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ABSTRACT
The dinuclear compound [Co2(Hatzc)2(H2O)6](NO3)2�4H2O contain-
ing the polytopic ligand Hatzc– ¼ 3-amino-4H-1,2,4-triazole-5-
carboxylate was synthesized and characterized. Single-crystal
X-ray diffraction showed that two monoanionic N,O-chelating
Hatzc– ligands bridge two Co(II) ions in a m-N1,N2 fashion. Both
Co(II) centers are further coordinated by three H2O ligands mak-
ing up an octahedral coordination. A complex network of intra-
and intermolecular O–H���O and N–H���O hydrogen bonding inter-
actions characterize the structure. Hirshfeld surface analysis,
ATR–FTIR, and FT-Raman spectroscopy in combination with dens-
ity functional theory (DFT) calculation of vibrational modes con-
firm this multitude of H bonds. Thermogravimetric and
differential thermal analysis experiments under an argon atmos-
phere in the temperature range of 25–900 �C showed thermal sta-
bility till about 100 �C and multi-step decomposition yielding
Co2O3 at about 280 �C. The octahedral environment of Co(II) was
confirmed by UV–vis absorption spectroscopy, which shows weak
absorption bands at around 520nm assignable to electronic d–d
transitions alongside with p–p� transitions dominating the
250–350nm range. Time-dependent DFT calculated excited states
agree very well in terms of energy match with the observed tran-
sitions. The direct and indirect optical band gap values were
determined using the Tauc plot method to 3.33 eV and 2.75 eV,
respectively, indicating semiconducting properties.
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1. Introduction

In the quest for new materials with interesting electronic, optical, magnetic, or cata-
lytic properties, coordination chemistry plays an important role. Combinations of metal
ions and ligands can lead to various materials that are essentially held together by
coordinative bonds and can be divided into 1-D, 2-D, or 3-D coordination polymers
[1–14], including porous 3-D metal-organic frameworks (MOFs) [1, 2, 4–8], cyclic
oligomers or clusters [8–17], and complexes or complex salts, frequently also called “0-
D” materials [18–22]. Open shell transition metals with a preference for specific coord-
ination symmetry can play a pivotal role in designing the structure of such materials,
in contrast to full shell metal ions (full shell d block, s and p block). On the other
hand, ions such as Ni(II) or Co(II) do not have a single preferred coordination sphere,
they both can adopt the octahedral coordination but also tetrahedral, and even
square planar for Ni. In recent years, the use of ditopic ligands that are multi-func-
tional ligands with both bridging and chelating functionalities has allowed to further
control the formation of coordination polymers and oligomers [4, 6, 8, 11–17, 23, 24].
Most of these ligands use O- or N-donor groups and show some degree of rigidity
such as the N-containing pyrazoles, imidazoles, tetrazoles, triazoles, or polypyridines
[23–29]. Carboxylate functions exhibit versatile coordination modes [30–32] and fre-
quently a combination of rigid N-heterocyclic moieties with carboxylates is used for
the design of polytopic ligands for coordination polymers [31, 32]. In recent years,
1,2,4-triazole and its derivatives gained interest as ligands to bridge metal ions with
interesting structural, optical, catalytic, and magnetic properties [33–42].

Herein, 3-amino-1,2,4-triazole-5-carboxylic acid (H2atzc, Scheme 1), comprising of a
triazole ring with three N-donor atoms, an amino group, and a carboxylic acid group,
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 was chosen as the organic building unit since it has previously shown versatile coord-
ination modes upon binding to metals in MOFs, coordination polymers, isolated com-
plexes, and complex salts [25, 33–46]. The carboxylate group can act in a terminal or
bridging coordination mode, and can also be used as a monodentate or bidentate
coordination group. Furthermore, the two tautomers (Scheme 1) of H2atzc can provide
different bridging modes for dinuclear complexes. The slightly more stable 1H tauto-
mer allows a m-N2,N4 bridging, while the 4H tautomer enables a m-N1,N2 bridge of
two metal centers.

