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Abstract

Three syntheses, characterizations and structures of three novel and dichloro(bis{2-[1-(4-
methoxyphenyl)-1H-1,2,3-triazol-4-yl-kN3]pyridine-kN } )ymetal(II) complexes (metal = Mn,
Co and Ni) are presented and compared to the related iron(II) structure. In the solid state the
molecules are arranged in infinite hydrogen-bonded 3D supramolecular chains, further
stabilized by with weak intermolecular x...w interactions. DFT results all the different spin
states and isomers of dichloro(bis{2-[1-phenyl-1H-1,2,3-triazol-4-yl-kN3]pyridine-
kN})metal(IT) complexes, [M(L!)2Clz], support experimental measurements, namely that (i)
d> [Mn(L")2Cl,] is high spin with S = 5/2; (ii) d® [Fe(L').Cl:] is high spin with S = 2; (iii) d’
[Co(L")2Cl,] has a spin state of S = 3/2; (iv) d® [Ni(L")2Cl,] has a spin state of S = 1; and (V)
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for all [M(L")2Cl>] complexes, the cis-cis-trans and the trans-trans-trans isomers, with the

pyridyl groups trans to each other, have the lowest energy.
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1 Introduction

There are many sources of energy alternative to conventional fossil fuels. One of these is the
photovoltaic cell. Current commercial photovoltaic devices are most commonly silicon based
solid state cells. The main aim in the development of photovoltaic cells is to achieve the

highest possible efficiency, converting as much sunlight as possible to electrical energy,



whilst also keeping the cost to a minimum to ensure affordability for commercial use. One
such development in this area is the Dye-sensitized solar cell (DSSC). DSSCs are the most
efficient 3™ generation photovoltaic devices and were first proposed by Michael Gritzel in
1991 [!]. The DSSC has 5 main components, a semiconductor, transparent conducting layer,
sensitized dye, electrolyte and a counter electrode. The process of energy conversion is
triggered when the dye is exposed to sunlight. Being photosensitive, the dye molecule enters
an excited state, promoting an electron from the HOMO to the LUMO. This results in the
injection of the electron into the conduction band of the semiconductor and this oxidises the
dye. The sensitized dye is then reduced and immediately regenerated when it accepts an
electron from the redox couple in the electrolyte. The electrolyte is subsequently reduced by
the counter electrode or cathode. This regeneration process allows the sustained conversion
of light energy [?]. There are a number of criteria which the sensitized dye must fulfil in
order to be deemed suitable for use in a DSSC. Firstly, it should be able to absorb all
wavelengths of light below 920 nm. Secondly, there needs to be a good anchoring group
present, allowing it to bind firmly and irreversibly, through the process of chemisorption, to
the semiconductor. Also, if the electron density is centred on the anchoring group, there will
be a more efficient electron injection to the semiconductor. With regards to energy levels, the
LUMO of the dye should be above the conduction band edge of the semiconductor whilst the
HOMO energy level should be below that of the redox electrode [*]. Ruthenium is the most
commonly utilised metal in sensitized dyes [*5]. DSSCs utilise extrinsic semiconductors
which can be found as two types. Firstly there is an n-type semiconductor, the most popular
choice which utilises wide band-gap metal oxides such as TiO2 and ZnO». The second type,
the p-type, makes use of metal oxides such as NiO. N-type semiconductors have a large
electron concentration compared to p-type semiconductors. The most popular
semiconductor used in DSSCs is TiO», because it provides the highest efficiencies [¢]. There
are a couple of key requirements which an electrolyte must fulfil to increase the efficiency in
a DSSC. Firstly, fast dye regeneration and secondly, slow electron recapture are essential.
The most commonly used electrolyte is tri-iodide (I*')/ iodide (I') due to it fulfilling the
necessary criteria. However, there are a few disadvantages to using iodine based electrolytes,
including the inability to absorb light of wavelengths other than blue. This causes a decrease

in the short circuit photocurrent and thus reduces the power conversion efficiency of the cell

['].



Cobalt complexes have been shown to be quite suitable when used as a DSSC electrolyte.
Yella et al [*] used a Co(II/IID)tris(bipyridyl)-based electrolyte coupled with a zinc-porphryn
sensitized dye and managed to achieve a power conversion efficiency of 12.3%. Similarly,
Yum et al [’] tested a few different Co(II/IID)tris(bipyridyl)-based electrolytes and discovered
that they had a very high open circuit voltage, whilst also maintaining a low short circuit
current. When used in conjunction with an organic sensitized dye, they produced a power
conversion efficiency of greater than 10%. By using a tris(1,2-diaminoethane)cobalt(I1)/(I1I)
electrolyte in a p-type cell, Powar et al. ['°] managed to obtain power conversion efficiencies
of 1.3% and a very high open circuit voltage of 709 mV. Whilst this is relatively high for a p-
type cell, about 2.3 times greater than the previous best performing p-type DSSCs, it is still
quite low compared to n-type cells. However, whilst not being sufficiently efficient on their
own, p-type cells could possibly be used in conjunction with n-type compounds to give better

performance.

