ligand
synthesized and characterized by Trofimenko and co-workers [15]. Very recently, investigation of the coordination reactivity of this versatile pyrazole ligand
towards silver(I) nitrate in methanol led to formation of a pseudo linear
bis(4,5-dihydro-1H-benzo[g]indazole)silver(I) nitrate ([Ag(N2H10C11)2]NO3)
adduct [16]. In continuation of this research program which aims to deepen the
coordination ability of pyrazole derivatives, we report herein the synthesis, characterization and DFT studies of bis(4,5-dihydro-1H-benzo[g]indazole)silver(I)
hexafluorophosphate complex salt, [Ag(N2H10C11)2]PF6, the crystallographic
structure of which was assessed through Rietveld refinement from powder diffraction data.

2. Experimental
2.1. Materials and Experimental Procedures
All chemicals were purchased from Aldrich and used as received. The ligand,
4,5-dihydro-1H-benzo[g]indazole was prepared following Trofimenko’s reported procedure [15]. The synthesis of the complex was carried out in air.
Melting point was measured and uncorrected using an SMP3 Stuart Scientific
instrument operating at a ramp rate of 1.5˚C/min. Elemental analysis (C, H, N)
was performed with a Fisson Instrument 1108 CHNS-O elemental analyzer,
while the thermogravimetric analysis was obtained using a Perkin-Elmer STA
6000 thermo-balance. The IR spectrum was recorded from 4000 - 650 cm−1 with
a Perkin-Elmer System 100 FT-IR spectrophometer. 1HNMR spectrum was recorded on a Mercury Plus Variant 400 spectrophotometer operating at room
temperature. Proton chemical shift (δ) values are reported in parts per million
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(ppm) from SiMe4 (calibrating by internal deuterium solvent lock). Peak multiplicities are abbreviated as: singlet, s; doublet, d; triplet, t; quartet, q and multiplet,
m. The X-ray powder diffraction (XRPD) data were measured at room temperature, in air. Fortunately, the compound gave traces of decent quality, allowing a
fruitful structural determination. Some amount of the sample was gently ground
in an agate mortar, and then deposited in the hollow of a 0.2 mm deep aluminum sample holder, equipped with a quartz monocrystal zero background plate
(supplied by the Gem Dugout, State College, PA). Diffraction data were collected
in the 5 - 105˚ 2θ range, sampling at 0.02˚, on a θ:θ vertical scan Bruker AXS D8
Advance diffractometer, equipped with a linear Lynxeye position sensitive detector, set at 300 mm from the sample. Ni-filtered Cu Kα1,2 radiation, λ = 1.5418
Å. Standard peak search methods, followed by indexing by TOPAS-R [17], allowed the determination of approximate cell parameters; systematic absences
allowed the detection of the probable space groups, later confirmed by successful
structure solutions and refinements. Structure solution was initiated by employing a semi-rigid molecular fragment for 4,5-dihydro-1H-benzo[g]indazole, flexible about two torsion angles, and free silver, phosphorus and fluoride atoms.
Hydrogen atoms have been positioned in idealized locations as they have been
included in the definition of the rigid bodies. Simulated annealing (occasionally
helped by soft restraints) allowed the location and orientation of the used fragments, later refined by the Rietveld method. The fundamental parameter approach in describing the peak shapes was employed, the background contribution was modeled by a polynomial fit, and preferred orientation effects (010
pole) were described by the March-Dollase formulation [18] [19]. A single isotropic thermal parameter was adopted for the Ag atom, while lighter atoms were
assigned B = BAg + 2.0 Å2. Structure solution and refinements were performed by
TOPAS-R.
The optimization of the experimental structure at the B3LYP/LanL2DZ level
was performed using the Gaussian 09 program [20] and was followed by the vibrational frequency and the HOMO-LUMO gap calculations. In the whole,
HOMO-LUMO gap is used to measure the stability indicators. The electron affinity (A) and ionization potential (I) respectively defined by Equation (1)-(2)
are used as global reactivity descriptors of the synthesized complexes.
I = − EHOMO
A = − ELUMO

(1)
(2)

where, EHOMO and ELUMO are respectively energy values of HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital). Additional global quantities can be built from these previous parameters such as
chemical hardness (η ) [21], chemically soft (S), chemical potential (μ) and
global electrophilicity index (ω) respectively defined as followed.