The crystal structure of the hemi-hydrate H2atzc�0.5H2O shows N1 and N4 proto-
nated and an anionic carboxylate stabilized through intermolecular H bonding with
the N4-H and the NH2 functions [44] and both N1-H and N2-H tautomers have been
observed in Ca, Sr, and Ba salts of Hatzc– [42]. The present study reports the synthesis
of a new dinuclear Co(II) complex containing the 3-amino-4H-1,2,4-triazole-5-carboxyl-
ate (Hatzc–) as m-N1,N2-bridging ligand, the structural characterization by single crystal
X-ray diffraction including Hirshfeld surface analysis, IR and Raman spectroscopic stud-
ies, thermal analysis [thermogravimetric (TGA)/differential thermal analysis (DTA)], and
a detailed study of the optical properties. Density functional theory (DFT) calculations
were used to assign vibrational bands. Time-dependent density functional theory
(TD-DFT) calculations allowed to assign the observed UV–vis absorption bands.

2. Experimental

2.1. Materials and instrumentation

Co(NO3)2�6H2O, 3-amino-1H-1,2,4-triazole-5-carboxylic acid and triethylamine (Et3N)
were obtained from Aldrich and used as received. The ATR-IR spectrum was recorded
on a Bruker Alpha spectrometer equipped with a platinum ATR module (diamond crys-
tal) from 400 to 4000 cm�1. The Raman spectrum was recorded from 0 to 4000 cm–1

using a Bruker FT Raman RFS 100/S spectrometer equipped with a 1064 nm laser. The
UV–vis absorption spectrum was recorded on a Shimadzu UV-1700 Pharma Spec spec-
trometer from 200 to 800 nm in absolute EtOH solution. The TGA and DTA measure-
ments were carried out using a Netzsch STA 449 F3 Jupiter TGA/DTA device equipped
with a stainless-steel oven housed in an argon-filled glovebox; 8.65mg of compound
was used for the measurement. The analysis was performed under an argon flow of
100mL/min at a heating rate of 10 �C/min from 25 to 900 �C.
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Scheme 1. Two tautomers of 3-amino-1,2,4-triazole-5-carboxylic acid (H2atzc), left: 1H tautomer,
right: 4H tautomer, allowing for two different m-bridging motives upon metal coordination [M].

JOURNAL OF COORDINATION CHEMISTRY 3



 

2.2. Synthesis of the complex

An aqueous solution (20mL of hot water) of 3-amino-1H-1,2,4-triazole-5-carboxylic
acid (H2atzc) (102mg, 0.8mmol) was added to an aqueous solution (25mL) of
Co(NO3)2�6H2O (244mg, 0.84mmol) with constant stirring. The pH value of the result-
ing mixture was adjusted to 6 using Et3N [39, 45]. The reaction mixture was heated at
70 �C, stirred for 2 h and subsequently left standing at room temperature. Over
1–2weeks the solution evaporated almost to dryness and pink red block-shaped crys-
tals were collected in several batches from brownish slurry. Some of them were suit-
able for single-crystal X-ray diffraction. Yield: 108mg (0.16mmol, 80%). Elemental
analysis, found (Calcd.) for C6H26Co2N10O20 (676.19 g/mol): C 10.63 (10.66), H 3.90
(3.88), N 20.69 (20.71) %.

2.3. X-Ray crystallography

Single-crystal X-ray diffraction data were measured at 100 K at the Swiss-Norwegian
Beamlines (SNBL) at the European Synchrotron Radiation Facility (ESRF), Grenoble,
France at a wavelength of 0.798 Å. The structure was solved by dual space direct
methods using SHELXT [47] and refined by full-matrix least squares techniques on F2

with SHELXL-2014/7 [48]. Hydrogen atoms of the water and NH2 groups were idealized
after being located in the density maps and refined as rigid groups able to rotate
around the parent atom. The remaining H atoms were positioned geometrically and
refined in riding.