Currently triazole based dyes have not been investigated. Here we present and compare the
structure, chemical and electronic properties of a series of pyridyl-triazole based transition
metal complexes, namely d> Mn(1I), d® Fe(II), d’ Co(II) and d® Ni(II), for potential use as a
sensitized dye in DSSCs. We recently reported on a series eight of iron complexes [11]
containing differently substituted 1,2,3-triazole chromophores [12]. We thus extend the
series here to other first row transition metal(II) complexes, containing the 1,2,3-triazole

chromophores 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-yl)pyridine (Figure 1).
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Figure 1: Structure of 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-yl)pyridine (L) and
its metal(I) complex [ML2Cl2]. M = Mn, Fe, Co and Ni.

2  Methods and Materials

2.1 Spynthesis of the 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-yl)pyridine-metal
complexes [MLCL:]

The ligand, 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-yl)pyridine, was synthesized and
characterized as described previously [13,14,15,16].  Standard literature methods were
slightly adapted to synthesize the metal-pyridyl-triazole complexes. Generally 1 equivalent
of the metal chloride and 2 equivalents of the 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-
yl)pyridine ligand was stirred at room temperature (RT) for 8-10 h in a 1:1 mixture of
CH;0H and DCM as solvent. The solvent was removed under vacuum. The solid mass

obtained was then washed with several volumes of cold methanol and diethyl ether [17].

2.1.1 Dichloro(bis{2-[1-(4-methoxyphenyl)-/H-1,2,3-triazol-4-yl-kN3]pyridine-
kN})Manganese(II)

The complex [Mn(L):Cl2] was prepared by stirring a solution of anhydrous MnCl» (0.14g,
0.55 mmol) in CH30H (10 ml). A solution of the ligand L (0.03 g, 0.23 mmol, 2eq) in



CHxCl, (10 ml), was added dropwise to it. A resulting pale yellow precipitate was obtained
after stirring for 8-10h at RT. The solvent was then reduced in volume by a half under
vacuum distillation before it was filtered and washed twice with cold methanol and then
diethyl ether. A pale, yellow solid was obtained and isolated to yield a precipitate that give
the product (0.14 g, 0.22 mmol, yield 82%), mp. 310-312°C. IR: v(cm-1): 3049, 3025, 2966,
2873, 1604, 1569, 1518, 1471, 1452, 1259, 1203, 1174, 1117, 1066, 1055, 1017, 1001, 980,
864, 827, 786, 751, 718. UV-Vis (DMSO) Amax: The Mn(II) complex showed absorption
bands at 258 nm, emax = 17780 dm*mol'em™, 291 nm, emax = 19480 dm*mol'cm’!, 352 nm,
emax = 32 dm’mol'cm™, 369 nm, e€max = 30 dm’mol'cm™, 390 nm, emax = 21 dm’mol'cm™.
pett = 5.32 B.M. HRMS TOF (ESI+) (water: acetonitrile = 1:3) with the highest molecular
weight ion peak matching, was observed at m/z = 594.1069 (90%) and is attributed to [M-
Cl1]". The calculated value for [(C2sH24CIMnNgO)]" is 594.1091. A good single crystal for
X-ray structural analysis was obtained by slow evaporation of a hot methanol solution of the

complex. AM (DMSO) = 52 Q'cm’mol™.

2.1.2  Dichloro(bis {2-[ 1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl-kN3]pyridine-
kN})cobalt(IT)

For the preparation of [CoL2Cl:], the method used was analogous to that for [MnL.Cl2]. An
amount of CoCl2.6H>0 of 0.045g, 0.16 mmol and 0.071 g, 0.32 mmol of L were used, and an
identical work-up procedure gave the required compound as a pale pink solid, and the
isolated precipitate gave (0.091 g, 0.14 mmol, yield 77%), mp. 340°C (decomp.). IR: v(cm"
1): 3068, 3052, 3030, 3014, 2966, 2839, 1609, 1597, 1574, 1518, 1471, 1453, 1320, 1261,
1204, 1175, 1067, 1058, 1019, 1003, 979, 860, 825, 786, 752, 720. UV-Vis (DMSO) Amax:
The Co (II) complex showed absorption bands at 257 nm, &max = 26625 dm*mol'cm™, 292
nm, €max = 11000 dm’mol'cm !, 615 nm, emax = 38 dm’mol'cm ', 677 nm, &max = 61
dm’mollem™. perr = 3.97 B.M. HRMS TOF (ESI+) (water: acetonitrile = 1:3) with the
highest molecular weight ion peak matching, was observed at m/z = 598.1048 (90%) and
correspond to [M-CI]*. The calculated value for [(C2sH24CICoNgO2)]" is 598.1043. A good
single crystal for X-ray structural analysis was obtained by slow evaporation of a hot DMSO:

CH3CN = 1:9 solution of the complex. Ay (DMSO) = 42 Q'em?mol™!.



