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Abstract 

We have synthesised and characterised the dimeric copper(II) complexes [{CuCl(PzTz)}2(μ-Cl)2], 

[{CuCl(DMPzTz)}2(μ-Cl)2] and [{CuCl(DPhPzTz)}2(μ-Cl)2] and the monomeric complex 

[CuCl2(DMPzTz)] (PzTz = 2-(1-pyrazolyl)-1,3-thiazine, DMPzTz = 2-(3,5-dimethyl-1-pyrazolyl)-1,3-

thiazine and DPhPzTz = 2-(3,5-diphenyl-1-pyrazolyl)-1,3-thiazine). Single crystal X-ray diffraction studies 

show that the geometry around the copper(II) center in the dimeric units is a distorted squared pyramid, 

while the monomeric compound presents a distorted squared planar coordination. The electronic and 

magnetic properties of complexes are discussed on the basis of their X-ray structures and EPR spectral 

studies combined with DFT calculations. Magnetostructural comparisons with structurally similar copper(II) 

complexes are also carried out. DFT calculations indicate that the dinuclear species are more stable than the 

mononuclear ones, although the inclusion of methyl or phenyl substituents provokes an important 

stabilization of the mononuclear forms. DFT calculations fail to predict the sign of the magnetic coupling 

constants of the complexes whereas multiconfigurational methods, CASSCF/NEVPT2 calculations, predict 

the correct sign of the exchange coupling constant. 

Keywords: copper complexes; DFT calculations; crystal structures; electron paramagnetic resonance; 

magnetic properties 

 

Introduction 

Dimeric Cu(II) complexes containing simple but efficient {Cu
II

2(μ-Cl)2} moieties have attracted the interest 

of chemists during the past few decades. Many of these polynuclear complexes were investigated because of 

their relevance as models for active sites of biomolecules
1
 and also because of their interesting magnetic 

properties.
2,3

 The study of the magnetic interaction between the central Cu(II) ions in these complexes has 
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been the subject of different magneto-structural investigations.
2,3

 However several attempts reported in the 

literature to achieve a general magneto-structural correlation for these compounds have not yet been 

successful, likely because it is not easy to establish a simple magneto-structural relationship between the 

value of the magnetic exchange coupling constant J and structural parameters such as Cu–Cl–Cu bridging 

angles, Cu–Cl bridging bond lengths or Cu–Cu distances.
3f

 The reasons for these difficulties are probably 

related to the large number of existing compounds with a huge variation in structural features (i.e. bond 

distances and angles involving the Cu(II) ions), which allows a variety of pathways for the magnetic 

interactions to occur.
2b,c,l,q–v,4

 Nevertheless, the rational design of new magnetic materials will be facilitated 

by a deeper understanding of magneto-structural correlations. 

The structures of dimeric Cu(II) complexes may change by introducing subtle changes in the ligand structure 

or crystal packing forces. These small structural changes can have important effects on the magnetic 

properties of the system.
2m

 As a result, complexes with very similar structural features change from 

antiferromagnetic to ferromagnetic behaviour.
3c

 

Here, we present the synthesis, structural characterisation and variable temperature magnetic properties of 

the dimeric Cu(II) complexes [{CuCl(PzTz)}2(μ-Cl)2] (PzTz = 2-(1-pyrazolyl)-1,3-thiazine), 

[{CuCl(DMPzTz)}2(μ-Cl)2] (DMPzTz = 2-(3,5-dimethyl-1-pyrazolyl)-1,3-thiazine) and 

[{CuCl(DPhPzTz)}2(μ-Cl)2] (DPhPzTz = 2-(3,5-diphenyl-1-pyrazolyl)-1,3-thiazine). The aim of studying 

this series of ligands is to assess the effect that the bulkiness of the substituents at positions 3 and 5 of the 

pyrazole ring may have on the structure and magnetic properties of the corresponding Cu(II) complexes 

(see Scheme 1). Likewise, the crystal structure of the monomeric Cu(II) complex [CuCl2(DMPzTz)] is 

reported. The magnetic properties of the complexes were explored and discussed on the basis of electron 

paramagnetic resonance (EPR) spectroscopy and magnetic susceptibility measurements combined with DFT 

studies and multiconfigurational calculations based on the complete active space self-consistent field 

(CASSCF) method. 

 

 

Scheme 1. Organic pyrazole/thiazine ligands studied in this work. 

 

 

Results and discussion 

Synthesis and general aspects of complexes 

The dimeric copper(II) complexes [{CuCl(PzTz)}2(μ-Cl)2], [{CuCl(DMPzTz)}2(μ-Cl)2] and 

[{CuCl(DPhPzTz)}2(μ-Cl)2] were obtained by reaction of the organic ligand (PzTz, DMPzTz or DPhPzTz) 



 
 

and CuCl2·2H2O in methanol solution. In the case of [{CuCl(DMPzTz)}2(μ-Cl)2] slow evaporation of the 

reaction mixture resulted in the formation of light green crystals mixed with a dark green solid. The mother 

liquor was decanted, and the light green crystals were segregated from the dark green solid by hand picking 

under a stereomicroscope. When the reaction was repeated using acetonitrile as a solvent only dark green 

crystals were obtained by evaporation of the solvent, which corresponded to the monomeric copper(II) 

complex [CuCl2(DMPzTz)]. To check whether the monomeric complex could be isolated with the other two 

ligands (PzTz and DPhPzTz), the complexation reactions were carried out again in acetonitrile. However 

these reactions turned out to yield only the dimeric complexes. 

