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Abstract 

The syntheses, characterization and experimental solid state X-ray structures of five low-spin 

paramagnetic 2-pyridyl-(1,2,3)-triazole-copper compounds, [Cu(Ln)2Cl2], are presented in this study, 

for the following five Ln ligands:   L2 = 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine), L6 = 2-(1-(4-

chlorophenyl)-1H-1,2,3-triazol-4-yl)pyridine), L7 = 4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-4-

yl)benzonitril), L8 = 2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine) and L9 = 2-(1-(4-

(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)pyridine).  These five [Cu(Ln)2Cl2] complexes each 

contain two bidentate 2-pyridyl-(1,2,3)-triazole (Ln) and two chloride ions as ligands, with the Cu-



N(pyridine) bonds, Cu-N(triazole) and Cu-Cl bonds trans to each other.  All five [Cu(Ln)2Cl2] 

compounds display Jahn-Teller distortion:  either compression Jahn-Teller distortion along opposite 

Cu-N(pyridine) bonds, or elongation Jahn-Teller distortion along opposite Cu-Cl bonds, as indicated 

by their obtained solid state crystal structures.  Quantum chemistry calculations, using density 

functional theory, indicated however that Jahn-Teller distortion is in fact possible along any two 

opposite bonds in these octahedral compounds, i.e. either along the opposite Cu-N(pyridine) bonds 

or along the opposite Cu-Cl bonds or the opposite Cu-N(triazole) bonds.  
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Octahedral copper(II) compounds, containing two 2-pyridyl-(1,2,3)-triazole ligands as well as two Cl 

ions, exhibit either compression or elongation Jahn-Teller distortion. 
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DFT calculations identify three different types of Jahn-Teller distortion per compound 

 

1 Introduction 

The Jahn-Teller effect occurs in non-linear systems which contain a degenerate energy state, since a 

degenerate energy state cannot be stable [1].  Consequently, the Jahn-Teller effect leads to splitting 

of the degenerate energy states in such a way that the energy of the system is lowered, thus strongly 

affecting the electron distribution within a material or molecule [2].  The Jahn-Teller effect also often 



has an influence on the arrangement of atoms in a molecule, since the splitting of the degenerate 

energy states in molecules and ions, which are associated with certain electron configurations, leads 

to a geometrical distortion. The two main types of geometrical distortions observed for Jahn-Teller 

active octahedral molecules, are either elongation Jahn-Teller distortion (elongation of the two 

opposite metal-ligand bonds along the z-axis, relative to the four bonds in the xy-plane), or 

compression Jahn-Teller distortion (compression of the two opposite metal-ligand bonds along the z-

axis, relative to the four bonds in the xy-plane).  Octahedral d9 copper(II) complexes are well known 

to be Jahn-Teller active, due to the unpaired electron in the eg level of the octahedral Cu(II) complexes 

[2].  Theoretically, it is not possible to predict the type of distortion that will occur with the splitting 

of degeneracy eg levels.  However, Jahn-Teller distortions for Cu(II) complexes (with 3 electrons in 

the eg level) mostly result in complexes with elongation of the Cu-ligand bonds along the z-axis [2,3], 

e.g. the hexaaquacopper(II) complex ion, [Cu(OH2)6]
2+ [4]. 

We recently reported on the synthesis of a series of differently substituted 2-(1-phenyl-1H-1,2,3-

triazol-4-yl)pyridine ligands [5], as well as on the ability of these ligands to coordinate to various first 

row transition metals, such as manganese, iron, cobalt, nickel, copper and zinc [6,7].  In this study 

we present the syntheses, characterization and structures of five copper(II) compounds, coordinated 

to differently substituted 1,2,3-triazole chromophores;  namely five [Cu(Ln)2Cl2] complexes with the 

following ligands:  L2 = 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine),  L6 = 2-(1-(4-chlorophenyl)-

1H-1,2,3-triazol-4-yl)pyridine),  L7 = of 4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-4-yl)benzonitril),  L8 = 

2-(1-phenyl-1H-1,2,3-triazol-4-yl)pyridine) and L9 = 2-(1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-

triazol-4-yl)pyridine;  see Figure 1.  Special emphasis will be given to the Jahn-Teller distortions 

observed in the solid state structures of these Cu(II) complexes.   

 

 

Figure 1:  Structure of the 2-pyridyl-(1,2,3)-triazole-copper compounds (2, 6 – 9), where the substituents vary for 

the Ln ligands, namely  R = CH3 (L2), Cl (L6), CN (L7), H (L8) and CF3 (L9). 



 

2 Methods and Materials    

2.1 Synthesis of the 2-pyridyl-(1,2,3)-triazole ligands (L2, L6 – L9) 

The five (1,2,3-triazol-4-yl)pyridine free ligands (L2, L6 – L9) were synthesized according to 

published methods [8,9,10,11,12].  The reaction involves the copper(I)-catalysed azide alkyne 

cycloaddition (CuAAC) reaction between 2-ethynylpyridine and 1-azido-4-R-benzene, where the 

substituent R varies for each ligand, namely:  R = CH3 (for L2 = 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-

yl)pyridine), R = Cl (for L6 = 2-(1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)pyridine), R = CN (for L7 

= of 4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-4-yl)benzonitril), R = H (for L8 = 2-(1-phenyl-1H-1,2,3-

triazol-4-yl)pyridine) and R = CF3 (for L9 = 2-(1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-

yl)pyridine).  Characterization data of these five ligands is provided in the Supplementary material.  

For X-ray diffraction analyses of the ligands, see reference [8]. 