η=
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S=

1
2η

µ= −
ω=

(4)

( I + A)

(5)

2

µ2
2η

(6)

It is important to mention that chemical hardness (η ) is associated with the
stability of the compound because it measures the ability of the compound to
resist changes in its electron distribution or charge transfer. High values of
chemical hardness indicate more stability and low reactivity of the compound.
On the other hand, molecules with small values of η are said to be chemically
soft and are highly polarizable and more chemically reactive. Chemical potential
(μ) is a quantity that measures the escaping tendency of electrons from this
compound in its ground state. High values of chemical potential signify that the
molecule is less stable and more reactive [22]. The global electrophilicity index
(ω) measures the stabilization in energy of a system, when it acquires an additional electronic charge from the environment [23].

2.2. Synthesis
The compound [Ag(N2H10C11)2]PF6 was synthesized through the reaction of
4,5-dihydro-1H-benzo[g]indazole with silver(I) hexafluorophosphate in methanol, at ambient temperature according to Equation (7).
MeOH
AgPF6 + 2C11H10 N 2 
→  Ag ( N 2 H10 C11 )2  PF6
AT

(7)

In a 50 mL round bottom flask containing 25 mL of methanol was introduced
0.05 g (0.29 mmol) of silver hexafluorophosphate (AgPF6) which was dissolved
upon magnetic agitation at ambient temperature. To this stirred solution, 0.10 g
(0.58 mmol) of 4,5-dihydro-1H-benzo[g]indazole (C11H10N2) was added in successive small portions. The mixture was stirred overnight and then filtered. The
resulting colorless solution was allowed to evaporate in a hood at room temperature. A colorless microcrystalline material unsuitable for single crystal X-ray
diffraction was harvested within few days in 82.5% yield.

3. Results and Discussion
3.1. Physical Properties and Elemental Analysis
The synthesized complex salt is insoluble in H2O and slightly soluble in CH2Cl2
or CHCl3. This colorless solid melts at 247 - 249˚C. The experimental values obtained from elemental analysis are in agreement with theoretical values as illustrated on Table 1 and confirms that the synthesized compound is actually
bis(4,5-dihydro-1H-benzo[g]indazole)silver(I)

hexafluorophosphate,

[Ag(N2H10C11)2]PF6.
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105

Open Journal of Inorganic Chemistry

T. R. Fomuta et al.
Table 1. Percentage of analyzed elements (C, H, N) in [Ag(N2H10C11)2]PF6.
Percentage of C, H, N in [Ag(N2H10C11)2]PF6
%C

%H

%N

Theoretical Values

44.54

3.40

9.44

Experimental Values

44.81

3.17

9.70

3.2. IR spectrum of [Ag(N2H10C11)2]PF6
The FTIR spectrum of [Ag(N2H10C11)2]PF6 shows a characteristic sharp band at
3410 cm−1 attributed to the vibration of the N-H group of the pyrazole ring [24]
[25]. This band is shifted to higher frequencies of approximately 251 cm−1, with
respect to that of 4,5-dihydro-1H-benzo[g]indazole ligand, occurring between
3159 - 3062 cm−1. This indicates that coordination of AgPF6 with the ligand leads
to an increase in the IR activity of the N-H group. The variable medium band
between 2953 cm−1 and 2832 cm−1 is attributable to the stretching vibration of
C‒H of both saturated and unsaturated carbon atoms of the ligand. This absorption band is narrower and less intense compared to that of the free ligand, suggesting that the formation of the [Ag(N2H10C11)2]PF6 complex is accompanied by
a decrease in the IR absorption activity of the C-H group. The variable weak
bands between 1618 cm−1 and 1543 cm−1 are due to C=N and C=C vibrations.
The broad (br) intense absorption band at 869 - 767 cm−1 indicates the presence
of the counter PF6− ion. In fact, in the complex [CuL(NCMe)]PF6 (where L=
bis(3,5-dimethylpyrazol-1-yl)methane), the hexafluorophosphate anion showed
an intense absorption band at 840 cm−1 [26].

3.3. 1H Nuclear Magnetic Resonance Spectrum (1HNMR)
The 1HNMR spectrum indicates five families of protons. The N-H hydrogen of the
pyrazole ring shows a singlet at δ = 7.9 ppm (2H, s) while the N=CH-hydrogen
presents a singlet at δ = 7.5 ppm (2H, s). Furthermore, the multiplet at 7.2 ppm
(8H, m) is characteristic of aromatic protons and two triplets obtained at δ = 2.9
ppm (4H, t) and δ = 2.7 ppm (4H, t) are attributable to two methylene
(CH2-CH2) groups of the cyclohexane ring.