The electronic spectra of the binuclear complexes are in accordance with five coordinated Cu(II) ions having 

distorted square pyramidal geometries. The spectra show a broad band expanding in the interval of 12 920–

13 990 cm
−1

 due to all four d–d transitions (
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5
 The 

spectra also display strong absorptions at 26 950–32 680 cm
−1

 that can be assigned as ligand→Cu(II) charge 

transfer bands.
2o,6

 

Vibrational spectra of the copper(II) complexes (Fig. S1–S8, ESI
i
) show a strong absorption band in the 

range of 1592–1614 cm
−1

 corresponding to the Ψ1[ν(C N)] vibration of the thiazine ring. These bands are 

shifted negatively relative to the uncoordinated thiazine ring of the respective ligands (1635–1639 cm
−1

) 

because of a retrocoordination effect, which signals coordination via the thiazine nitrogen atom.
7
 However, 

the bands attributable to pyrazole ring vibrations experience a shift in the opposite direction, which 

nevertheless confirms coordination through the pyrazole nitrogen atom. On the other hand, the 500–150 

cm
−1

 region of the spectra presents several bands corresponding to the ν(Cu–Cl), ν(Cu–Npyrazole) and ν(Cu–

Nthiazine) metal–ligand stretching vibrations. 

Crystal structural analysis 

The pertinent crystallographic data for the structures of the copper(II) complexes are given in Table S1 

(ESI
i
). ORTEP drawings of the molecular structures of the complexes are depicted in Fig. 1, and the selected 

bond lengths and angles are given in Table 1.  

The structures of dimeric complexes are similar and consist of centrosymmetric dimeric [{CuCl(L)}2(μ-Cl)2] 

(L = PzTz, DMPzTz or DPhPzTz) units. The two Cu(II) centres are joined by two chloride bridging ligands 

forming a four-membered ring. A terminal chloride ligand and a bidentate chelating 1-pyrazolyl-1,3-thiazine 

ligand complete five-coordination at each metal. The bridging chloride anions are bonded to the two copper 

atoms in an asymmetric fashion with significantly different bond distances: 2.292(1) and 2.795(1) Å in 

complex [{CuCl(PzTz)}2(μ-Cl)2], 2.273(1) and 2.580(1) Å in complex [{CuCl(DMPzTz)}2(μ-Cl)2], and 

2.282(1) and 2.675(2) Å in complex [{CuCl(DPhPzTz)}2(μ-Cl)2]. The bridging Cu2Cl2 units have a strictly 

planar geometry imposed by the presence of a crystallographic inversion centre. 

The coordination polyhedron around the copper centres can be described as a distorted square pyramid, in 

accordance with the values
8,9

 obtained for τ5 and Δ (Table 2). The degree of distortion of the square pyramids 

depends on the substituents at positions 3 and 5 of the pyrazole rings. Thus, in [{CuCl(PzTz)}2(μ-Cl)2] the 

distortion is lower than in the analogues containing phenyl and methyl substituents. The basal plane of the 

square pyramid is delineated by one thiazine nitrogen atom N(1), one pyrazole nitrogen atom N(3), the 

bridging chloride ligand Cl(1) and the terminal chloride ligand Cl(2), while the apical position is occupied by 

the other bridging chloride ligand Cl(1a). As a result, the dimeric complexes present two square pyramids 

sharing one base-to-apex edge, with parallel basal planes. The Cu atom is situated over the mean plane 

formed by the four basal donor atoms displaced towards the apical atom Cl(1a), with a greater distance from 

the metallic atom to the mean least-squares basal plane when the distortion of the square pyramid is higher 

(0.122 Å in [{CuCl(PzTz)}2(μ-Cl)2]; 0.234 Å in [{CuCl(DMPzTz)}2(μ-Cl)2]; 0.273 Å in 

[{CuCl(DPhPzTz)}2(μ-Cl)2]). The four bond distances involving donor atoms of the basal plane are 



 
 

considerably shorter than the Cu–Cl(1a) distances. This is in line with the structures of different Cu(II) 

complexes having a square pyramidal coordination geometry, in which the distances involving basal donor 

atoms are shorter than the distances involving apical coordination.
10 

 

 

Fig. 1. Molecular structures of (a) [{CuCl(PzTz)}2(μ-Cl)2], (b) [{CuCl(DMPzTz)}2(μ-Cl)2], (c) [CuCl2(DMPzTz)] 

and (d) [{CuCl(DPhPzTz)}2(μ-Cl)2]. 

 

The structure of [CuCl2(DMPzTz)] consists of discrete neutral monomeric units in which the environment 

around the copper(II) atom may be described as distorted square planar, as demonstrated by the 

calculated τ4 value.
11

 The metallic atom is directly bound to two chloride ligands and one DMPzTz ligand, 

which coordinates through the pyrazole and thiazine nitrogen atoms forming a five-membered chelate ring. 

The Cu(II)–ligand bond lengths and intramolecular Cu(II)⋯Cu(II) distances in the complexes reported here 

have been compared with the average value calculated from the structures of similar compounds found in the 

Cambridge Structural Database (CSD, version 5.37, May 2016)
12

 (see Table S2, ESI
i
). Generally, the 

experimental bond lengths are comparable to the calculated average values for similar compounds, with the 

exception of the Cu–Cl(1a) distance in [{CuCl(DMPzTz)}2(μ–Cl)2], which is shorter than the mean values 

found in other dimeric complexes. 