2.2 Synthesis of the 2-pyridyl-(1,2,3)-triazole-copper compounds, [Cu(Ln)2Cl2]  (2, 6 – 9) 

The five [Cu(Ln)2Cl2] complexes were prepared by dissolving a small amount (ca. 0.3 mmol) of 

anhydrous CuCl2 in 10 ml CH3OH.  A solution of 2 equiv of the respective ligand Ln (L2, L6 – L9) in 

10 ml CH2Cl2, was added dropwise to the CuCl2 solution and stirred for 8-10 hours at room 

temperature.  The corresponding product (2, 6 − 9) precipitated and was isolated from the solution, 

by firstly reducing the volume by half under vacuum distillation, and then filtering and washing the 

precipitate (twice with cold methanol, followed by diethyl ether). 

2.2.1 Dichloro(bis{2-[1-(4-methylphenyl)-1H-1,2,3-triazol-4-yl-N3]pyridine-N})copper(II) 

(with ligand L2, where R = CH3) [7] 

The preparation of [Cu(L2)2Cl2] was conducted according to the general procedure described above:  

0.062 g (0.46 mmol) anhydrous CuCl2 and 0.21 g (0.92 mmol) of ligand L2 were used, in ratio 1:2.  

The isolated precipitate produced complex 2 (0.24 g, 0.39 mmol, yield 91%);  Colour: green,  mp. 

274-276°C.  IR: ̅ (cm-1): 3068, 3058, 3025, 1606, 1594, 1575, 1516, 1477, 1449, 1267, 1250, 1063, 

1042, 1029, 862, 817, 779, 754, 716.  UV/VIS (DMSO) λmax: The Cu (II) compound showed 

absorption bands at 257 nm, εmax = 52222 dm3mol-1cm-1, 286 nm, εmax = 35556 dm3mol-1cm-1  and 

908 nm, εmax = 85 dm3mol-1cm-1.  Compound 2 with ligand L2 showed a value of µeff = 1.70 B.M.   

HRMS (P+NSI) (CH3OH)/(NH4OAC) with the highest molecular weight ion peak matching, was 

observed at m/z = 594.1547 (45%) and is attributed to [(Cu(L2)2)
+ + (CH3COO-)]+.  The calculated 

value for [[C28H24CuN8]
+ + (CH3COO-)]+ is 594.1540.  A good single crystal for X-ray structural 



analysis was obtained by slow evaporation of a hot CH3OH solution of the compound.  Conductivity:  

ɅM (DMSO) = 31 Ω-1cm2mol-1. 

2.2.2 Dichloro(bis{2-[1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl-N3]pyridine-N})copper(II) 

(with ligand L6, where R = Cl) 

The preparation of [Cu(L6)2Cl2] was conducted according to the general procedure described above:  

0.03 g (0.24 mmol) anhydrous CuCl2 and 0.13g (0.50 mmol) of ligand L6 were used, in ratio 1:2.  The 

isolated precipitate produced complex 6 (0.135 g, 0.20 mmol, yield 89%);  Colour: green,  mp. 274-

276°C.  IR: ̅ (cm-1): 3068, 3043, 3022, 1607, 1572, 1501, 1474, 1450, 1407, 1280, 1250, 1157, 1092, 

1064, 1040, 1027, 1013, 998, 861, 824, 779, 781, 711.  UV/VIS (DMSO) λmax: The Cu(II) compound 

showed absorption bands at 252 nm, εmax = 34583 dm3mol-1cm-1;  260 nm, εmax = 41250 dm3mol-1cm-

1;  288 nm, εmax = 44167 dm3mol-1cm-1; and 876 nm, εmax = 71 dm3mol-1cm-1.  Compound 6 with 

ligand L6 showed a value of µeff = 1.70 B.M.  HRMS TOF (ESI+) (water : acetonitrile = 1:3) with the 

highest molecular weight ion peak matching, was observed at m/z = 610.0009 (100%) which 

corresponds to [[Cu(L6)2Cl2] − Cl]+.  The calculated value for [C26H18N8CuCl3]
+ is 610.0016.  A good 

single crystal for X-ray structural analysis was obtained by slow evaporation of a hot solution 

(methanol : acetonitrile = 1:1) of the compound.  Conductivity:  ɅM (DMSO) = 24 Ω-1cm2mol-1. 

2.2.3 Dichloro(bis{4-[4-(pyridin-2-yl-kN)-1H-1,2,3-triazol-1-yl-N3]benzonitrile})] copper(II) 

(with ligand L7, where R = CN) 

The preparation of [Cu(L7)2Cl2] was conducted according to the general procedure described above:  

0.036 g (0.26 mmol) anhydrous CuCl2 and 0.13 g (0.53 mmol) of ligand L7 were used, in ratio 1:2.  

The isolated precipitate produced complex 7 (0.136 g, 0.21 mmol, yield 90%);  Colour: green,  mp. 

292-294°C.   IR: ̅ (cm-1): 3077, 3038, 3004, 2232, 1634, 1616, 1601, 1594, 1579, 1516, 1475, 1449, 

1456, 1411, 1371, 1288, 1279, 1161, 1149, 1061, 1010, 978, 858, 826, 797, 720.  UV/VIS (DMSO) 

λmax: The Cu(II) compound showed absorption bands at 258 nm, εmax = 57278 dm3mol-1cm-1, 299 nm, 

εmax = 48636 dm3mol-1cm-1, and 922 nm, εmax = 121 dm3mol-1cm-1.  Compound 7 with ligand L7 

showed a value of µeff = 1.64 B.M.  HRMS TOF (ESI+) (water : acetonitrile = 1:3) with the highest 

molecular weight ion peak matching, was observed at m/z = 592.0712 (75%) and is related to 

[[Cu(L7)2Cl2] − Cl]+.  The calculated value for [C28H18N10ClCu]+ is 592.0700.  A good single crystal 

for X-ray structural analysis was obtained by slow evaporation of a hot solution (methanol : 

acetonitrile = 1:1) of the compound.  Conductivity:  ɅM (DMSO) = 26 Ω-1cm2mol-1. 