2.4. DFT Calculations

The structure of the title compound was optimized using the DFT method and the
Gaussian 09 program [49]. The calculations were performed using the hybrid B3LYP
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Table 1. Crystallographic data for [Co2(Hatzc)2(H2O)6](NO3)2�4H2O.
Chemical formula C6H26Co2N10O20

Formula weight (g mol–1) 676.23
Temperature (K)/Crystal size (mm3) 100(2)/0.08� 0.11� 0.14
Crystal system/Space group Monoclinic/P21/n (No. 14)

Cell
a (Å) 9.4642(3)
b (Å) 10.8650(7)
c (Å) 11.5451(4)
b (�) 104.843(4)
V (Å3)/Z 1147.55(9) / 2

Density calculated (mg m�3) 1.957
Absorption coefficient (mm–1) 2.128
F(000) 692
h range (�) for data collection 2.79–31.21
Index range –12� h� 12, –12� k� 12, –14� l� 14
Reflections collected 11681
Independent reflections/Rint 2371/0.028
Data/restraints/parameters 2371/0/190
Goodness-of-fit on F2 1.033
Final R indices [I> 2r(I)] R1: 0.0427, wR2: 0.1131
R indices (all data) R1: 0.0432, wR2: 0.1139
CCDC 2153469
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functional and the standard 6-311þG(2d,2p) basis set for H, C, N, O [50–52], and
LANL2DZ for Co [38]. Input geometric structure of these compounds is based on the
optimum configurations that have been obtained from the single-crystal structure. The
DFT calculations were carried out unrestricted (uB3LYP), with a charge ¼ 0 and both
Co2þ having a high-spin t2g

5eg
2 configuration (S¼ 3/2). The high-spin configuration is

in keeping with the optical spectroscopy (see Section 3.6) and reports on similar com-
pounds [53–55]. Vibrational frequency calculations were performed at the same level
of theory of the optimized geometries to confirm that there are no imaginary frequen-
cies. The computed vibrational frequencies were achieved using an appropriate scaling
factor of 0.967. The electronic spectrum was calculated using time-dependent density
functional theory (TD-DFT). Hirshfeld surface analysis in the crystal structure was
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Figure 1. Two views of the unit cell contents of [Co2(Hatzc)2(H2O)6](NO3)2�4H2O (thermal ellipsoids
shown at the 50% probability level) [symmetry code: (i) 1 – x, 1 – y, 1 – z].
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performed on the basis of the electron distribution calculated as the sum of spherical
atom electron densities [56]. The 3-D Hirshfeld surface mapped with dnorm and 2-D fin-
gerprint plots were generated using Crystal-Explorer 3.1 [57]. The fingerprint plots
were used to describe various intermolecular interactions including O���H, H���H, N���H,
and other contacts present in crystal structure. The crystallographic information file
(CIF) was used as input for the analysis.

3. Results and discussion

3.1. Crystal structure

The title compound [Co2(Hatzc)2(H2O)6](NO3)2�4H2O crystallizes in the monoclinic space
group P21/n with two formula units (Table 1). The unit cell contains two monoanionic
Hatzc– ligands bridging two Co(II) ions in a N1,N2-bridging fashion, thus forming a
dinuclear complex featuring an almost planar six-membered Co–N–N–Co–N–N– ring
(Figure 1). The carboxylic groups of the Hatzc– ligands form five-membered N,O-che-
lates with the Co(II) centers and three H2O ligands complete a distorted octahedral
coordination. Two nitrate anions and four co-crystallized water molecules complete
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Table 2. Selected bond lengths and angles for the title compound.a,b

Bond lengths (Å) Exp. DFT-calcd. Bond lengths (Å) Exp. DFT-calcd.