 
 

Table 1. Selected bond lengths (Å) and angles (°) for copper complexes. 
a 

 

 [{CuCl(PzTz)}2(μ-Cl)2] [{CuCl(DMPzTz)}2(μ-Cl)2] [CuCl2(DMPzTz)] [{CuCl(DPhPzTz)}2(μ-Cl)2] 

Cu–N(1) 2.050(3) 1.998(2) 1.985(1) 2.022(3) 

Cu–N(3) 1.988(3) 2.029(2) 1.993(2) 2.026(3) 

Cu–Cl(1) 2.292(1) 2.273(1) 2.237(1) 2.282(1) 

Cu–Cl(1a) 
a
 2.795(1) 2.580(1)  2.675(2) 

Cu–Cl(2) 2.227(1) 2.264(1) 2.203(1) 2.244(1) 

N(1)–Cu–N(3) 78.6(1) 78.8(1) 80.0(1) 78.4(1) 

N(1)–Cu–Cl(1) 168.5(1) 175.4(1) 93.7(1) 94.1(1) 

N(1)–Cu–Cl(1a) 91.2(1) 87.7(1)  89.0(1) 

N(1)–Cu–Cl(2) 95.0(1) 92.0(1) 161.6(1) 157.2(1) 

N(3)–Cu–Cl(1) 90.4(1) 98.2(1) 155.6(1) 172.2(1) 

N(3)–Cu–Cl(1a) 90.0(1) 97.2(1)  95.3(1) 

N(3)–Cu–Cl(2) 169.4(1) 146.3(1) 98.2(1) 91.5(1) 

Cl(1)–Cu–Cl(1a) 98.6(1) 89.3(1)  87.6(1) 

Cl(1)–Cu–Cl(2) 95.3(1) 92.4(1) 95.0(1) 94.1(1) 

Cl(1a)–Cu–Cl(2) 92.5(1) 114.9(1)  112.5(1) 

 

a
 Symmetry code: 0.5 − x, 0.5 − y, −z for [{CuCl(PzTz)}2(μ-Cl)2] and [{CuCl(DMPzTz)}2(μ-Cl)2]; 1 − x, 1 − y, −z for 

[{CuCl(DPhPzTz)}2(μ-Cl)2]. 

 

 

Table 2. Quantification of the coordination geometry of the polyhedra in the copper(II) complexes. 

 

Geometrical 

parameters 

[{CuCl(PzTz)}2(μ-Cl)2] [{CuCl(DMPzTz)}2(μ-Cl)2] [CuCl2(DMPzTz)] [{CuCl(DPhPzTz)}2(μ-Cl)2] 

τ5 
a
  0.02 0.48  0.22 

Δ 
b
  0.86 0.74  0.89 

τ4 
c
   0.30  

 

a
 τ5 = 1 for a trigonal bipyramidal geometry and 0 for a perfect square pyramidal geometry. 

b
 Δ = 1 for a square 

pyramidal geometry and 0 for a perfect trigonal bipyramidal geometry. 
c
 τ4 = 1 for a perfect tetrahedral geometry and 0 

for a perfect square planar geometry. 

 

 

A comparison of the crystal structures of the [{CuCl(PzTz)}2(μ-Cl)2] and [{CuCl(DPhPzTz)}2(μ-Cl)2] 

complexes with those of the free ligands PzTz and DPhPzTz
13

 evidences a drastic change in the 

conformation of the ligand to allow coordination through both N(1) and N(3). Indeed, the N(1)–C(1)–N(2)–

N(3) torsional angles take values of 165.3 and 123.6° for PzTz and DPhPzTz, respectively,
13

 while the values 

observed in the corresponding complexes are 7.1 and 18.4°. 



 
 

The increasing steric hindrance introduced by the replacement of hydrogen atoms in positions 3 or 5 of the 

pyrazole ring by methyl and phenyl groups produces a drastic structural change in [{CuCl(DPhPzTz)}2(μ-

Cl)2], which presents a different arrangement of the organic ligand that minimizes steric effects. Indeed, the 

coordination environment in [{CuCl(DMPzTz)}2(μ-Cl)2] and [{CuCl(PzTz)}2(μ-Cl)2] complexes is such that 

the nitrogen atom of the thiazine ring N(1) occupies a cis position in the basal plane of the square pyramid 

with respect to the terminal chloride ligand Cl(2) (cis-N(1),Cl(2) isomer). However, N(1) and Cl(2) are 

clearly occupying trans positions in the [{CuCl(DPhPzTz)}2(μ-Cl)2] complex (trans-N(1),Cl(2)). Finally, the 

steric strain generated by the presence of methyl groups at positions 3 and 5 of the pyrazole ring provokes a 

significant lengthening of the Cu–N(3) distance, with a concomitant shortening of the Cu–N(1) bond. Most 

likely the isolation of the mononuclear complex [CuCl2(DMPzTz)] is also related to steric effects brought 

about by the presence of the methyl groups (see the DFT section below). 

EPR and magnetic study 

The EPR parameters obtained for the copper(II) complexes are presented in Table 3. 

 

Table 3. EPR parameters of copper(II) complexes. 

 

 Solid (298 K) MeOH (77 K) 

Compound giso g∥ g⊥ g∥ g⊥ A∥ 
a
 G 

[{CuCl(PzTz)}2(μ-Cl)2] — 2.248 2.057 2.248 2.066 153 3.76 

[{CuCl(DMPzTz)}2(μ-Cl)2] — 2.258 2.058 2.300 2.070 160 4.55 

[CuCl2(DMPzTz)] — 2.198 2.070 2.300 2.070 160 4.55 

[{CuCl(DPhPzTz)}2(μ-Cl)2] 2.089 — — 2.380 2.086 170 4.42 

 

a
 Units: ×10

−1
 cm

−1
. 