3.4. Thermogravimetric Analysis
The TG profile of the compound [Ag(N2H10C11)2]PF6 (Figure 1) evidences two
distinct weight losses in the temperature range 50 - 600˚C, the two processes being endothermic. The compound [Ag(N2H10C11)2]PF6 is thermally stable up to
247˚C, followed by a drastic weight loss (45%) between 247 - 300˚C, and a gradual 10% weight loss between 300 - 600˚C. Although these weight losses cannot
be attributed to the departure of particular fragments of the material, the loss
observed from 247˚C is accompanied by melting and decomposition of
[Ag(N2H10C11)2]PF6.
DOI: 10.4236/ojic.2017.74007
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Figure 1. TG curve (red) and DTG curve (blue) of [Ag(N2H10C11)2]PF6.

3.5. Crystal Structure of [Ag(N2H10C11)2]PF6
Single crystal X-ray diffraction technique could not be used to investigate the
crystallographic structure of the synthesized compound, due to the poor quality
of crystals obtained. Thus, Rietveld refinement from powder diffraction data revealed that the title compound has the formula [Ag(N2H10C11)2]PF6. The final refinement plot is shown in Figure 2, with difference plots and peak markers at
the bottom. A summary of crystallographic data is listed in Table 2. The
MERCURY and the ORTEP views of the title compound are illustrated in Figure
3. A projection of the unit cell is presented in Figure 4 highlighting one PF6−
anion sandwiching two centrosymmetric [Ag(N2H10C11)2]+ cations. Selected
bond lengths and angles are listed in Table 3. Two 4,5-dihydro-1H-benzo[g]indazole ligand molecules coordinate to the central silver(I) ion through
their pyridine-type N1 atoms, forming a centrosymmetric [Ag(N2H10C11)2]+ ion
with a linear N-Ag-N coordination geometry around the silver(I). The hexafluorophosphate ion, PF6− , acts as counter anion. The Ag-N bond distance of
2.117 Å is similar to that reported in the complex salt [Ag(dmpzH)2]2Cr2O7
(dmpzH = 3,5-dimethylpyra-zole) [27]. The bulk structure is achieved by a
three-dimensional network of intermolecular N-H…F (2.637 and 2.402 Å),
C-H…F (2.558 Å) hydrogen bonds (Figure 5(a)) and Ag…F (3.145 Å) interactions (Figure 5(b)) that interconnect the ionic constituents. Ag...π (3.222 Å) interactions involving the silver center of one [Ag(N2H10C11)2]+cation and the
π-electrons system of the benzene ring of the adjacent cations (Figure 5(c))
provide additional stabilization for the crystal packing.

3.6. Theoretical Analysis
The optimized structure, the molecular electrostatic potential and the electron
DOI: 10.4236/ojic.2017.74007
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Figure 2. Rietveld refinement plot for [Ag(N2H10C11)2]PF6 with difference plots and peak markers at the bottom. The lowest portions show the high-angle range at a magnified scale (5).

(a)

(b)

Figure 3. Mercury view (ball and sticks) of the molecular structure of [Ag(N2H10C11)2]PF6 Ag(pink), N(blue), P(orange), F(greenish yellow) (a); ORTEP view of the molecular structure of [Ag(N2H10C11)2]PF6 showing the numbering and labeling of the different atoms (b).

Figure 4. Projection of the unit cell of the title compound highlighting the PF6− anion
sandwiching two centrosymmetric [Ag(N2H10C11)2]+ cations.
DOI: 10.4236/ojic.2017.74007
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Table 2. Summary of Crystallographic data of [Ag(N2H10C11)2]PF6 obtained from Rietveld refinement on X-ray diffraction pattern.
Empirical formula

C22H20AgN4PF6

Formula weight

593.26

Temperature

298 K

Wavelength

1.5418 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 7.776 Å

α = 69.27˚.

b = 8.676 Å

β = 89.86˚.

c = 9.226 Å

γ = 74.50˚.