2.2.4 Dichloro{bis[2-(1-phenyl-1H-1,2,3-triazol-4-yl-N3)pyridine-N]}copper(II) (with ligand 

L8, where R = H) 

The preparation of [Cu(L8)2Cl2] was conducted according to the general procedure described above:  

0.055 g (0.40 mmol) anhydrous CuCl2 and 0.18 g (0.81 mmol) of ligand L8 were used, in ratio 1:2.  

The isolated precipitate produced complex 8 (0.22 g, 0.38 mmol, yield 93%);  Colour: green,  mp. 

282-284°C.   IR: ̅ (cm-1): 3059, 3028, 3014, 1608, 1595, 1574, 1505, 1475, 1467, 1448, 1269, 1254, 

1065, 1047, 1028, 1002, 973, 912, 858,783, 757, 733, 685.  UV/VIS (DMSO) λmax: The Cu(II) 

compound showed absorption bands at 258 nm, εmax = 44286 dm3mol-1cm-1;  285 nm, εmax = 31429 

dm3mol-1cm-1; and 908 nm, εmax = 13 dm3mol-1cm-1.  Compound 8 with ligand L8 showed a value of 

µeff = 1.71 B.M.  HRMS TOF (ESI+) (water : acetonitrile = 1:3) with the highest molecular weight 

ion peak matching, was observed at m/z = 542.0817 (20%) and is related to [[Cu(L8)2Cl2] − Cl]+.  The 

calculated value for [C26H20N8ClCu]+ is 542.0795.  A good single crystal for X-ray structural analysis 

was obtained by slow evaporation of a hot CH3OH solution of the compound.  Conductivity:  ɅM 

(DMSO) = 26 Ω-1cm2mol-1. 

2.2.5 Dichloro[bis(2-{1-[4-(trifluoromethyl)phenyl]-1H-1,2,3-triazol-4-yl-N3}pyridine-

N)]copper(II)  (with ligand L9, where R = CF3) 

The preparation of [Cu(L9)2Cl2] was conducted according to the general procedure described above:  

0.055 g (0.40 mmol) anhydrous CuCl2 and 0.23 g (0.80 mmol) of ligand L9 were used, in ratio 1:2.  

The isolated precipitate produced complex 9 (0.24g, 0.33mmol, yield 82%);  Colour: green,  mp. 248-

250°C.  IR: ̅ (cm-1): 3060, 3044, 3026, 1617, 1608, 1577, 1526, 1518, 1478, 1453, 1332, 1274, 1251, 

1065, 1038, 1028, 1015, 865, 844, 782, 757, 732.  UV/VIS (DMSO) λmax: The Cu(II) compound 

showed absorption bands at 258nm, εmax = 58947 dm3mol-1cm-1;  287 nm, εmax = 47368 dm3mol-1cm-

1;  496nm, εmax = 62 dm3mol-1cm-1; and 888 nm, εmax = 62 dm3mol-1cm-1.  Compound 9 with ligand 

L9 showed a value of µeff = 1.60 B.M.  HRMS (P+NSI) with the highest molecular weight ion peak 

matching, was observed at m/z = 678.0532 (100%) and is attributed to [[Cu(L9)2Cl2] − Cl]+.  The 

calculated value for [C28H18ClF6N8Cu]+ is 678.0538.  A good single crystal for X-ray structural 

analysis was obtained by slow evaporation of a hot CH3OH solution of the compound.  Conductivity:  

ɅM (DMSO) = 28 Ω-1cm2mol-1. 

 

2.3 Instruments and measurement parameters 

Infrared (ATR-FTIR IR) spectra were recorded, using a smart diamond ATR attachment on a 

Thermo-Nicolet FT-IR Spectrometer (AVATAR 320), over the range of 4000 to 400 cm-1.  UV-Vis 

spectra were obtained on a PerkinElmer lambda 40 UV/Vis spectrometer.  Mass spectra were 



performed at the EPSRC Mass Spectrometry Service Centre, University of Wales, Swansea and at 

the University of Sheffield.  The instrument used was the ‘WATERS LCT premier’, the ionization 

was electrospray (ESI+ and ES-), while the solvent was water/acetonitrile (1:3).  Thermofisher LTQ 

Orbitrap XL was used to analyze volatile molecules in the mass range m/z 50–2000 or m/z 200–4000 

Daltons.  Magnetic susceptibility was measured using a Gouy magnetic susceptibility balance.  The 

gram magnetic susceptibility for a substance was calculated from:  χg = (Cbal) (l) (R – Ro) / (109) (m);  

where l = height of sample in the tube in units of centimeters, m = mass of the sample in units of 

grams, R = reading for tube plus sample, Ro = reading for the empty tube, and Cbal = balance 

calibration constant = 1.0.  The molar magnetic susceptibility was subsequently calculated from the 

gram magnetic susceptibility, using:  χm = (χg)M, where M = molar mass.  The effective magnetic 

moment for a particular substance was then calculated from the molar magnetic susceptibility [13] by 

using:  µeff = 2.83 [(χm ) (T)]½ (T = 294 K).  These calculated µeff values for the five [Cu(Ln)2Cl2] 

complexes (where Ln = L2, L6, L7, L8 and L9), are given in the experimental characterization data.  

The molar conductivity measurements of these [Cu(Ln)2Cl2] compounds were conducted, using 10-3 

M solutions of these five complexes in DMSO. 

2.4 X-ray diffraction 

Single crystal X-ray diffraction measurements were performed, using a Rigaku SPIDER RAXIS 

image plate detector, equipped with an enhanced sensitivity (HG) Saturn724+ detector, mounted at 

the window of an FR-E+ SuperBright molybdenum rotating anode generator, as well as a Rigaku 

AFC12 goniometer equipped with HF Varimax optics (100µm focus).  Data was processed and 

empirical absorption corrections were carried out, using Crystal Clear SM-Expert [14].  The structures 

were solved by direct methods, using SHELXS-97 within OLEX2 [15].  All refinements on Fo
2 by 

full-matrix least squares refinement, were performed using the SHELXL-97 program package [16].  