 

 

The spectra in the solid state of [{CuCl(PzTz)}2(μ-Cl)2], [{CuCl(DMPzTz)}2(μ-Cl)2] and [CuCl2(DMPzTz)] 

(Fig. S9–S12, ESI
i
) are typical of axial species. The values of the geometric parameter G [G = (g∥ − 2)/(g⊥ − 

2)] were found to be in the range of 3.0–6.0 with g∥ > g⊥ > 2.0023, thus indicating that the unpaired electron 

is located in a dx
2
−y

2
 orbital associated with a square-pyramidal stereochemistry, in good agreement with the 

crystallographic data.
14

 The spectrum of [{CuCl(DPhPzTz)}2(μ-Cl)2] shows an isotropic form (giso = 2.089) 

that does not give information on the electronic ground state of the copper(II) ion present in the compound.
15

 

The EPR spectra of complexes recorded in frozen MeOH at 77 K (Fig. S13–S16, ESI
i
) also correspond to 

axial species, showing hyperfine lines. The spectra of [{CuCl(DMPzTz)}2(μ-Cl)2] and [CuCl2(DMPzTz)] 

recorded in frozen MeOH are virtually identical, and provide parameters very similar to those obtained in the 

solid state for [{CuCl(DMPzTz)}2(μ-Cl)2]. This indicates that [{CuCl(DMPzTz)}2(μ-Cl)2] is the 

predominant species in MeOH solution, at least at low temperature. Moreover, the g values obtained for 

[{CuCl(PzTz)}2(μ-Cl)2] and [{CuCl(DMPzTz)}2(μ-Cl)2] in the solid state at room temperature and in frozen 

solution are similar, suggesting that the geometry is the same at both temperatures. 

The observed molar magnetic susceptibility at room temperature for [CuCl2(DMPzTz)] provides a fully 

corrected magnetic moment of 1.85 BM. This value is in the range of 1.75–2.20 BM typical for mononuclear 

copper(II) complexes without Cu–Cu interactions, regardless of the stereochemistry, in good agreement with 

crystallographic data.
16

 



 
 

Variable temperature (2.0–300 K) magnetic susceptibility data were collected for polycrystalline samples of 

the [{CuClL}2(μ-Cl)2] (L = PzTz, DMPzTz or DPhPzTz) complexes. The high-temperature data (T > 140 K) 

were fit to a Curie–Weiss relationship, yielding C = 0.93 cm
3
 mol

−1
 K and θ = −3.15 K for 

[{CuCl(PzTz)}2(μ-Cl)2], C = 2.78 cm
3
 mol

−1
 K and θ = −3.32 K for [{CuCl(DMPzTz)}2(μ-Cl)2] and C = 

0.85 cm
3
 mol

−1
 K and θ = +0.85 K for [{CuCl(DPhPzTz)}2(μ-Cl)2]. These data indicate weak 

antiferromagnetic interactions between the copper(II) ions for the first two compounds and ferromagnetic 

coupling for the latter. Plots of the χMT product versus T are shown in Fig. 2 and Fig. S17 (ESI
i
). 

 

 

Fig. 2. Experimental χMT vs. T data for compounds [{CuCl(DMPzTz)}2(μ-Cl)2] (a) and [{CuCl(DPhPzTz)}2(μ-Cl)2] 

(b). Solid lines represent the best fit of the data using the model described in the text. 

 

The experimental data were fitted using the Bleany–Bowers equation (eqn (1)) for a dinuclear copper(II) 

complex.
17

 



 
 

  𝜒M =
2𝑁𝑔2𝜇B

2

𝐾B𝑇[3+exp(−2𝐽/𝐾B𝑇)]
     (1) 

 

The g values were taken from EPR data whereas the J values were determined as adjustable parameters in a 

least-squares fitting procedure that led to J = −1.01 cm
−1

 with an agreement factor R = 1.2 × 10
−7

 for 

[{CuCl(PzTz)}2(μ-Cl)2] and J = −0.32 cm
−1

 and R= 9.6 × 10
−11

 for [{CuCl(DMPzTz)}2(μ-Cl)2]. In the case 

of [{CuCl(DPhPzTz)}2(μ-Cl)2] the fitting improved significantly when g was included in the fitting 

procedure, giving g = 2.15, J = 0.48 cm
−1

 and R = 1.7 × 10
−8

. The negative values of the coupling constant J 

indicate a weak antiferromagnetic interaction in [{CuCl(PzTz)}2(μ-Cl)2] and [{CuCl(DMPzTz)}2(μ-Cl)2], 

whereas the positive value indicates a weak ferromagnetic interaction in [{CuCl(DPhPzTz)}2(μ-Cl)2]. 

Several attempts were performed to establish magneto-structural correlations in dichlorido-bridged Cu(II) 

complexes.
2b,c,m,r,3f,18

 All these correlations indicate that the exchange coupling constant J depends on the 

value of the Cu–Cl–Cu bridging angle, φ, as well as on the bond distance of the axial Cu–Cl bond, R, 

particularly expressed by the φ/R ratio. In several works
2m,r,3f,4c

 the sign and magnitude of the coupling 

constant J was related to the geometry around the paramagnetic centres (Table S3, ESI
i
). Besides, in 

pentacoordinated Cu(μ-Cl)2Cu dimers, the magnetic coupling is influenced by the distortions of the 

coordination geometry. The global arrangement of the two square pyramids gives rise to three types of 

geometries: square pyramids sharing one base-to-apex edge with the two bases nearly perpendicular to one 

another (type I), square pyramids sharing one base-to-apex edge but with parallel basal planes (type II) and 

square pyramids sharing a basal edge with coplanar basal planes (type III). The extended Hückel calculations 

performed by Rodríguez et al.
2l,m

 showed that the super exchange pathway with the metal centres takes place 

mainly through a π* type interaction between the dx
2
−y

2
 orbitals of Cu(II) ions and the p orbitals of chloro 

bridging ligands for type II complexes, as is the case for [{CuClL}2(μ-Cl)2] (L = PzTz, DMPzTz or 