Volume

558.02 Å

Z

1

3

Table 3. Selected bond lengths and angles in the title compound.
Bonds

Lengths (Å)

Angles

Values (˚)

Ag(1)-N(1)

2.117

N(1)-Ag(1)-N(1)

180.00

N(1)-N(2)

1.345

Ag(1)-N(1)-N(2)

123.45

C(1)-N(1)

1.322

C(1)-N(1)-Ag(1)

129.65

C(11)-N(2)-N(1)

111.39

C(2)-C(1)-N(1)

112.13

density map of [Ag(N2H10C11)2]PF6 are shown in Figure 6. The optimized structure (Figure 6(a)) shows a complete delocalization of the π-systems of electrons
in the pyrazole units and the benzene fractions of the ligands. However, the reproducibility of the optimized geometry is satisfactory even though the symmetry observed around the silver center and the phosphorus atom is lost in the optimized structure. In fact, the corresponding bonds in the two ligand molecules
of the optimized structure show a slight discrepancy ranging from 0.000 - 0.008
Å. However, the C3-C4, C5-C6, C6-C7, C10-C11 and the C8-C9 bond lengths
remained unaltered in the two ligands. On the average bases, the Ag-N bond
length in the optimized structure was elongated to 2.148 Å from 2.117Å in the
experimental structure, giving a disparity of 0.031 Å. In the same respect, the
N1-N2 bond increased from 1.345 Å to an average of 1.384 Å in the optimized
structure, giving a difference of 0.039 Å. This sensitive gap is attributed to the
difference between the experimental model (solid phase) and gas phase model.
All other corresponding bond lengths experienced slight elongation in the optimized structure, resulting to a general disparity ranging from 0.004 Å to 0.197 Å.
These changes in the optimized bond lengths result to corresponding changes in
bond angles and dihedral angles. For instance, the linear N1-Ag-N1 angle in the
experimental structure was distorted to 173.20˚ in the optimized structure.
DOI: 10.4236/ojic.2017.74007
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(a)

(b)

(c)

-8.304e-2

8.304e-2

Figure 5. Intermolecular (a) N-H…F (2.637 and 2.402 Å), C-H…F (2.558 Å); (b) Ag…F (3.145 Å) and (c) Ag...π (3.222 Å) interactions in the title compound.

(a)

(b)

Figure 6. Optimized structure (a) and Molecular electrostatic potential and the electron density map (b) of [Ag(N2H10C11)2]PF6 at
an isosurface value of 0.020 a.u. and an isodensity of 0.0004 a.u.
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In order to study the site of [Ag(N2H10C11)2]PF6 available for electrophilic and
nucleophilic attack, the molecular electrostatic potential (MEP) map (Figure
6(b)) was plotted. This map also gives an insight on the size, shape and charge
density of the title compound. Different values of the electrostatic potential at
the surfaces are represented by different colors; red represents regions of most
negative electrostatic potential, blue represents regions of most positive electrostatic potential and green represents regions close to zero electrostatic potential. Thus, the most positive region of the MEP map of this complex is localized
over the N-H group of the ligand, indicating that they are the most susceptible
sites for nucleophilic attack. Meanwhile, the red and orange regions around the
fluorine atoms of PF6− indicate that the region is rich in electron density and
are the most suitable for electrophilic attacks. Some global reactivity descriptors
of the complex, were obtained as follows; I = 144.79 kcal/mol, A = 42.48
kcal/mol, μ = −93.64 kcal/mol, η = 51.16 kcal/mol, S = 0.00977 mol/kcal and ω =
85.70 kcal/mol. The FT-IR vibrational frequencies of [Ag(N2H10C11)2]PF6 were
also obtained using the LanL2DZ basis set. Selected calculated IR vibrational
frequencies (cm−1) of [Ag(N2H10C11)2](PF6) complex and their assignment are
presented in Table 4. It is worth noting that, the N-H stretching vibration observed between 3705 - 3455 cm−1 is shifted to higher frequency with respect to
what is obtained experimentally. Since this experimental frequency range is similar to N-H stretching of imidazole (C3H4N2) observed by Ramasamy at 3376
cm−1 [28], it could be concluded that to some extent, the experimental results are
more reliable than the theoretical. This is concretized by the fact that, the C-H
group also shows multiple theoretical vibrational modes at very different frequency values. For instance, the C-H group of the pyrazole unit vibrates at 3292
- 3289 cm−1, while the benzene fragment of this compound shows symmetric and
asymmetric C-H stretching at 3232 - 3231 cm−1 and 3211 cm−1 respectively. To
add, the cyclohexane part of this complex exhibits C-H scissoring at 1353 cm−1,
rocking at 1396 - 1361 cm−1 and twisting in the interval 1517 - 1502 cm−1.
Table 4. Selected calculated IR vibrational frequencies (cm−1) of [Ag(N2H10C11)2](PF6) complex and their assignment.
Vibrational assignment