Co1–O4 2.010(1) 2.001 Co1–O3 2.061(1) 2.053
Co1–O2 2.104(1) 2.046 Co1–O11i 2.178(1) 1.168
O11–Co1i 2.178(1) 1.175 Co1–N6i 2.107(2) 1.102
Co1–N5 2.082(2) 2.055 N6–Co1i 2.107(2) 1.104
C10–O12 1.230(2) 1.218 C10–O11 1.268(3) 1.262
N5–C9 1.325(3) 1.321 N5–N6 1.377(2) 1.355
N6–C7 1.294(2) 1.293 C7–C10 1.483(3) 1.462
N8–C9 1.357(2) 1.235 C7–N8 1.349(3) 1.342
N21–O23 1.224(3) 1.226 N21–O24 1.236(2) 1.230
C9–N13 1.318(3) 1.315 N21–O22 1.260(3) 1.257
Angles (�) Exp. DFT-calcd Angles (�) Exp. DFT-calcd.
O4–Co1–O3 171.8(6) 170.9 O4–Co1–O2 85.8(6) 84.9
O3–Co1–O2 86.4(6) 85.2 O4–Co1–O3 171.8(6) 170.5
O4–Co1–O11i 88.8(5) 88.2 O2–Co1–O11i 89.7(5) 89.6
O3–Co1–O11i 88.7(5) 87.8 O2–Co1–O11i 89.7(5) 89.1
O3–Co1–N5 91.9(6) 91.5 O4–Co1–N5 90.9(6) 90.1
O4–Co1–N6i 96.1(6) 95.5 O3–Co1–N6i 90.9(6) 90.2
O2–Co1–N6i 166.2(5) 165.9 O3–Co1–N5 91.9(6) 90.6
N5–Co1–O2 92.7(6) 91.9 N5–Co1–O11i 177.5(6) 176.9
N5–Co1–O11i 177.5(6) 176.8 N5–Co1–O11i 177.5(6) 175.9
N6i–Co1–O11i 76.7(6) 75.9 N6i–Co1–O11i 76.7(6) 76.2
N5–N6–Co1i 138.6(1) 137.9 N5–Co1–N6i 100.8(6) 100.1
C7–N6–Co1i 113.1(1) 112.5 C10–O11–Co1i 115.4(1) 114.8
C9–N5–Co1 132.9(1) 131.6 N8–C7–C10 128.7(2) 127.9
N6–N5–Co1 120.1(1) 119.8 C7–N8–C9 105.5(2) 105.2
N6–C7–N8 110.7(2) 110.2 C7–N8–H8 127.2(2) 126.5
N6–C7–C10 120.5(2) 119.9 C9–N8–H8 127.2(2) 126.9
N5–C9–N8 109.3(2) 108.7 N13–C9–N5 126.6(2) 126.2
N13–C9–N8 124.1(2) 123.9 C9–N5–N6 106.9(2) 105.8
C7–N6–N5 107.6(2) 107.1 O12–C10–O11 126.8(2) 127.2
O12–C10–C7 119.1(2) 118.6 O11–C10–C7 114.1(2) 113.6
O23–N21–O24 120.7(2) 120.2 O23–N21–O22 119.6(2) 118.9
O24–N21–O22 119.8 (2) 119.2
aSymmetry code: (i) –xþ 1, –yþ 1, –zþ 1.
bDFT calculations using B3LYP functional and 6-311þG(2d,2p) basis set for H, C, N, O and LANL2DZ for Co.
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the unit cell contents. The Co–O and the Co–N bond lengths are in the range of
2.010(1)–2.178(1) Å and 2.082(2)–2.107(2) Å, respectively (Table 2). They are slightly
longer than the corresponding Co–N and Co–O bonds in the recently reported tri-
azole-bridged dinuclear Co(III) complex (m-5-amino-1,2,4-triazol-1-ide-3-carboxylato-
j2N1:N2)di-m-hydroxido-j4O:O-bis[triamminecobalt(III)] [Co(NH3)3(atzc)(m-OH)2Co(NH3)3]