DPhPzTz). For an ideal geometry with a square core, the overlap integral between the former orbitals would 

be zero, and therefore, there would not be any magnetic coupling between the copper centres. As above, 

these type II complexes present very small J values, which are the result of structural deviations from the 

ideal square Cu2Cl2 core. Thus, the small calculated Jvalues obtained here are consistent with the 

calculations performed by the aforementioned authors. The magnetic orbitals obtained herein with CASSCF 

calculations are in line with this analysis (see below). Finally, for di-μ-chloride-bridged dimers, 

ferromagnetic exchange interactions occur if the value of φ/R is in the range of 32.6–34.8° Å
−1

, otherwise the 

interaction is antiferromagnetic.
19

 In the case of our complexes, the φ/R value is 35.28° Å
−1

 for 

[{CuCl(PzTz)}2(μ-Cl)2] consistent with antiferromagnetic interaction, 34.61° Å
−1

 for [{CuCl(DMPzTz)}2(μ-

Cl)2] that shows antiferromagnetic coupling, which does not fit this trend, and 32.74° Å
−1

 for 

[{CuCl(DPhPzTz)}2(μ-Cl)2], in line with a ferromagnetic interaction. 

Computational studies 

Aiming to gain information on the relative stabilities of the monomeric and dimeric forms of the complexes 

investigated in this work we performed DFT calculations at the TPSSh/TZVP level. Bulk solvent effects 

(methanol) were considered by using a polarized continuum model (PCM, see Computational details below). 

The optimized geometries of the mononuclear [CuCl2(DMPzTz)] and dinuclear [{CuClL}2(μ-Cl)2] (L = 

PzTz, DMPzTz or DPhPzTz) complexes show an excellent agreement with the X-ray crystal structures 

(Tables S4–S6, ESI
i
). The calculated Cu–N distances differ from the experimental values by <0.04 Å, while 

the Cu–Cl distances present somewhat larger deviations (0.01–0.12 Å). The largest deviations are observed 

for the distances involving chloride ligands at the apical position of the square pyramidal coordination, 

which present rather long Cu–Cl distances (experimental values in the range of 2.58–2.80 Å). 



 
 

The relative energies of the mononuclear and dinuclear forms of the complexes (including zero-point-energy 

corrections, ΔEZPE) calculated at the TPSSh/TZVP level according to reaction (2) are shown in Fig. 3. 

 

2[CuCl2(L)] ⇆ [{CuClL}2(μ-Cl)2]    (2) 

 

 

Fig. 3. Energies calculated in methanol solution for reactions (2) and (3) at the TPSSh/TZVP level. 

 

The calculated ΔEZPE values indicate that the dinuclear species are more stable than the mononuclear ones, 

although the inclusion of methyl or phenyl substituents provokes an important stabilization of the 

mononuclear forms. The smallest energy difference between the mono- and dinuclear species is predicted for 

the complex of DMPzTz (1.69 kcal mol
−1

), which was isolated in both the mono- and dinuclear forms. The 

relatively small energy differences between the mononuclear and dinuclear complexes of DMPzTz and 

DPhPzTz suggest that the equilibrium involving these species is shifted toward the dinuclear complexes, but 

the mononuclear species are present in solution with significant concentrations. 

Concerning the relative stabilities of the cis- and trans-thiazine isomers (calculated according to eqn (3)), our 

calculations evidence an increasing stabilization of the trans-thiazine isomer upon inclusion of methyl and 

phenyl substituents at positions 2 and 5 of the pyrazole group. The two isomers are nearly isoenergetic in the 

case of DMPzTz, the trans-thiazine isomer being favoured by only 0.08 kcal mol
−1

. The inclusion of phenyl 

substituents stabilizes the trans-thiazine isomer (0.58 kcal mol
−1

 with respect to the cis-pyrazole isomer), 

while the unsubstituted ligand favours the cis-thiazine isomer by 0.88 kcal mol
−1

. These results are in line 

with the X-ray structures of the complexes described above. An inspection of the calculated Cu–N bond 

distances (Fig. 4) provides a straightforward explanation for this trend. Indeed, the Cu–N donor distances of 

the trans-thiazine isomer show a smooth decrease upon inclusion of methyl and phenyl substituents in the 

ligand. However, one of the Cu–N distances of the cis-thiazine isomer experiences a dramatic increase, 

following the trend PzTz < DMPzTz ≪ DPhPzTz. Thus, steric effects appear to be responsible for the 

destabilization of the cis-thiazine isomer when increasing the bulkiness of the substituents at positions 3 and 

5 of the pyrazole ring. Inspection of the structures calculated for [{CuCl(DPhPzTz)}2(μ-Cl)2] (Fig. S18, ESI
i
) 



 
 

reveals short H⋯H distances (<3.2 Å) involving hydrogen atoms of the phenyl rings and the thiazine units of 

the cisisomer, which are responsible for its destabilization. 