All non-hydrogen atoms were refined by anisotropic displacement parameters.  Hydrogen atoms were 

added at calculated positions and were included as part of a riding model, with the aromatic bond 

lengths at C-H (aromatic) 0.95Å UISO = 1.2Ueq (C);  and the methyl bond lengths at C-H (methyl) 

0.98Å UISO = 1.5Ueq (C) [17].  Perspective drawings of the molecular structure of compounds, also 

showing the atom numbering scheme used, are shown in Figure 2 to Figure 6.  Crystallographic data 

is presented in Table 2, with selected geometrical parameters given in Table 3, Table 4 and Table 5.  

Additional crystallographic data is provided in the Electronic Supplementary Information. 

2.5 Theoretical approach 

Density functional theory (DFT) calculations were performed with the B3LYP functional, as 

implemented in the Gaussian 09 package [18], using the triple-ζ basis set 6-311G(d,p).  Since the 

compounds of this study are low-spin paramagnetic d9 compounds, all calculations were conducted 



as for a doublet, unrestricted in the gas phase.  All structures were confirmed to be true minimum 

structures by a frequency analysis, i.e. no imaginary frequencies.  The input coordinates for the 

compounds were constructed using Chemcraft [19], as well as from available crystal data.  The 

optimized coordinates of the DFT calculations are provided in the Supporting Information. 

 

3 Results and discussion 

3.1 Characterization  

The five 2-pyridyl-(1,2,3)-triazole-copper compounds (2, 6 – 9), with the substituents on the 

respective ligands Ln being R = CH3 (L
2), Cl (L6), CN (L7), H (L8) and CF3 (L

9), were synthesized 

from a 2:1 mole ratio of the respective 2-pyridyl-(1,2,3)-triazole ligand (Ln) with CuCl2, see Scheme 

1.  The five [Cu(Ln)2Cl2] complexes of this study are low-spin paramagnetic d9 compounds, which 

therefore cannot be characterized by NMR.  Therefore, a X-ray single-crystal diffraction analysis of 

each of the five [Cu(Ln)2Cl2] compounds is presented in section 3.2.  The five compounds were further 

characterized by FT-IR, MS, UV-VIS, melting points and magnetic moments (see experimental 

section 2.2).  Additionally, computational chemistry calculations (section 3.3) were conducted for 

complexes 2, 6 – 9.  The experimentally measured magnetic moment values obtained for these 

compounds with S = ½, were ca. 1.7 B.M. (see Table 1).  These values are consistent with the presence 

of one unpaired electron, since µeff = √𝑆(𝑆 + 1) = 2√
1

2
(
1

2
+ 1) = 1.73.  The UV-Vis spectra of the 

five free ligands L2, L6, L7, L8 and L9, all exhibit intraligand π→π*, n→π* transitions, between 283 

and 288 nm.  Upon complexation to copper, at least two of these intraligand transitions were still 

observed, although slightly shifted from the wavelength position of the free ligand, as well as 

additional copper d-d transitions, which were observed above 450 nm (see Table 1). 

 

 



Scheme 1.  Synthesis of the five 2-pyridyl-(1,2,3)-triazole-copper compounds (2, 6 – 9), from the respective ligand 

(Ln) with CuCl2, with the following substituents on the ligands:  R = CH3 (L2), Cl (L6), CN (L7), H (L8) and CF3 

(L9)  

 

 



Table 1.  UV-Vis spectral data (in DMSO solutions), magnetic moment and conductivity data of the ligands Ln  and their [Cu(Ln)2Cl2] complexes, 

with the substituents on Ln as follows:  R = CH3 (for L2), Cl (for L6), CN (for L7), H (for L8) and CF3 (for L9). 

Compound Band position 

λmax (nm) 

Wave number (cm-1) Extinction coefficient  

ɛmax (dm3mol-1cm-1) 

Assignment µeff B.M. Conductivity 

M (cm2Ω-1mol-1)   

L2 283 34843 17200, (4x10-5 M) Intraligand π→π*, n→π*   

[Cu(L2)2Cl2] 279, 284 

908 

35842, 35211 

11013 

3507, 3603, (1x10-3 M) 

85 

Intraligand π→π*, n→π* 
2B1g → 2B2g 

1.70 26 

L6 284 35211 23925, (4x10-6 M) Intraligand π→π*, n→π*   

[Cu(L6)2Cl2] 260, 288 

876 

38461, 34722 

11415 

41250, 44167, (2.4x10-6 M) 

68, (1x10-3 M) 

Intraligand π→π*, n→π* 
2B1g → 2Eg

 

1.70 24 

L7 285 34246 24375, (4x10-6 M) Intraligand π→π*, n→π*   

[Cu(L7)2(Cl2] 258, 299 

922 

38759, 33444 

11261 

57278, 48636, (2.2x10-3 M) 

121, (1x10-3 M) 

Intraligand π→π*, n→π* 
2B1g → 2Bg 

1.71 26 

L8 284 35211 24375, (4x10-6 M) Intraligand π→π*, n→ π*   

[Cu(L8)2Cl2] 258, 285 

908 

34965, 35087 

11013 

44286, 31429, (2.8x10-6 M) 

13, (1x10-3 M) 

Intraligand π→π*, n→ π* 
2B1g → 2B2g 

1.71 26 

L9 288 34722 14980, (8x10-6M) Intraligand π→π*, n→ π*   

[Cu(L9)2Cl2] 258, 287 

496 

888 

35971,33557,32573 

20161 

11261 

58947, 47368, (1.9x10-3 M) 

62, (1x10-3 M) 

62, (1x10-3 M) 

Intraligand π→π*, n→ π* 
2B1g → 2A2g 
2B1g → 2B2g 

1.60 28 

 

 