2.1.3 Dichloro(bis{2-[ 1-(4-methoxyphenyl)-/H-1,2,3-triazol-4-yl-kN3]pyridine-
kN })nickel(II)

For the preparation of [NiL,Clz], the method used was similar to that for [MnL.Cl2]. An
amount of NiClr.6H>O of 0.037 g, 0.15 mmol and 0.08 g, 0.31 mmol of L were used, and an
identical work-up procedure gave the required compound as a pale blue solid. The isolated
precipitate gave (0.073 g, 0.11 mmol, yield 74%), mp. 345°C (decomp.). IR: v(cm™); 3073,
3052, 3030, 2985, 2839, 1612, 1597, 1575, 1519, 1473, 1455, 1322, 1263, 1176, 1070, 1060,
1020, 1005, 980, 862, 825, 787, 754, 721. UV-Vis (DMSO) Amax: The Ni (II) complex
showed absorption bands at 257 nm, &max = 3602 dm*molecm™, 291 nm, &max = 3653 dm>mol
lem™, 407 nm, €max = 61 dm® mollem!, 660 nm, emax = 43 dm>mollem™. perr = 2.73 B.M.
HRMS TOF (ESI+) (water: acetonitrile = 1:3) with the highest molecular weight ion peak
matching, was observed at m/z = 597.1086 (80%) and is related to [M-CI]*. The calculated
value for [(CasH24CINiINgO2)]" is 597.1064. A good single crystal for X-ray structural
analysis was obtained by slow evaporation of a hot DMSO: Acetonitrile = 1:9 solution of the

complex. Am (DMSO) = 54 Q! cm? mol™.

2.2 Instrumental conditions

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 4000 to 400 cm™'. Mass
spectra were performed at EPSRC Mass Spectrometry Service Centre, University of Wales,
Swansea and University of Sheffield. The instrument used was the ‘WATERS LCT premier’,
the ionization was electrospray (ESI+), the solvent was water/acetonitrile (1:3), while the
ionization was electrospray (ESI+ and ES-) Thermofisher LTQ Orbitrap XL used to analyse
volatile molecules in the mass range m/z 50-2000 or m/z 200—4000 Daltons.

2.3 Magnetic susceptibility

Magnetic susceptibility is measured with a Gouy magnetic susceptibility balance. The gram

magnetic susceptibility for a substance is calculated from:
¥e = (Chbal) (1) (R — Ro) / (10°) (m)

Where 1 = 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, R, = reading for the empty tube and Cpa =



balance calibration constant = 1.0. The molar magnetic susceptibility is then calculated from

the gram magnetic susceptibility using the following equation.
¥m = (%) (molar mass)

The effective magnetic moment for a particular substance is calculated from the gram
magnetic susceptibility [18] using the following equation (T represents the Kelvin

temperature (294 K)):
Metr=2.83 [(ym ) (T)] 12

The calculated petr values for the L- complexes are given in the experimental characterization

data and discussed in section 3.2.

2.4 X-ray diffraction

Single crystal X-ray diffraction measurements for [MnL>Cl;], [CoL>Clz] and [NiL,Cl>] were
performed using a Rigaku Saturn 724+ area detector mounted at the window of an FR-E+
rotating anode generator with a Mo Ka, A=0.71075A. The crystals were mounted on glass
fiber and the data were collected at 120K under nitrogen flow from an Oxford Cryosystems
cryostream 700 device. An empirical absorption correction was carried out using SADABS
and the structures were solved by direct methods using SUPERFLIP [19]. Data were
processed and empirical absorption corrections were also done using Crystal Clear SM-
Expert, with the unit cell parameters refined against all data [20]. The structures were solved
by direct methods using SHELXS-97 with in OLEX2 [21]. All refinements on F,> by full-
matrix least squares refinement were solved using the SHELXL-97 program package [22].
All non-hydrogen atoms were refined by isotropic displacement parameters and hydrogen
atoms were added at calculated positions. Further refinement was done using a riding model
with C-H (aromatic) 0.95A Uiso = 1.5Ueq (C); C-H (methyl) 0.98A Uiso = 1.5Ueq (C). [23].
Perspective drawings of the molecular structures of [MnL,Clz], [CoL,Clz] and [NiL,Cl;], also
showing the atom numbering scheme used, is shown in Figure 3, Figure 4 and Figure 5.
Crystallographic data are presented in Table 3 with selected bond lengths, bond angles and
torsion angles in Table 4. 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 [>*] using the triple-{ basis set 6-311G(d,p). Since
the complexes of this study are paramagnetic, all the different spin states were considered
when performing the DFT calculations. The input coordinates for the complexes were

constructed using Chemcraft [*°].