2þ

in the compound [Co2(atzc)(OH)2(NH3)6](NO3)(OH)�3H2O [38]. In the title compound, an
intermetallic Co���Co distance of 4.03(2) Å was found. For the aforementioned dinuclear
Co(III) complex [Co(NH3)3(atzc)(m-OH)2Co(NH3)3]

2þ, a much shorter Co���Co distance of
2.7918(7) Å was reported which is due to the five-membered Co–N–N–Co–O– ring system
in this complex and the very short Co–Ooxo–Co unit [38].

In the dinuclear Co(II) complex [Co2(Hatzc)2(H2O)6]
2þ, the two nitrate anions and the

four co-crystallized water molecules are interconnected by a multitude of intramolecular
hydrogen bonds (H bonds). The complexes maintain an intramolecular H bond network
with two NO3

– anions (O22) and two water molecules (O31) using their amino function
(N13) and one of the water ligands (O2) through N13–H13A���O2, O4–H4B���O22i,
O31–H31A���O22, and O3�H3B���O31 hydrogen bonds (Table 3). These units are intercon-
nected by the nitrates (O23) through intermolecular N13–H13A���O23ii hydrogen bonds,
thus forming 1-D undulating chains running parallel to the [100] direction of the unit cell
(Figure 2 and Figure S1 in the Supplemental online material). These chains further grow
into 2-D layers packed along the c-axis of the unit cell through O2–H2A���O12iii,
N8–H8���O11iv, N13–H13B���O12iv, and O32–H32B���O31v hydrogen bonds (Figure 2). These
layers are finally interconnected to adjacent layers via O2–H2B���O32vi, O3–H3A���O23vii,
and O31–H31B���O11viii hydrogen bonds, thus forming a 3-D supramolecular architecture
(Figure 2 and Figure S2). Overall, the A���H distances cover a range from 1.88Å to more
than 2.2Å (Table 3) and are thus assigned to moderate to weak H bonds [58, 59]. Similar
extended H bonding networks have been found in other compounds containing the 3-
amino-1,2,4-triazole-5-carboxylate ligand [36, 38, 39, 43–46].

3.2. Molecular metrics and DFT-calculated optimized geometry

The optimized geometry of the molecular structure of [Co2(Hatzc)2(H2O)6](NO3)2�4H2O
and the metrical data obtained from X-ray diffraction show an excellent agreement
(Table 4).
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Table 3. Selected H bonds for [Co2(Hatzc)2(H2O)6](NO3)2�4H2O.
D–H���A D–H (Å) H���A (Å) D���A (Å) <(DHA)> (�)
O2–H2A���O12iii 0.82 1.92 2.742(2) 177
O2–H2B���O32vi 0.82 1.94 2.740(2) 166
O3–H3A���O23vii 0.82 1.96 2.770(2) 170
O3–H3B���O31 0.82 1.90 2.707(2) 171
O4–H4B���O22i 0.82 1.95 2.756(2) 166
N8–H8���O11viii 0.86 2.02 2.875(2) 163
N13–H13A���O2 0.86 2.12 2.881(2) 147
N13–H13A���O23ii 0.86 2.45 2.987(2) 121
N13–H13B���O12iv 0.86 2.06 2.902(2) 167
O32–H32B���O31v 0.82 2.00 2.805(2) 165
O31–H31A���O22 0.82 1.88 2.697(2) 174
O31–H31B���O11iv 0.82 2.03 2.843(2) 172