3.2 X-ray structures  

Perspective views of the molecular structures, obtained from the five X-ray single-crystal diffraction 

analyses of the five [Cu(Ln)2Cl2] complexes (2, 6 - 9) with ligands L2, L6, L7, L8 and L9, are shown 

in Figure 2 to Figure 6. The structures confirmed that the copper(II) complexes were formed with two 

bidentate ligands and two chloride ions as a coligands.  The single crystals of the compounds 

[Cu(L2)2Cl2], [Cu(L6)2Cl2], [Cu(L7)2Cl2], [Cu(L8)2Cl2] and [Cu(L9)2Cl2], were grown by slow 

evaporation of methanol or methanol/acetonitrile solvents in a ratio of 1:2. Unit cell data collection 

and structure refinement details are provided in Table 2, while selected bond lengths, bond angles 

and torsion angles are listed in Table 3, Table 4 and Table 5 respectively.  Both the compounds 

[Cu(L2)2Cl2] and [Cu(L8)2Cl2] crystallized in the monoclinic space group P21/c.  The compounds 

[Cu(L6)2Cl2] and [Cu(L9)2Cl2] crystallized in orthorhombic space groups of Pccn and Pca21, 

respectively.  The compound [Cu(L7)2Cl2] crystallized in the triclinic space group P-1. 

 

 

  

Figure 2.  View of complex [Cu(L2)2Cl2], showing the atom labelling scheme.  The thermal ellipsoids are drawn at 

a 50% probability level and H atoms are shown as small spheres of arbitrary size.   Group R = CH3 (ligand L2). 

 

 

 



Figure 3.  View of complex [Cu(L6)2Cl2], showing the atom labelling scheme.  The thermal ellipsoids are drawn at 

a 50% probability level and H atoms are shown as small spheres of arbitrary size.   Group R = Cl (for ligand L6). 

 

 

 

Figure 4.  View of complex [Cu(L7)2Cl2], showing the atom labelling scheme.  The thermal ellipsoids are drawn at 

a 50% probability level and H atoms are shown as small spheres of arbitrary size.   Group R = CN (for ligand L7). 

 

 

 

Figure 5.  View of complex [Cu(L8)2Cl2], showing the atom labelling scheme.  The thermal ellipsoids are drawn at 

a 50% probability level and H atoms are shown as small spheres of arbitrary size.   Group R = H (for ligand L8). 

 



 

 

Figure 6.  View of complex [Cu(L9)2Cl2], showing the atom labelling scheme.  The asymmetric unit contains half 

of the molecule, with the Cu atom lying on an inversion site.  The thermal ellipsoids are drawn at a 50% probability 

level and H atoms are shown as small spheres of arbitrary size.   Group R = CF3 (for ligand L9). 

 

In all the [Cu(Ln)2Cl2] compounds of this study, the two 2-pyridyl-1,2,3-triazole ligands (Ln) 

coordinated to the copper atom, lie trans to each other, with the two chloride ions as coligands also 

trans to each other.  All structures display a Jahn-Teller distorted octahedral coordination.  However, 

the Jahn-Teller distortion does not occur along the same bonds in the various crystal structures.  

Compounds [Cu(L2)2Cl2], [Cu(L8)2Cl2] and [Cu(L9)2Cl2] exhibit compression Jahn-Teller distortion 

along the copperN(pyridine) bonds (CuN(PY)), while [Cu(L6)2Cl2] and [Cu(L7)2Cl2] exhibit 

elongation Jahn-Teller distortion along the copperCl bonds instead.  See Figure 7 for an illustration 

of the Jahn-Teller distortion observed for the five compounds of this study, including a structure 

obtained from literature, [Cu(pyta)2Cl2] [11].  This structure of a previously reported related complex, 

namely dichloro-(2-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)pyridine-N,N')-copper(II), referred to 

as [Cu(pyta)2Cl2], [11], exhibits elongation Jahn-Teller distortion along the copperN(triazole) bonds 

(contrary to the Jahn-Teller elongation found along the CuCl bonds, for complexes 6 and 7 from 

this study).  However, elongation along the copperN(triazole) bonds in [Cu(pyta)2Cl2] is possible, 

since the ligand of this complex, namely 2-[(4-phenyl-1H-1,2,3-triazol-1-yl)methyl]pyridine, 

contains a CH2 linkage between the 1,2,3-triazol and the pyridine groups, rendering it more flexible 

than the more rigid complexes from this study.  For those five [Cu(Ln)2Cl2] complexes of this study, 

elongation is not expected along either the copperN(triazole) bonds, or the copperN(pyridine) 

bonds since the 2-pyridyl-(1,2,3)-triazole ligands (L2, L6 – L9) are more rigid.  However, elongation 

along the copperCl bonds is possible, as has indeed been observed for complexes [Cu(L6)2Cl2] and 

[Cu(L7)2Cl2] from this study.   



The CuN(PY) bond lengths were found to be ca. 1.99 Å for compounds [Cu(L2)2Cl2], [Cu(L8)2Cl2] 

and [Cu(L9)2Cl2], which exhibit compression Jahn-Teller distortion along this CuN(PY) bond, while 

they were ca. 2.1 Å for complexes [Cu(L6)2Cl2] and [Cu(L7)2Cl2] with elongation Jahn-Teller 

distortion along the copperCl bonds instead (a difference of 0.11 Å for CuN(PY)).  The CuCl bond 

lengths on the other hand were found to be ca. 2.3 Å for compounds [Cu(L2)2Cl2], [Cu(L8)2Cl2] and 

[Cu(L9)2Cl2] with compression Jahn-Teller distortion along CuN(PY), while they were ca. 2.6 Å for 

[Cu(L6)2Cl2] and [Cu(L7)2Cl2] with elongation Jahn-Teller distortion along the copperCl bonds (a 

difference of 0.30 Å for CuCl).  The N8=N9 and N9N10 bonds inside the 1,2,3-triazole ring 

remained fairly constant at ca. 1.30 Å and 1.35 Å respectively, while the C7C11 bond varied very 

slightly between 1.36 and 1.39 Å, not showing any significant change due to the Jahn-Teller effect 

on the compounds (see Table 3).  Neither did the bond angles and torsion angles (Table 4 and Table 

5) show any significant differences due to the different geometry distortions in the compounds, caused 

by the Jahn-Teller effect. 