3 Results and discussion

The 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-yl)pyridine-metal complexes of this study
were synthesized from a 1:2 mole ratio of the 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-
yl)pyridine and the metal chloride. Characterization of the product includes FT-IR, MS,
NMR, UV-Vis, melting points, magnetic moments, conductivity measurements, solid state X-

ray crystal structures and computational chemistry calculations.

3.1 IR Spectral data

The IR spectra of the metal complexes exhibited bands with appropriate shifts due to
complex formation (see Table 1 and Supplementary Information Figures S1 — S4). The
V(C=N),y stretching band of the pyridine moiety which is observed at the value around 1604
cm’! in the free ligand, is shifted to higher wavenumbers, around 1612-1607 cm™ for the
various complexes. This indicates coordination of the nitrogen of the C=N pyridine moiety
to the different metal atoms. The v(C=C)ar bands of the phenyl ring for the complexes,
which usually appear as two absorptions are around 1598-1580 cm™ and 1500-1470 cm™,
compared with the peak at 1592 cm™ in the free ligand [*°,>"]. The V(C=N)gia; absorption
band of the triazole moiety around 1574 cm™ in the free ligand is detected around 1572-1576
cm! in the metal complexes, while the v(C=C)gis; absorption band of the triazole moieties
which appear at 1549 cm™! in the free ligand, is detected around 1551-1557 cm! in the metal

complexes, as indicated in Table 1.

Table 1. IR frequencies in wavenumber (cm™) units of the ligands (L) and the [ML2Cl:]

complexes.



Compound V(C=N)py, V(C=C)ar, (C=C)triaz  VIN-N)zriaz  VIN=N)#riaz  V(C-N)
V(C=N)zia; CONJ.

e 1604, 1592, 1574 1549 1154,1022 1515 1258
[Mn(L*).Cl,] 1607, 1596, 1576 1555 1157,1030 1518 1254
[Fe(L):Cl] 1607, 1597, 1572 1556 1147,1028 1518 1261
[Co(L*):CL] 1609, 1597, 1574 1557 1146,1028 1518 1254
[Ni(L):CL] 1612, 1597, 1576 1551 1147,1028 1519 1263

3.2 Magnetic moment

The d° [MnL,Cl:], d® [FeL>Clz], d’ [CoL.Cl,] and d® [NiL,Cl,] are paramagnetic and cannot
be characterized by NMR. The magnetic moment values obtained for the complexes are
given in Table 2. The observed room temperature magnetic moment value of 5.32 B.M for
d® [MnL.Cl,] is typical for a high spin configuration of Mn(II)-complexes, and confirm an

[28’29 30

octahedral geometry about Mn atom ,3°]. For the d® [FeL>Clz] complex the magnetic

moment of 5.07 B.M indicates a high spin octahedral geometry around the Fe atom

[31,32,3 34]. The magnetic measurement of the spin (d’) Co(II) complex, with the value 3.97
B.M, corresponds to three unpaired electrons. This value is in agreement with a high spin
configuration and supports an octahedral environment around the Co(II) ion [*°*¢]. The
magnetic measurement value 2.73 B.M for d® [NiL.Cl,] corresponds to two unpaired
electrons. This value is in agreement with a high spin configuration and confirmed the

octahedral environment around the spin (d®) Ni(II) atom [*7,38 *°].

b

3.3 UV-Vis Spectral data

UV-visible spectrometry highlights the differences in the ability of the complexes to absorb
light. The UV-Vis Spectrum data of the [ML,Cl>] complexes are presented in Table 2 and
shown in Figure 2. The free ligand L, as well as the [ML,Clz] complexes have two intra -

ligand, n—n*,n— n* peaks in the 250 -300 nm range regardless of the metal centre.

The UV-Vis spectrum of the Mn(II) complex in Figure 2 (a) exhibits two bands at 258 nm,
and 291 nm at concentration of 5x10°® M. These bands are related to the intra ligand

transitions 1 — w* and n — w*, respectively. High spin Mn(Il)-complexes are very weakly



coloured compounds due to spin forbidden d-d transitions. Therefore, it is difficult to identify
the d-d bands of the Mn(II) complex. At higher concentrations of the Mn(II)-complex, e.g at
a concentration of 1x103 M, the complex displays several bands. The first band at 352 nm =
28409 cm!; &max = 32 dm’mollem’!, is assignable to an n — n* transition. The metal-ligand
charge transfer transition band is observed at 369 nm = 27100 cm™; gmax= 30 dm> mol™! ecm™.
Lastly the band detected at 390 nm = 25641 cm™; gmax = 21 dm>mol'cm™ could be attributed

to a *A1g — *Tg transfer.

The UV-Vis spectrum of the Fe(I) complex gave a yellow colour in DMSO solution, and is
shown in Figure 2 (b). The spectrum reveals two absorption peaks at 257 and 291 nm, which
are assigned to the intraligand 1 — ©* and n — ©* transitions (red shift). The absorption peak
at 333 nm is related to the charge transfer transition. The peak detected at 922 nm is

attributable to a *T>g — Exg transfer.