 

cis-[{CuClL}2(μ-Cl)2] ⇆ trans-[{CuClL}2(μ-Cl)2]  (3) 

 

 

Fig. 4. Cu–N distances calculated in methanol solution for the cis and trans isomers of [{CuCl(DPhPzTz)}2(μ-Cl)2] 

(TPSSh/TZVP level). 

 

DFT calculations were also used to investigate exchange coupling constants using the broken symmetry 

approach.
20

 The exchange interaction between two magnetic centers A and B with spin coupling 

constant JAB and spin operators SA and SB can be described by the phenomenological spin Hamiltonian: 

 

H = −2JABSASB       (4) 

 

Application of the broken symmetry approach proposed by Yamaguchi leads to the following expression:
21,22

 

 

  𝐽AB =
𝐸HS−𝐸BS

(𝑆2)HS−(𝑆2)BS
      (5) 

 

The exchange coupling constant, J, was estimated using a series of functionals (BLYP, BHLYP, TPSS, 

TPSSh and TPSS0) in combination with the TZVP basis set. The latter basis set was shown to provide good 

results in the calculation of exchange coupling constants of transition metal complexes using 

DFT.
23

 Magnetic susceptibility measurements are obtained from solid samples where packing forces may 



 
 

provoke structural changes with respect to the isolated molecules, which may affect the exchange coupling 

constants.
24

 Thus, the geometries of the cis- and trans-thiazine isomers were taken from the X-ray diffraction 

data of [{CuCl(PzTz)}2(μ-Cl)2] and [{CuCl(DPhTzPz)}2(μ-Cl)2], respectively. The positions of the hydrogen 

atoms were optimized at the TPSSh/TZVP level, while the positions of the remaining atoms were not 

optimized. 

The J values calculated using all functionals are positive, which would indicate a ferromagnetic interaction 

(Fig. 5, see also Table S7, ESI
i
). For each of the tested functionals the calculated J value is higher for 

the trans-thiazine isomer than for the cis-thiazine one. In line with previous investigations,
25

 the magnitude 

of J decreases when the percentage of HF exchange increases. Thus, the pure GGA functional BLYP and the 

meta-GGA functional TPSS give the largest calculated J values, which decrease upon increasing the HF 

exchange to 10% (TPSSh), 25% (TPSS0) and 50% (BHLYP). However, the calculated J values remain 

positive for all tested functionals, which fail to predict the antiferromagnetic coupling observed for 

the cis isomers. 

 

 

Fig. 5. Comparison of experimental and calculated exchange coupling constants of the cis and trans isomers of 

[CuCl(PzTz)](μ-Cl2). 

 

In view of the failure of DFT methods to predict the sign of the magnetic coupling constants of the 

complexes investigated in this work, we turned our attention to multiconfigurational methods, which were 

shown to be an efficient tool to predict magnetic coupling in metal complexes.
26

 More specifically, we used 

calculations based on the complete active space self-consistent field (CASSCF) approach. Dynamic 

correlation effects were considered by using the N-electron valence perturbation theory to second order 

(NEVPT2),
27

 which takes the CASSCF wave function as the zeroth-order wave function and estimates 

dynamic electron correlation effects by second order perturbation theory. Our CASSCF calculations 

considered the minimal active space (CASSCF(2,2)), where the two unpaired electrons occupy the two 

magnetic orbitals.
3c

 Inspection of the magnetically active orbitals (Fig. 6) shows that they correspond to the 

symmetric and antisymmetric combinations of the Cu 3dx
2
−y

2
 orbitals with tails on the bridging and terminal 

chloride atoms and PzTz ligands. At the CASSCF(2,2) level the cis and transisomers of [{CuCl(PzTz)}2(μ-



 
 

Cl)2] present ferromagnetic coupling, as the triplet state is the ground state. However, CASSCF/NEVPT2 

calculations predict the correct sign of the exchange coupling constant, which amounts to −0.1 cm
−1

 and +0.2 

cm
−1

 for the cis and trans isomers (Fig. 5, see also Table S7, ESI
i
). Thus, the inclusion of dynamic 

correlation appears to be critical for the prediction of the correct sign of J, at least for systems characterized 

by small J values such as those investigated in this work. 

 

 

Fig. 6. Active magnetic orbitals of [CuCl(PzTz)](μ-Cl2) obtained with CASSCF(2,2) calculations. 

 

 

Conclusions 

In summary, we have reported the synthesis and characterisation of the dimeric copper(II) complexes 

[{CuCl(PzTz)}2(μ-Cl)2], [{CuCl(DMPzTz)}2(μ-Cl)2] and [{CuCl(DPhPzTz)}2(μ-Cl)2] and the monomeric 

complex [CuCl2(DMPzTz)]. The geometry around the copper(II) centers in the dimeric units can be best 

described as distorted square pyramidal, while the monomeric compound presents distorted squared planar 

coordination. The increasing steric hindrance introduced by the replacement of hydrogen atoms in positions 

3 or 5 of the pyrazole ring by methyl and phenyl groups produces in [{CuCl(DPhPzTz)}2(μ-Cl)2] a drastic 

structural change with a different orientation of the organic ligand that minimizes steric effects (a cis-thiazine 

isomer in [{CuCl(PzTz)}2(μ-Cl)2] and [{CuCl(DMPzTz)}2(μ-Cl)2] and a trans-thiazine isomer in 

[{CuCl(DPhPzTz)}2(μ-Cl)2]). Steric effects are also responsible for the stabilization of the mononuclear 

complex [CuCl2(DMPzTz)], as demonstrated by DFT calculations. The different structures adopted by the 

[{CuCl(PzTz)}2(μ-Cl)2] and [{CuCl(DMPzTz)}2(μ-Cl)2] complexes with respect to the 

[{CuCl(DPhPzTz)}2(μ-Cl)2] analogue have also an impact on the magnetic properties, which are 

characterized by weak antiferromagnetic interactions for the first two complexes and weak ferromagnetic 



 
 

interaction for the latter. DFT studies based on the broken symmetry approach failed to predict the correct 

signs of the experimental J values, which were however well reproduced by multiconfigurational 

calculations based on the CASSCF/NEVPT2 approach. 