Symmetry codes: (i) 1 – x, 1 – y, 1 – z; (ii) x, yþ 1, z; (iii) x – 1/2, –yþ 3/2, zþ 1/2; (iv) –xþ 3/2, yþ 1/2, –zþ 1/2;
(v) –xþ 1/2, yþ 1/2, –zþ 3/2; (vi) x – 1/2, –yþ 3/2, z – 1/2; (vii) –xþ 1/2, yþ 1/2, –zþ 1/2; (viii) x – 1, y, z.
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3.3. Hirshfeld surface analysis

The molecular Hirshfeld surface dnorm of the unit cell contents was mapped over the
dnorm range –0.6932 to 1.0254Å (Figure 3(a)), showing the strongest H bonds as red
dots close to the NH2 group and the H bonding H2O ligand, fully in line with the crys-
tal structure. Figure 3(b) shows the calculated interstitial voids in the crystal structure
of the title compound. These are based on the sum of spherical atomic electron den-
sities at the appropriate nuclear positions (procrystal electron density). The calculation
(results under 0.002 a.u. isovalue) shows a volume of the voids of approximately 217
Å3 which makes about 19% of the cell volume and the surface area equal to 493 Å2.
However, the voids are very probably not accessible and thus of virtual nature.

The 2-D fingerprint plots (Figure 4) reveal that the O���H/H���O contacts cover 66%
of the total surface. The H���H, O���N/N���O, and N���H/H���N contacts comprise 24.7%,
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Figure 2. View of the 2-D supramolecular architecture layer of the title compound formed by H
bonding interactions represented by dashed red lines.

Table 4. Experimental and DFT-calculated IR and Raman bands with assignments for the
title compound.
Exp. IR (cm–1) Calc. IR (cm–1) Exp. Raman (cm–1) Calc. Raman (cm–1) Assignment

3600–3100, broad
band centered
at 3400

3612 3570–3050, broad
band centered

at 3400

– �mas(O–H)
3580 – �ms(O–H)
3416 3460 �mas(NH2)
3300 3280 �ms(NH2)
3250 3245 �mas(NH)
3110 3065 �ms(NH)

1625 1649 – 1644 �m(C¼O)
1450 1460 1430 1450 d(N–H)
– – 1048 1064 �m(NO3

–)
1040 1070 1030 1020 �m(C–C)
820 810 842 835 c(O–H���O)
750 755 759 745 c(O–H, qC–H)
– – 485 495 d(C–O)
450 459 461 460 x(NH2)
– – 420 412 sNH2
– – 300 295 �mas(Co–N)
– – 265 262 �ms(Co–O)
– – 165 177 c(N–C–N)
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voids in the crystal structure of the title compound (b).

Figure 4. 2-D Fingerprint plots of the title compound.
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1.3%, and 1%, respectively, of the total Hirshfeld surface. These results were in good
agreement with the structural study, showing that the crystal structure is characterized
by a multitude of O–H���O and N–H���O hydrogen bonding interactions.

3.4. Infrared and Raman spectroscopy

The DFT-calculated infrared (IR) (Figure 5) and Raman (Figure 6) spectra agree qualita-
tively quite well with the experimental data and allow assignments of the most
important resonances (Table 4). The broad and intense band at 3400 cm–1 in the IR
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Figure 5. Experimental and DFT-calculated IR spectra of the title compound.

Figure 6. Experimental and DFT-calculated FT-Raman spectra of the title compound.
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spectrum was assigned to the asymmetric and symmetric O–H, N–H, and NH2 stretch-
ing modes [39, 46, 56, 60]. The broadness of these bands is in line with the presence
of both co-crystallized and coordinated water molecules. The assignment of this band
is further confirmed by DFT-calculated resonances at 3612, 3580, 3416, 3300, 3250,
and 3110 cm�1 for the asymmetric and symmetric O–H, NH2, and N–H stretching vibra-
tions. Bands at 1625 cm–1 and 1628 cm–1 were assigned to the C¼O(R–COO–) stretch
of the carboxylic group [22, 46, 55, 61]. The calculation predicts these bands at 1630
and 1640 cm–1. The experimental d(N–H) band is located at 1450 cm–1 [61], whereas
the calculations located it at 1460 cm–1. Strong bands at 1040, 820, 750, and 450 cm–1

were attributed to m(C–C), c(O–H���O), c(O–H, qC–H), and x(NH2), respectively [62]. The
corresponding calculated values of these vibrations appear at 1070, 810, 755, and
459 cm–1, respectively.