The spectra of the Co(Il) complex depicted in Figure 2 (c), show intraligand transitions. The
Co-complex displays two additional bands in the visible region at 615 and 678 nm, which are
related to ‘Tig® — *Tog® and *Tig® — *A,g® transitions respectively. This is

characteristic for the distorted octahedral geometry around the Co atom.

In addition to the intraligand transitions, the Ni(Il) complex, Figure 2 (d), has a further two
absorbance peaks, the first being at 407 nm and the second at 660 nm, attributed to *A,g® —
3T1g® and *Axg® — 3T g transitions, respectively. This is typical for a distorted octahedral

geometry around the Ni atom [*°]
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Figure 2: UV-Vis spectra of the [ML2Clz] complex in DMSO solutions.



Table 2. UV-Vis spectral data of L complexes in DMSO solutions.

Compound Band Position Wave number (cm™) Extinction coefficient Assignment Pett B.]
Amax (nm) €max (dm3mol‘1cm'1)
L 285 35087 24375, (4x10°M) Intra - ligand, n—n*n— n*
[MnL,Cl,] 258, 291 38759, 34364 6210,3059, (5x10°M) Intra - ligand, n—7n*, n— ©* 532
352, 28409, 32, 1x10°M) CT
369 27100 30, (1x10-M) fA1g — *Tig
390 25641 21, (1x10°M)
[FeL,Cls] 257,291 39062, 34364 35500, 17500, (6x10°°M) Intra — ligand, n—=n, n—n* 5.07
333 30030 3810, (8x10°M) CT
922 10845 65, (8x10°M) STog — Eag
[CoL:Clz] 257,292 38910, 34246 26625, 11000, (8x10°M) Intra - ligand n—n*, n— n* 3.97
615 16260 38, (1x10°M) Tig® —4Tg®
677 14771 61, (1x10°M) Tig® 44,6 ®
[NiL,Cl,] 257,291 39682, 34364 30000, 18167 (6x10°M) Intra-ligand t—n* n—n* 2.73
407 24570 61, (1x10°M) Arg ® — 3T g ®
660 15151 43, (1x10°M) A ® - 3Tg®

3.4 X-ray structures

The molecular structure of the complexes [MnL,Cl>], [CoL,Cl>] and [NiL>Clz] can be described as

distorted octahedral. The structures of [CoL,Cl,] and [NiL,Cl.] have the two bidentate triazole

ligands in the equatorial plane and the two chloro ligands in the axial positions #rans to each other.

However, in [MnL,Cl;], the two chloro ligands are adopting the cis positions around the Mn centre.

Perspective drawings of the molecular structures, also showing the atom numbering scheme, are

given in Figure 3 (cis [MnL,Cl:]), Figure 4 (trans [CoL,Clz]) and Figure 5 (¢trans [NiL>Cl]).

Crystallographic data are presented in Table 3 with selected bond lengths, bond angles and torsion

angles in Table 4. Data of the related complex frans [FeL,Clz] and L is added in Table 4 for

comparative purposes. Additional crystallographic data is provided in the Electronic

Supplementary Information. The trans [ColL>Clz] and trans [NiL,Cl>] structures presented here will

be compared to the related trans [FeLoClz] structure [11]. It is the first time that a cis orientation of

the (1,2,3-triazol-4-yl)pyridine ligands and the halogen atoms has been found for an octahedral

Mn(1II), Fe(II), Co(II) or Ni(II) complex containing two bidentate (1,2,3-triazol-4-yl)pyridine

ligands and two halogen atoms. The only other known crystal structure of an octahedral Mn(II),

Fe(II), Co(II) or Ni(II) complex containing two bidentate (1,2,3-triazol-4-yl)pyridine ligands and

two halogen atoms [41], is a that of a Ni(II) complex, dibromo(bis {2-[1-(4-cyclohexyl)-1H-1,2,3-

triazol-4-yl-kN3]pyridine-kN } )nickel(II), that also has a trans orientation of the hallogen (bromo)

atoms with the triazole ligands in the equatorial plane [42].



Figure 3. A labelled molecular structure diagram of [MnL2Cl:] with displacement thermal

ellipsoids drawn at 50% probability.

Figure 4. A labelled molecular structure diagram of [CoL2Clz| with displacement thermal
ellipsoids drawn at 50% probability. The asymmetric unit consists of one half of the complex

with the other half generated by symmetry and the Ni atom lying on an inversion centre.



Figure 5. The molecular structure of [NiL2Clz]. The thermal ellipsoids are drawn at a 50%

probability. The asymmetric unit consists of one half of the complex with the other half

generated by symmetry and the Ni atom lying on an inversion centre.

Table 3. Crystallographic data for the complexes.