 

 

Figure 7.  Illustration of the Jahn–Teller distortion observed for the five [Cu(Ln)2Cl2] compounds (with ligands Ln 

substituted by R = CH3 (L2), Cl (L6), CN (L7), H (L8) and CF3 (L9)) of this study, including complex [Cu(pyta)2Cl2] 

obtained from literature [11]  (top right). Complexes with ligands L7 and L6 (above left) exhibit Jahn-Teller 

elongation, while complexes with ligands L8 , L2 and L9 (below) exhibit Jahn-Teller compression. 

 

Table 2.  Crystallographic data of [Cu(Ln)2Cl2] compounds  (with ligand substituents R = CH3 (L2), Cl (L6), CN 

(L7), H (L8) and CF3 (L9)). 



Compound [Cu(L2)2Cl2] [Cu(L6)2Cl2] [Cu(L7)2Cl2 [Cu(L8)2Cl2] [Cu(L9)2Cl2] 

Formula C28H24Cl2CuN8 C26H18Cl4Cu1N8 C28H20Cl2CuN10O C26H20Cl2CuN8 C28H18Cl2CuN8F6 

Mr 606.99 647.84 646.98 578.94 714.94 

Temp (K) 120(2)K 100 K 100(2) K 293(2) K 100(2) K 

Wavelength (Å) 0.71073 0.71075 0.71075 0.71075 0.68890 

Cryst. syst. Monoclinic Orthorhombic triclinic Monoclinic Orthorhombic 

Space group P21/c Pccn P1  P21/c Pca21 

a/Å 11.3032(7) 12.5664(12) 11.2493(8) 10.4068(7) 9.544(11) 

b/Å 12.7346(8) 25.691(3) 11.5300(8) 12.7681(6) 12.724(14) 

c/Å 9.8024(5) 9.7169(9) 12.0137(8) 9.4738(5) 22.54(3) 

α/° 90.00 90.00 110.065(8)° 90.00 90.00 

β/° 108.759(4)° 90.00 99.450(7)° 107.058(8) 90.00 

γ/° 90.00 90.00 105.122(7)° 90.00 90.00 

V/Å3 1336.02(14) 3137.0(6) 1356.5(3) 1203.45(12) 2738(5) 

Z 2 4 2 2 4 

Rint 0.0586 0.0950 0.081 0.0351 0.1333 

Dcalcd (gcm-3) 1.509 1.372 1.584 1.598 1.735 

Refln (all/ind) 12104/3036 7213/2863 16775/16760 6760/2718 17238/4620 

μ (mm-1) 1.052 1.066 1.047 1.164 1.072 

R1/wR2 

(observed data:  

F2 > 2σ(F2)) 

0.0637/0.1140 0.0879/0.2132 0.0778/0.1875 0.0378/0.0801 0.1135/0.2970 

R1/wR2  

(all data) 

0.0958/0.1300 0.1882/0.2614 0.1350/0.2192 0.0513/0.0878 0.1266/0.3128 

 

Table 3.  Selected bond lengths (Å) of [Cu(Ln)2Cl2] compounds  (with ligand substituents R = CH3 (L2), Cl (L6), CN 

(L7), H (L8) and CF3 (L9)). 

Bondsa [Cu(L2)2Cl2] [Cu(L6)2Cl2] [Cu(L7)2Cl2] [Cu(L8)2Cl2] [Cu(L9)2Cl2] 

 C28H24Cl2CuN8 C26H18Cl4Cu1N8 C28H20Cl2CuN10O C26H20Cl2CuN8 C28H18Cl2CuN8F6 

C(triazole)7-C(triazole)11 1.367(6) 1.363(10) 1.378(8) 1.371(3) 1.393(16) 

N(triazole)8-N(triazole)9 1.312(5) 1.299(9) 1.338(7) 1.308(3) 1.295(12) 

N(triazole)9-N(triazole)10 1.358(5) 1.361(9) 1.350(7) 1.354(3) 1.349(13) 

N(triazole)8-C(triazole)7 1.356(5) 1.360(9) 1.357(7) 1.362(3) 1.371(15) 

N(PY)1-C(PY)6 1.344(5) 1.363(10) 1.347(8) 1.356(3) 1.286(15) 

Cu-N(PY)1 1.992(3) 2.010(6) 2.045(5) 1.997 (18) 1.976(10) 

Cu-N(PY)1i 1.992(3) 2.010(6) 2.051(5) 1.9970(18) 1.938(10) 

Cu-N(triazole)8 2.428(3) 2.130(7) 2.051(5) 2.3724(19) 2.363(9) 

Cu-N(triazole)8i 2.428(3) 2.130(7) 2.047(5) 2.3724(19) 2.381(9) 

Cu-Cl1 2.3394(10) 2.565(2) 2.8024(19) 2.3711(6) 2.332(4) 

Cu-Cl2i 2.3394 (10) 2.565(2) 2.5922(18) 2.3710(6) 2.341(5) 

a Atom numbering according to Figure 5. 

 

Table 4.  Selected angles [°] of [Cu(Ln)2Cl2] compounds  (with ligand substituents R = CH3 (L2), Cl (L6), CN (L7), 

H (L8) and CF3 (L9)). 