 

Experimental section 

General remarks 

All reagents were of commercial grade used without any further purification. Ligands PzTz, DMPzTz and 

DPhPzTz were synthesized following previously reported methods.
13

 Chemical analyses of carbon, 

hydrogen, nitrogen and sulfur were performed by microanalytical methods using a Leco CHNS-932 

microanalyser. IR spectra were recorded in the 4000–370 cm
−1

range using a Thermo IR-300 

spectrophotometer and KBr pellets, or using a PerkinElmer FT-IR 1700X spectrophotometer with Nujol 

mulls in the 500–150 cm
−1

 range. UV-Vis-NIR reflectance spectra were obtained in the 200–1400 nm range 

on a Shimadzu UV-3101 PC from pellets of the samples and using BaSO4 as a reference whereas UV-Vis 

spectra of complex solutions were recorded using 1 cm quartz cells on the same instrument. 

Synthesis of copper(II) complexes 

[{CuCl(PzTz)}2(μ-Cl)2]. A solution containing CuCl2·2H2O (102.0 mg, 0.60 mmol) in methanol (1 mL) was 

added to a solution of PzTz (100.0 mg, 0.60 mmol) in methanol (10 mL). Liquid–vapour diffusion of diethyl 

ether into the former gave green crystals that were filtered, washed with cold ether and air-dried. Yield 95.9 

mg (53%). C14H18Cl4Cu2N6S2 (603.34): calcd. C 27.85, H 3.01, N 13.93, S 10.63; found C 27.77, H 2.97, N 

13.75, S 10.46. IR (KBr): thiazine ring vibrations 1603 [ν(C N)], 959, 923, 893, 777, 605, 578, 537, 445 

cm
−1

; pyrazole ring vibrations: 1526, 1401, 1345, 1008 cm
−1

; metal–ligand vibrations: 312 ν(Cu–Cl), 

277 ν(Cu–Npyrazole), 254 cm
−1
ν(Cu–Nthiazine). Diffuse reflectance spectrum (cm

−1
): 13 040, 26 950, and 40 980. 

UV-Vis (MeOH, 4 × 10
−5

 M)λmax (cm
−1

) (ε) (L mol
−1

 cm
−1

): 13 070 (200). 40 000 (32 300). 

[{CuCl(DMPzTz)}2(μ-Cl)2] and [CuCl2(DMPzTz)]. A similar method to that used for [{CuCl(PzTz)}2(μ-

Cl)2] using 100 mg (0.51 mmol) of DMPzTz and 87.3 mg (0.51 mmol) of CuCl2·2H2O provided a mixture of 

light green crystals and a dark green solid. The light green crystals of [{CuCl(DMPzTz)}2(μ-Cl)2] were 

separated by hand-picking from the dark green solid under a stereomicroscope. Yield 17.1 mg (10%). 

C18H26Cl4Cu2N6S2 (659.45): calcd. C 32.78, H 3.97, N 12.74, S 9.73; found C 33.07, H 4.12, N 12.93, S 

9.98. IR (KBr): thiazine ring vibrations 1608 [ν(C N)], 906, 863, 740, 590, 551, 443 cm
−1

; pyrazole ring 

vibrations: 1566, 1400, 1390, 1315, 977 cm
−1

; metal–ligand vibrations: 300 and 294 ν(Cu–Cl), 285 ν(Cu–

Npyrazole), 247 cm
−1
ν(Cu–Nthiazine). Diffuse reflectance spectrum (cm

−1
): 13 990, 31 060, and 40 980. UV-Vis 

(MeOH, 4 × 10
−5

 M) λmax (cm
−1

) (ε) (L mol
−1

 cm
−1

): 12 850 (200), 39 680 (41 300). 

The reaction carried out using acetonitrile as a solvent only provided dark green crystals by slow evaporation 

of the solvent. Crystals were collected by filtration and washed with cold ether to give the mononuclear 

complex [CuCl2(DMPzTz)]. Yield 136.3 mg (81%). C9H13Cl2CuN3S (329.72): calcd. C 32.78, H 3.97, N 

12.74, S 9.73; found C 33.06, H 4.25, N 12.84, S 9.97. IR (KBr): thiazine ring vibrations 1592 [ν(C N)], 

977, 865, 740, 698, 590, 551, 445 cm
−1

; pyrazole ring vibrations: 1560, 1407, 1380, 1342, 989 cm
−1

; metal–

ligand vibrations: 336 and 308 ν(Cu–Cl), 289 ν(Cu–Npyrazole), 271 cm
−1
ν(Cu–Nthiazine). Diffuse reflectance 

spectrum (cm
−1

): 13 240, 24 750, and 37 310. UV-Vis (MeOH, 4 × 10
−5

 M) λmax (cm
−1

) (ε) (L mol
−1

 cm
−1

): 

12 970 (140), 38 840 (37 900). 