Compound [MnL:Cl2] [CoL2Cl2] [NiL2Cl:]
Empirical formula CosH24CloMnNgO2  C23H24CI,CoNgO2 C28H24C1oNiNgO2
M; 630.39 634.38 634.16
Temp/K 100 K 100(2) K 100(2) K
Cryst. syst. Orthorhombic Monoclinic Monoclinic
Space group Pbcn P2i/c P2i/c
alA 13.4618(9) 10.3480(10) 10.459(15)
b/A 9.2130(6) 12.9032(12) 12.968(17)
c/A 22.9298(16) 10.1969(9) 10.350(15)
al/° 90.00 90.00 90.00
p° 90.00 95.772(7)° 95.61(3)
/° 90.00 90.00 90.00
VIA3 2843.8(3) 1354.6(2) 1397(3)

Z 4 2 2

Rint 0.1012 0.2085 0.1445

Deated/g cm™ 1.472 1.555 1.508

Refln (all/ind) 12965/ 15422/ 7036/
3242 3098 3134

w/mm’! 1.000-0.092 0.875 0.928

R1/wR2 0.0597/ 0.0466/ 0.0928/

(obsd data: F? > 0.1345 0.0762 0.1629

20(F?))°

R1/wR2 (all data)? 0.1127/ 0.1516/ 0.1772/
0.1624 0.0886 0.2084

Table 4. Selected bond lengths (A), bond and torsion angles (°) for the [ML2Cl:z] complexes

and the L ligand.



L [MHL2C12] [FeL2C12]*‘ [COLzClz] [NiLzClz]

Bond distance (A)
c7-Cl1 1362(6) 1.371(5) 137503) 1.360(4) 1361(9)
N8-NO9 1.302(4)  1.305(4) 1311(2) 1.309(4) 1.331(7)
N9-N10 1355(4)  1.358(4) 1.354(2) 1362(3) 1.368(7)
N8-C7 13655 1.365(4) 1.360(2) 1.360(3) 1.370(8)
M-Npl 2.330(3) 22018(15)  2.127(2) 2.1015(19)
M—Nriazoio)] 2.324(3) 2.1838(16)  2.105(3) 2.0739(19)
M—Cl1 24544(11)  2.4456(5) 2.4398(10)  2.4123(6)
Bond angle (°)
Ney) I =M=N py) 1 178.89(16) 180.0 179.999(1) 179.999(1)
N (wiazote) 1! =M=N (riazotey 1 87.13(15) 180.0 179.999(1) 179.999(1)
Neen 1-M-N (rigeote) 1 108.95(11) 104.10(6) 102.93(10)  101.3(2)
Neen T =M=N (pizole) 1 71.90(10) 75.90(6) 77.07(10)  78.7(2)
Neen 1-M- C1 1 91.05(8) 89.80(4) 90.32(8) 90.28(15)
Ney =M= CI 1 88.30(8) 90.20(4) 89.68(8) 89.72(15)
N (vigzotey =M= CI 1 155.71(8) 90.20(4) 90.25(9) 89.36(18)
N (iazotey | -M=CI 1 86.19(8) 89.80(4) 89.75(9) 90.64(18)
Cl1i-M-Cl1 108.66(6) 180.0 179.999(1) 180.0
Neen 1 =M—Cl,

N (triazole) 8 _M_Clz
Torsion angle (°)

N(#) li-M-N (p) 1- C2 96.3(3) 0.6(3) 0.23(17) 1.7(6)
N(#) 1 -M=N (p) 1- C2 176.6(3) ~179.4(3) ~179.77(17)  —178.3(6)
Cl 1i-M-N(p) 1- C2 10.93) -89.1(3) 90.07(15) 92.3(5)
Cl I-M-N (p) 1- C2 -97.8(3) 90.9(3) ~89.93(15)  —87.7(5)
N (#) 1i-M-N (#) 1-N9 ~75.5(3) 101(16) ~T74(7) 21(6)

N (p) 1 -M=N () 1-N9 173.5(4) ~179.6(4) 179.5(2) 179.7(6)
N (p) 1i-M-N (#) 1-N9 ~5.8(4) 0.4(4) ~0.5(2) -0.3

Cl 1i—-M-N (#) 1-N9 ~149.7(3) 90.8(4) ~90.40(18)  —90.4(6)
Cl 1-M-N (#) 1-N9 81.1(3) ~89.2(4) 89.60(18) 89.6(6)
M-N (#) 1-N9-N10 ~160.6(3) 177.0(3) 179.13(13)  176.7(4)
N8-N9-N10- C11 —0.4(4) ~0.4(4) ~0.1(2) ~179.7(5)
N8-N9-N10- C12 ~179.8(3) 179.1(3) 179.67(16)  0.7(10)

a Data from reference [11].