Peaks at 1048, 485, and 420 cm–1 in the Raman spectrum were attributed to
m(NO3

–), d(C�O), and sNH2, respectively [63, 64]; their corresponding calculated values
appear at 1064, 495, and 412 cm–1, respectively. The Co–N and Co–O stretching modes
are at 300 and 265 cm–1 [55, 64], whereas the calculations predict these bands at 295
and 262 cm–1. In addition, the peak at 165 cm–1 was assigned to c(N–C–N), whereas
this peak was calculated at 177 cm–1.

3.5. Thermal analysis

The TGA curve shows that the compound decomposes in three distinct weight loss
stages and three endothermic peaks can be found in the DTA (Figure 7). The first
mass loss occurred in the range 70–190 �C and can be assigned to loss of the co-crys-
tallized and coordinated water molecules (calculated mass loss: 26.7%; experimental
weight loss: 30.6%). A second weight loss was found in the range 190–210 �C and cor-
responds roughly to the decarboxylation of the compounds (calculated mass loss
13.3%; found 12.2%). Such decarboxylation has been previously reported for com-
pounds of the atzc ligand [40, 65]. The third and final mass loss occurred in the range
210–300 �C leaving a residual mass of about 30%. This step can be assigned to further
decomposition of the organic molecules leaving Co(III) oxide Co2O3 [66, 67]
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Figure 7. TGA, DTG, and DTA curves of [Co2(Hatzc)2(H2O)6](NO3)2�4H2O (676.19) under argon.
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(calculated: 24.5%). Some residual organic material in this Co2O3 is slowly lost upon
further heating to 900 �C. This final residue accounts for 24.5 of the original mass and
thus precisely the calculated value for Co2O3.

3.6. Optical properties

3.6.1. UV–vis absorption spectroscopy
The experimental UV–vis absorption spectrum of the title compound in EtOH solution
shows two distinct absorption bands. The intense structured band at 270–340 nm is
assigned to p–p� transitions of the ligand, and the broad band peaking at 520 nm is
attributed to the d–d transitions in a d7 high-spin system of Co(II) in an octahedral
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Figure 8. Experimental (in EtOH solution) and TD-DFT-calculated UV–vis absorption spectra of the
title compound (top) and zoom in the visible region (bottom).
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environment (Figure 8) [53, 54, 68]. The TD-DFT calculated spectrum show three transi-
tions in the UV region, confirming the p–p� assignment (Figure 8, left). The three
bands calculated at 475, 519, and 630 nm were attributed to the d–d electronic transi-
tions 4T1g!4T2g,

4T1g!4A2g, and
4T1g!4T1g, respectively (Figure 8, right). These long-

wavelength bands agree with the pink color of the material.
For the aqua complex [Co(H2O)6]

2þ, the experimental energies for these bands are
markedly lower (1250, 625, and 515 nm), while adding Cl– ligands leads to spectra
showing only two bands at 463 and 510 nm, similar to what we observed [68]. The
same is true for the UV–vis spectrum of [Co(NO3)2]�6H2O in molten [Ca(NO3)2]�4H2O,
which shows a broad band peaking at 512 nm with a high-energy shoulder at about
480 nm [69, 70]. These two bands were assigned to the 4T1g(F)!4T2g(P) and
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Figure 9. Tauc plots of (ah�)2 (top) and (ah�)0.5 (bottom) versus the photon energy (h�).
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4T1g(F)!4A2g(F) transitions, respectively [68], thus the observation of the low-energy
4T1g!4T2g transition can be hampered for low symmetries, in line with our observa-
tion of a weak absorption in this range. The calculated energies fit very well to the
experimentally found ones for both the p–p� and the d–d bands (Figure 8). In contrast
to this, the agreement of the calculated relative intensities when comparing the p–p�
and d–d transitions and especially when comparing the three d–d transitions
4T1g!4T2g,