[{CuCl(DPhPzTz)}2(μ-Cl)2]. The complex was isolated as green crystals by using a similar method to those 

described above using 100 mg (0.31 mmol) of DPhPzTz and 53.4 mg (0.31 mmol) of CuCl2·2H2O. Yield 

109.8 mg (77%). C38H34Cl4Cu2N6S2(907.71): calcd. C 50.28, H 3.77, N 9.26, S 7.06; found C 50.23, H 3.75, 



 
 

N 9.23, S 6.74. IR (KBr): thiazine ring vibrations 1614 [ν(C N)], 964, 923, 877, 763, 593, 539, 460 cm
−1

; 

pyrazole ring vibrations: 1554, 1411, 1311, 1006 cm
−1

; metal–ligand vibrations: 310ν(Cu–Cl), 272 ν(Cu–

Npyrazole), 259 cm
−1
ν(Cu–Nthiazine). Diffuse reflectance spectrum (cm

−1
): 12 920, 25 380, 32 690, and 36 760. 

UV-Vis (MeOH, 4 × 10
−5

 M) λmax (cm
−1

) (ε) (L mol
−1

 cm
−1

): 12 870 (210), 40 160 (67 730). 

Crystallography 

Single crystals of [{CuCl(PzTz)}2(μ-Cl)2], [{CuCl(DMPzTz)}2(μ-Cl)2], [CuCl2(DMPzTz)] and 

[{CuCl(DPhPzTz)}2(μ-Cl)2] were mounted on a Bruker X8 Kappa APEX-II diffractometer for data 

collection (Mo-Kα radiation source, λ = 0.71073 Å). Absorption corrections were applied using the 

SADABS program.
28

 The structures were solved by direct methods and subsequent Fourier differences using 

the SHELXS-97
29

 program and refined by full-matrix least-squares on F
2
 using the SHELXL-14

29
 program, 

included in the WINGX package,
30

 assuming anisotropic displacement parameters for non-hydrogen atoms. 

All hydrogen atoms were positioned geometrically, with Uiso values derived from Ueq values of the 

corresponding carbon atoms. The crystallographic data were summarized in Table S1 (ESI
i
). The Cambridge 

crystallographic database
12

 was used to evaluate and compare the derived structural models. 

Magnetic measurements 

Magnetic susceptibility measurements were performed on polycrystalline samples using a magnetometer 

with pendulum MANICS DSM8, equipped with a helium continuous flow cryostat and an 

electromagnetometer DRUSCH EAF 16 UE. Data were corrected for temperature independent 

paramagnetism and diamagnetic contributions, which were estimated from the Pascal constants. EPR spectra 

were recorded at room temperature in the solid state and at 77 K in frozen MeOH employing a BRUKER 

ESP-300E spectrometer using the microwave X-band frequency. 

Computational details 

The geometries of the [CuCl2(L)] and [{CuClL}2(μ-Cl)2] (L = PzTz, DMPzTz or DPhPzTz) systems were 

optimized in methanol solution at the TPSSh/TZVP level
31

 using the Gaussian 09 package (Revision 

D.01).
32

 Bulk solvent effects were included by using the integral equation formalism variant of the 

polarizable continuum model (IEFPCM),
33

 in which the solute cavity is built as an envelope of spheres 

centred on atoms or atomic groups with appropriate radii. The universal force field radii (UFF)
34

 scaled by a 

factor of 1.1 were used to define the solute cavities. No symmetry constraints have been imposed during the 

optimizations. The stationary points found on the potential energy surfaces as a result of geometry 

optimizations were tested to represent energy minima rather than saddle points via frequency analysis. The 

default values for the integration grid (75 radial shells and 302 angular points) and the SCF energy 

convergence criteria (10
−8

) were used in all calculations. 

Magnetic exchange coupling constants were calculated using the ORCA program package (Version 

3.0.1).
35

 In these calculations we tested the popular BLYP,
36

 B3LYP
36,37

 and BHLYP functionals,
36,38

 the 

non-hybrid variants of TPSSh, TPSS,
31a

 and TPSS0, a 25% exchange version of TPSSh (10% exchange) that 

provides improved energetics, functionals.
39

 The geometries of the cis and trans isomers of 

[{CuCl(PzTz)}2(μ-Cl)2] were employed for the calculation of magnetic exchange parameters. The 

coordinates of the non-hydrogen atoms were taken from the X-ray structures of [{CuCl(PzTz)}2(μ-Cl)2] and 

[{CuCl(DPhPzTz)}2(μ-Cl)2], while the positions of the hydrogen atoms were optimized in the gas phase at 

the TPSSh/TZVP level using the Gaussian code. Broken symmetry calculations were carried out using the 

TZVP basis set for the ligand atoms and the core properties (CP) basis set developed by Neese for Cu.
40

 The 

RIJCOSX approximation
41

 was used to speed up the calculations of the ZFS parameters using the Def2-

TZVPP/JK
42

 auxiliary basis set as constructed automatically by ORCA. The spin–orbit contribution was 

considered employing the spin–orbit mean field approach (SOMF) using the one-center approximation to the 



 
 

exchange term (SOMF(1X)).
43

 The convergence tolerances and integration accuracies of the calculations 

were increased from the defaults using the available TightSCF and Grid5 options (Grid7 for Cu). 

Nonrelativistic energy levels and wave functions were computed using the Complete Active Space Self-

Consistent Field (CASSCF) method
44

 along with the TZVP basis set. CASSCF calculations were performed 

by using an active space including two electrons distributed into the two magnetically active Cu 3d-based 

molecular orbitals (CASSCF(2,2)). The CASSCF wavefunctions were subsequently analyzed using N-

electron valence perturbation theory to second order (NEVPT2).
27

 The RIJCOSX approximation as described 

above was used to speed up both CASSCF and NEVPT2 calculations.
41
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