3.4.1 Cis [MnLoCly]

Cis [MnL2Cl:] crystallised in an orthorhombic space group Pbcn with four molecules per unit cell.
The geometry about the Mn atom is essentially a distorted octahedral coordination arrangement
with a twofold symmetry axis, C2, through Mn. The octahedral basal plane is formed by the two Cl
atoms Cl1 and CI1!, which are arranged in the cis position to each other and two nitrogen atoms N8
and N8'. The remaining two vacant sites on the metal centre are occupied by the nitrogen atoms N1
and N1' of the pyridyl moieties adopting a trans position with a 178.89(16)° angle between
N1#*-Mnl1-N1i**. The ligand-metal-ligand angles in cis [MnL,Cl>] deviate significantly from the
ideal value of 90° or 180° (characteristic of a regular octahedron), see Table 4. Consequently, the
2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-yl)pyridine ligands fold around the metal ion in a cis
conformation, allowing the N triazoles to from an equatorial plane with the Cl~ anions. Completing

the remaining axial sites on the manganese atom are the N atoms of the pyridyl moieties.



The bite angel N§—Mn—N1 within the coordinated 2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-
yl)pyridine ligands is 71.90(10)°. Consequently the C11-Mn1-CI1 angle of 108.66(6)° is slightly
higher than the angles found for octahedral Mn(II) complex having cis chloride atoms (for example
CSD reference codes CIQWUW, MAMNCH, PYMNCH10, QUMNCL, TMAMNC, YAJTUA
with angles between 89 and 96° #*) [*4]. The bond length of the terminal chloro groups, Mn—Cl1 and
Mn—Cl1i, is 2.4544(11) A. The bond lengths of N§—N9, N9—N10 and N8—C?7 of the 1,2,3-triazole
segment are 1.305(4) A, 1.358 (4) and 1.365(5) A, respectively. These distance values are similar to
the distances for the free ligand, namely 1.302(4) A, 1.355(4) A and 1.365(5) A respectively. The
Mn—Npy and Mn—Nyiazole bond lengths of 2.330(3) A and 2.324(3) A are fairly standard [*3][*¢][*7].

The metal-triazole bond length is slightly shorter than the metal pyridine bond (by approximately
0.006A). The angles between the pyridine plane and the triazole ring and between the triazole plane
and the substituted phenyl ring are 115.4(3)° and 120.5(3)°, respectively. The dihedral angle
between the plane of the pyridyl moiety and the mean plane of the triazole ring is 5.4(5)°.
Furthermore, the dihedral angle between the plane of methoxy phenyl group and the plane of the
triazole moiety is tilted by 38.6(5)°.

In the crystal the molecules are arranged in infinite hydrogen-bonded 3D supramolecular chains
along the b-axis direction, and within the chains are weak intermolecular n...7 interactions and C—
H...Cl hydrogen bonding interactions, see Figure 6. The packing resulted in an offset-slipped
parallel alignment of the phenyl rings, stabilised by phenyl-phenyl =...w interactions between the
(C12C13C14C15C16C17) and the (C12C13C14C15C16C17) phenyl rings with a centroid — centroid distance
of 3.985A. On the other hand, the chelated (triazole) segment, which does not take part in the ...n
interactions, is involved in a (D—H...A) interaction. There are no classic hydrogen bonds, but there
are intermolecular interactions of the type D—H...A, which include C-H...Cl, C-H...O and C-H...N
hydrogen bonds, see Table 5 and Figure 6. The identified hydrogen bonds are C3-H3...01, C18—
HI18A...Cll, C11-H11...Cl1, C4-H4...N9 and C5-H5A...Cl1 with angles prefer values ranging from
90° to 130° [48,%84].



Figure 6. Partial packing in [MnL2Cl:] showing selected intermolecular hydrogen bonding
and (7...7) stacking interactions. The given distances are in A. The complex is viewed along
the crystallographic b-axis. Color code: (C12C13C14C15C16C17) centroids (red dots), Cl (green
balls), C (grey), N (blue), O (red) and H (white).

Table 5. Hydrogen bonding interactions parameters; D= donor and A= acceptor (A, °) in the

complex [MnL2CL].

D-H... A D-H H-A D-A Angle
C3-H3...01 0.950(4) 2.510(3) 3.540 (8) 159.0(2)
CI8-H18A...Cl11  0.981(4) 2.882(9) 3.700(4) 141.4(2)
C5-Hs5...Cl1 0.950(3) 2.685(1) 3.620 (4) 168.3(2)
C4-H4...N9 0.949(4) 2.947(3) 3.787(8) 128.3(2)
Cl1-Hl11...Cl1 0.950(4) 2.599(8) 3.490(1) 156.2(4)
Mn—Cl...HS 96.75(4)
Mn—-Cl..H11 115.89(4)
Mn—CL...HI8A 91.59(3)