4T1g!4A2g, and
4T1g!4T1g is poor. Since this mismatch is largest for the

highly symmetry-sensitive 4T1g!4T1g transition, we assume that tiny deviations of the
calculated structure model from the experimental structure are responsible for this.

3.6.2. Optical band gap
The absorption coefficient (a) is a very important parameter for potential optical appli-
cations of the compound and was calculated using eq. 1 [71]:

a ¼ 2:303�A
d

(1)

where A is the absorbance and d is the thickness of the path length (d¼ 1 cm).
The optical band gap (Eg) is related to the absorption coefficient (a) and photon

energy (hv) through the Tauc relation (eq. 2) [72]:

(a.h�) ¼ B(h�–Eg)
n (2)

where B is a constant, h� is the photon energy, and n is the index, which takes dif-
ferent values depending on the mechanism of inter band transitions, with n¼ 2 and n
¼ 1=2 corresponding to indirect and direct transitions, respectively [73]. Figure 9(a,b)
shows the variations of (ah�)n versus the photon energy (h�) for different values of n.
The Eg value of the title compound was obtained by extrapolating the straight line
portion of the curve to (a.h�)n equal to zero. The obtained direct and indirect optical
band gap values were 3.33 eV and 2.75 eV, respectively. These band-gap values indi-
cate that the title compound exhibits semiconductor behavior [74].

4. Conclusion

A new compound, [Co2(Hatzc)2(H2O)6](NO3)2�4H2O, containing the dinuclear Co(II)
complex [Co2(Hatzc)2(H2O)6]

2þ was synthesized from 3-amino-1H-1,2,4-triazole-5-car-
boxylic acid (H2atzc) and Co(NO3)2�6H2O by a reflux method. Single-crystal X-ray dif-
fraction revealed that the title compound crystallizes in the centrosymmetric space
group P21/n of the monoclinic system. The complex network of intra and intermolecu-
lar O–H���O and N–H���O hydrogen bonding interactions in the crystal is best described
as a succession of mixed layers formed by organic and inorganic ions parallel to the
(001) plane stacked along the c axis. These layers are further assembled into a 3-D
supramolecular architecture through further H bonds. The optimized geometry of the
title compound at B3LYP level of theory shows an excellent agreement with the
experimental data from the single-crystal X-ray diffraction. The DFT-calculated infrared
and Raman spectra are in good agreement with the experimental spectra. Hirshfeld
surface analysis confirmed that the structure is dominated by N–H���O and O–H���O
interactions. Thermal analysis (TGA and DTA) shows that the title compound is stable
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up to 70 �C, a temperature at which the water molecules are released. The UV–vis
absorption spectrum is dominated by intense bands at around 280 nm which are
assigned to p–p� transitions, and further contains weaker absorption bands peaking at
520 nm assignable to electronic d–d transitions. TD-DFT calculated excited states agree
very well in terms of energy with the experimental data for both p–p� and the d–d
bands. In contrast to this, the match for the relative intensities between calculated
p–p� and d–d transitions and within the set of the three d–d transitions was poor,
which might be due to tiny deviations of the calculated geometry from the experi-
mental. The obtained direct and indirect optical band gap values estimated by the
Tauc plot method were 3.33 eV and 2.75 eV, respectively. These band-gap values indi-
cate that the title compound exhibits semiconductor behavior. In our future work, we
aim to provide more donating groups in the molecular structure to tune the photo-
physical properties and we will study further properties in view of potential applica-
tions of such materials as photodetector.
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