Anglesa [Cu(L2)2Cl2] [Cu(L6)2 Cl2] [Cu(L7)2Cl2] [Cu(L8)2Cl2] [Cu(L9)2Cl2] 

N(PY)1-Cu-N(PY)1i 180.000(1) 180.0 177.8(2) 180.00(2) 179.2(5) 

N(triazole)1i-Cu-N(triazole)8 180.00(19) 180.0(2) 176.1(2) 180.00(8) 178.7(4) 

N(PY)1-Cu-N(triazole)8i 101.94(12) 99.8(3) 99.60(19) 101.89(7) 103.8(4) 

N(PY)1-Cu-N(triazole)8 78.06(12) 80.2(3) 80.24(19) 78.11(7) 77.4(3) 

N(PY)1-Cu-Cl1 90.47(9) 89.50(19) 86.01(15) 89.01(6) 88.0(2) 

N(PY)1i-Cu-Cl1 89.53(9) 90.50(19) 91.77(15) 90.99(6) 92.0(3) 

N(triazole)8i-Cu-Cl1 88.44(10) 88.28(5) 91.77(15) 88.28(5) 89.7(3) 

N(triazole)8-Cu-Cl1 91.56(10) 92.11(18) 84.52(14) 91.72(5) 90.1(3) 

Cl1i-M-Cl1 180.0 180.0 176.80(6) 179.999(10) 179.03(13) 

N(PY)1-Cu-Cl2 89.53(9) 90.50(19) 92.57(15) 90.99(6) 91.4(2) 



N(triazole)8-Cu-Cl2 88.44(10) 87.89(18) 92.42(14) 88.28(5) 90.6(3) 

a Atom numbering according to Figure 5. 

 

Table 5.  Torsion angles [°] of [Cu(Ln)2Cl2] compounds  (with ligand substituents R = CH3 (L2), Cl (L6), CN (L7), 

H (L8) and CF3 (L9)). 

Torsion anglesa [Cu(L2)2Cl2] [Cu(L6)2 Cl2] [Cu(L7)2Cl2] [Cu(L8)2Cl2] [Cu(L9)2Cl2] 

Cu1-N1-C6-C7 1.3(5) 2.3(9) 1.6(7) 1.3(3) 0.0(12) 

Cu1-N8-N9-N10 177.5(4) 172.8(6) 178.0(4) 169.6(2) 170.5(10) 

Cu1-N8-C7-C6 0.6(4) 6.2(8) 2.6(7) 6.4(3) 4.7(12) 

N8-N9-N10-C12 178.2(4) 177.9(7) 177.7(5) 179.2(2) 177.4(9) 

C7-N8-N9-N10 0.6(5) 0.0(8) 0.8(7) 0.2(4) 2.7(12) 

N9-N10-C12-C17 0.2(7) 177.8(7) 8.3(9) 178.1(2) 173.5(10) 

N1-C6-C7-N8 -1.3(6) 2.9(10) 0.7(9) 4.3(3) -3.9(15) 

N8-N9-N10-C12 178.2(4) 1.0(8) 177.7(5) 179.2(2) 177.4(9) 

N8-N9-N10-C11 0.5(5) 177.9(7) 0.1(7) 0.0(3) 2.7(12) 

a Atom numbering according to Figure 5. 

 

The packing of the [Cu(L2)2Cl2] compound (with ligand substituent R = CH3) is discussed here, as an 

example of the packing observed in the solid state for all the [Cu(Ln)2Cl2] compounds (Ln = L2, L6, 

L7, L8 and L9) of this study.  The molecules are arranged in a head to tail arrangement, similar to the 

arrangements reported for complexes of Ni(II), Co(II) and Zn(II) metals with these pyridyl-triazole 

ligands [6,7,20].  The crystal structure of the [Cu(L2)2Cl2] complex is governed by extensive hydrogen 

bonding CH...Cl interactions, between the chloride coligands which are bound to the copper centres 

of one molecule, and three of the nearest C–H bonds on the L2 ligand of a neighbouring molecule, as 

well as to a CH bond of a methyl substituent on another adjacent molecule;  see Figure 6.  The 

molecules involved in the hydrogen bonds are the following: 

(1) the CH (C7H7) atoms of the triazole ring as donor and the chloride ligand of a neighbouring 

molecule as acceptor; 

(2) the CH (C4H4) atoms of the pyridine ring as donor and the chloride ligand of a neighbouring 

molecule as acceptor; 

(3) the C–H (C9H9) atoms of the phenyl ring as donor and the chloride ligand of a neighbouring 

molecule as acceptor; 

(4) CH (C14H14C) atoms of the methyl group (on L2) as a donor and the chloride ligand of another 

adjacent molecule as acceptor. 

Relevant bond distances and angles are listed in Table 6.  It follows from these CH...Cl values in 

Table 6, that the distances between the proton and the acceptor atoms (H...Cl = ca. 2.89 Å) are mostly 

longer than the sum of their van der Waals radii (2.75 Å); however the CH...Cl linkages of the 



triazole rings (H...Cl = 2.430(9) Å) displayed shorter distances than the sum of their van der Waals 

radii (2.75 Å) [21,22].  The molecules of the [Cu(L2)2Cl2] complex are arranged in infinite hydrogen-

bonded chains, with the C–H...Cl interactions between the molecules of [Cu(L2)2Cl2] adopting a head-

to-tail orientation, as shown in Figure 8 by green and white spheres.  This generates a 3D network, 

which is governed by weak intermolecular hydrogen bonds [23][24].  The compound is stabilized by 

these hydrogen bonding interactions, as well as by intermolecular π…π stacking between the triazole 

and pyridyl rings in the solid state.  The overlap between a triazole- and phenyl-ring of adjacent 

molecules, adopts an offset-slipped parallel displaced version where the centroid−centroid distance 

is 4.105 Å.  This distance is comparable to the previously reported bond separation of a typical π…π 

stacking [25,26,27,28].  The centroid−plane perpendicular distance is 3.508 Å, with an angle between 

the two planes of 10.83°;  see Figure 8.   

 

 

 

Figure 8.  Packing of the [Cu(L2)2Cl2] molecules, indicating intermolecular hydrogen bonding, as well as the π…π 

stacking interactions.  Selected Cl (green) and H (white) atoms involved in intermolecular interactions, are 

indicated by green and white spheres. 