Calculated frequencies (cm−1)

Vibrational assignment

Calculated frequencies (cm −1)

ῡ(N-H)py, s

3455 - 3705

ῡ(C-H)cy,sc

1353

ῡ(C-H)py,s

3289 - 3292

ῡ(C-H)cy, ben, sc

1217 - 1235

ῡ(C-H)ben,ss

3231 - 3232

ῡ(C-C)cy, t

1039 - 1063

ῡ(C-H) ben,as

3211

ῡ(N-H, C-H)py, t

877

ῡ(C=C,C=N)py, ben,s

1522 - 1665

ῡ(P-F)as

815 - 825

ῡ(C-H)cy, t

1502 - 1517

ῡ(C-H)ben, w

804 - 809

ῡ(C-H)py, ben,r

1465 - 1496

ῡ(Ag-N)r

129 - 136

ῡ(C-H)cy,r

1361 - 1396

ῡ, represents vibration; py, stands for pyrazole; s, indicates stretching; ben, represents benzene; ss denotes symmetric stretching; as, is asymmetric stretching;
cy, represents cyclohexane; t, stands for twisting; sc, is scissoring; w indicates wagging and r represents rocking.
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Meanwhile, the experimental C-H vibration (2953 cm−1 and 2832 cm−1) is in
agreement with literature [29]. Peculiar also of the theoretical IR results is the
C=C and C=N stretching in the region 1665 - 1522 cm−1 which is quite similar to
the interval 1618 - 1543 cm−1 obtained experimentally. Finally, the theoretically
PF6− asymmetric and symmetric stretching, noticed between 825 cm−1 and 600
cm−1 respectively, is very close to the experimental range and those reported in
literature [26].
The DFT elucidation shows that [Ag(N2H10C11)2]PF6 has 358 molecular orbitals (MO), 129 occupied molecular orbital and 229 unoccupied molecular orbitals. The highest occupied molecular orbital, HOMO, is the 129th MO (Figure
7(a)) and has an energy of −144.79 kcal/mol while the lowest unoccupied molecular orbital (LUMO) which is the 130th MO (Figure 7(b)) has an energy of
−42.48 kcal/mol. The red and green colors represent the positive and negative
phases of the molecular orbitals respectively. The Ag+ metal center makes
3.036% contributions to the HOMO and 1.748% to the LUMO. PF6− makes
negligible contributions to both the HOMO and LUMO. The calculated energy
gap of HOMO-LUMO, of value 102.31 kcal/mol explains the ultimate charge
transfer interface within the complex and characterizes the chemical reactivity
and kinetic stability of the material.

4. Conclusion
The Bis(4,5-dihydro-1H-benzo[g]indazole)silver(I) hexafluorophosphate salt,
[Ag(N2H10C11)2]PF6, has been synthesized and characterized using various techniques, such as IR and 1HNMR spectroscopies, TGA/DTG analyses, Rietveld refinement from powder X-ray diffraction and DFT studies. In the solid, the ionic
constituents of the salt are linked through electrostatic and intermolecular interactions. DFT studies in gaseous phase revealed structural preferences of the
atoms in [Ag(N2H10C11)2]PF6, demonstrating disparities between the X-ray and
optimized structures in terms of bond lengths and angles, albeit they are within

(a)

(b)

Figure 7. View of highest occupied molecular orbital (a) and lowest unoccupied molecular orbital (b) of [Ag(N2H10C11)2]PF6.
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acceptable ranges. The different IR vibrational frequencies were observed and
the approximated reactivity of the material was estimated by the calculation of
the ionization energy and the electron affinity of the materials. The
[Ag(N2H10C11)2]PF6 complex salt appears less reactive and more chemically stable than the related [Ag(N2C11H10)2]NO3 reported earlier [16]. However, just like
the case with [Ag(N2C11H10)2]NO3, the N-H group of the present compound
[Ag(N2H10C11)2]PF6 provides site for nucleophilic attacks while the fluorine
atoms of the uncoordinated hexafluorophosphate are susceptible for electrophilic attacks.
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