 

Table 6. Hydrogen bonding parameters;  D = donor and A = acceptor bond lengths (Å), in complex [Cu(L2)Cl2].  

D-H...A D-H H-A D-A Angle ( ͦ) 
C7-H7...Cl1 0.950(4) 2.430(9) 3.373(4) 172.3(2) 

C4-H4...Cl1 0.950(4) 2.925(2) 3.864(4) 169.8(2) 

C9-H9...Cl1 0.950(4) 2.850(9) 3.794(4) 172.2(2) 

C14-H14...Cl1 0.980(5) 2.884(9) 3.675(5) 138.3(3) 

Cu-Cl-H7    107.03(4) 

Cu-Cl-H4    98.55(3) 

Cu-Cl-H9    105.23(4) 

Cu-Cl-H14    102.02(4) 



 

3.3 DFT study  

A density functional theory study was conducted on all the [Cu(Ln)2Cl2] compounds of this study 

(namely L2 = 2-(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)pyridine), L6 = 2-(1-(4-chlorophenyl)-1H-1,2,3-

triazol-4-yl)pyridine), L7 = of 4-(4-(pyridin-2-yl)-1H-1,2,3-triazol-4-yl)benzonitril), L8 = 2-(1-

phenyl-1H-1,2,3-triazol-4-yl)pyridine) and L9 = 2-(1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-

yl)pyridine), in order to gain further insight into the observed Jahn-Teller distortion along different 

bonds of these compounds.  The Jahn-Teller distortion theoretically is possible along any two 

opposite bonds in these octahedral compounds, i.e. along the CuN(pyridine) bonds or the CuCl 

bonds or the CuN(triazole) bonds.  It was possible to obtain three different Jahn-Teller distorted 

optimized geometries without any imaginary frequencies (i.e. true minima on the PES), for each of 

the five [Cu(Ln)2Cl2] compounds.  See Figure 9 for an illustration of the three geometries obtained 

for complex [Cu(L8)2Cl2] as an example, and see Table 7 for the relative energies of the different 

geometries for all five complexes.  Computational chemistry calculations clearly predict the geometry 

with compression Jahn-Teller distortion along the CuN(pyridine) bonds, to be the favoured absolute 

minimum energy geometry, as has indeed been obtained experimentally, for compounds 

[Cu(L2)2Cl2], [Cu(L8)2Cl2] and [Cu(L9)2Cl2].  On the contrary, the higher energy geometry (ca. 0.50 

eV relative to the minimum energy) with Jahn-Teller distortion along the copperCl bonds, has also 

been found experimentally, for complexes [Cu(L6)2Cl2] and [Cu(L7)2Cl2].  We believe that the 

packing forces and intermolecular interactions in the solid state (Section 3.2) contributed to the 

unexpectedly stable existence of the higher energy geometry for both [Cu(L6)2Cl2] and [Cu(L7)2Cl2] 

in the solid state. 

 

 

Figure 9.  DFT calculated B3LYP/6-311G(d,p.) optimized geometries for complex [Cu(L8)2Cl2], showing Jahn-

Teller distortion along the  (a) CuN(pyridine), (b) CuN(triazole) and (c) CuCl bonds.  The DFT relative 

energies (eV) for the different geometries are indicated below each geometry. 



 

Table 7. DFT calculated B3LYP/6-311G(d,p.) relative energies (eV) obtained for the indicated geometries in each 

of the [Cu(Ln)2Cl2] compounds, with Jahn-Teller distortion along the specified pairs of opposite bonds. 

Compound Jahn-Teller distortion along bonds  

 CuN(pyridine)  CuN(triazole) CuCl R 

 (compression) (compression) (elongation)  

[Cu(L2)2Cl2]  0.00 0.13 a CH3 

[Cu(L6)2Cl2]  0.00 0.14 0.51 Cl 

[Cu(L7)2Cl2]  0.00 0.15 0.55 CN 

[Cu(L8)2Cl2]  0.00 0.13 0.49 H 

[Cu(L9)2Cl2]  0.00 0.15 0.53 CF3 

a  Converged to compression Jahn-Teller distortion along the CuN(pyridine) bonds 

 

4 Summary 

The experimental solid state X-ray structures of five low-spin paramagnetic 2-pyridyl-(1,2,3)-

triazole-copper complexes, [Cu(Ln)2Cl2], each containing two bidentate 2-pyridyl-(1,2,3)-triazole and 

two chloride ions as ligands, all demonstrate Jahn-Teller distortion, as is expected for octahedral d9 

Cu(II) compounds.  Quantum chemistry calculations, using density functional theory, identified at 

least three Jahn-Teller distorted geometries for each of the complexes in theory:  namely a geometry 

with compression Jahn-Teller distortion along opposite CuN(pyridine) bonds, a geometry with 

compression Jahn-Teller distortion along opposite CuN(triazole) bonds and a geometry with 

elongation Jahn-Teller distortion along opposite CuCl bonds.  The DFT calculations further showed 

that the geometry with compression Jahn-Teller distortion along opposite CuN(pyridine) bonds is 

most stable with the lowest energy, while the geometry with elongation Jahn-Teller distortion along 

opposite CuCl bonds has the highest energy (ca. 0.50 eV higher) and is therefore the most unstable 

geometry.  However, the experimentally obtained structures presented in this study, unexpectedly 

both displayed the DFT calculated lowest energy (most stable) geometry with compression Jahn-

Teller distortion along opposite CuN(pyridine) bonds, as well as the DFT calculated highest energy 

(less stable) geometry with elongation Jahn-Teller distortion along opposite CuCl bonds.  Many 

intermolecular interactions were observed in the solid state, which could have contributed to the 

unexpected existence of this more unstable higher energy geometry in the latter case. 

 



5 Supplementary material 

Experimental IR, UV/vis spectra, MS, additional crystallographic data and optimized coordinates of 

the DFT calculations. 
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