3.4.2 Trans [Col2Clo] and trans [NiL,Cl>]

The X-ray molecular structure of trans [CoL>Clz] (Figure 4) and trans [NiL>Cly] (Figure 5) are
merely identical as can be seen from molecular structure overlay of the two molecules in Figure 7
(top). Both molecules crystallises in the monoclinic P21/c space group with a distorted octahedral
coordination arrangement round the metal, and two molecules per unit cell. Due to inversion

symmetry through the metal center, the asymmetric unit consists of one half of the complex with



the other half generated by inversion symmetry. The six atoms coordinated to the metal center is
CI1 and C11', N8uiazole and N84iazole, N1py and N1py'. Nitrogens N8iazole and N1py belong to the
triazole and pyridyl groups of the bidentate 2-(1-(4-methoxy-phenyl)-7/H-1,2,3-triazol-4-yl)
pyridine ligand L. In the equatorial plane, the pyridine N1py and N8ta donors from the two ligands
are mutually trans to each other, similar as observed for trans [FeLoCl2] [11]. The angles between
the different nitrogens in the equatorial plane, namely N84iazoled —Ni—N1py 9 and N8iazole"* —Ni—
Nlpy*dare 77.07(10)° and 102.93(10)° for Co and 78.7(2)° and 101.3(2)° for Ni respectively.

These angles between the different nitrogens in the equatorial plane, deviates from the 90° angle for
a real octahedron, because of the chelating nature of the two L ligands. The axial positions are
occupied by two chloride ions CI1-Ni—Cl1, and due to inversion symmetry, the angle is 180.0° for
both structures. The X-ray molecular structure of trans [FeL,Clz], trans [CoL2Cl2] and trans
[NiL>Cl;] are very similar (compare the data in Table 4), with a slight difference in the orientation
of the 4-methoxy-phenyl groups, see Figure 7 (middle). The dihedral angle between the mean plane
of the pyridyl moiety and the mean plane of the triazole ring in the coordinated 2-(1-(4-methoxy-
phenyl)-1H-1,2,3-triazol-1-yl)pyridine ligand is 0.66° for [FeL,Cl], 0.35° for [CoL,Cl>] and 1.69°
for [NiL,Cl:], leading to conjugation throughout the triazole—pyridyl backbone. The angle between
the near planar pyridine-triazole plane and the 4-methoxyphenyl ring is 11.79° for [FeL.Cl], 13.13°
for [CoL,Clz] and 15.65° for [NiL2Clz]. The X-ray molecular structure of trans [FeLoClz], trans
[CoL2Clz] and trans [NiL,Cl:] are very similar to that of the related trans dibromo(bis{2-[1-(4-
cyclohexyl)-1H-1,2,3-triazol-4-yl-kN3]pyridine-kN } )nickel(Il) structure [42], containing
cyclohexyl instead of the para-ethoxy-group-attached at the N10 nitrogen of the triazole group, see
Figure 7 (bottom).

The bond lengths of N§—N9, N9-N10 and N8—C7 of the 1,2,3-triazole ring in the free ligand are
very similar to the related bonds in the [ML,Clz] complexes, only in [NiL,Cl.] these values are
slightly higher (by approximately 0.028A), see values in Table 4. In the trans [ML>Cl] complexes
(M = Fe, Co or Ni), the Ni—Cl bond lengths varies from 2.41 —2.45 A, the Ni-Npy bond lengths
from 2.10-2.20 A, while the Ni-Niiazole bond lengths are between 2.07 and 2.18 A. In a specific
complex the metal-triazole bond length is slightly shorter than the metal-pyridine bond length (by
approximately 0.02 A).



Figure 7. Top. Overlay of the structures of trans [CoL2Clz] (blue) and trans [NiL2Clz] (green).
The root means square (RMS) overlay values, when using the six atoms of the octahedral
coordination polyhedron, is 0.038. Middle. Overlay #rans [CoL2Cl:| (blue), trans [NiL2Cl:]
(green), and trans [FeL2Clz] (red) [11]. Bottom. Overlay trans [CoL2CL| (blue), trans
[NiL2Cl:] (green), and #rans dibromo(bis{2-[1-(4-cyclohexyl)-1H-1,2,3-triazol-4-yl-
kN3|pyridine-kN})nickel(II) (magenta) [42].

An extensive network of weak hydrogen bonding interactions [*°][°!] generates a 3D
supramolecular sheet in the solid state for both [CoL2Cly] and [NiL>Clx]. The hydrogen bonding
can be described as follows for [CoL>Cl] (similar for [NiL,Cly] and [FeL2Clz]):

(a) Each chloride atom of one molecule is hydrogen—bonded to three molecules in the next layer,
namely (i) to the C4-H4 group of the pyridyl ring (2.935 A) of one molecule, (ii) C19-H19 of the
methoxy group (2.916 A) of another molecule and (iii) to the C11-H11 on a triazole ring (2.549 A),



(iv) C5-H5 of the pyridyl ring (3.560 A) and (v) C13-H13 of the phenyl ring (2.852 A) of a third
molecule, see Figure 8. Most of these bonds are below the sum of the Van der Walls radii of H and

Cl of 3A [52].

(b) The different layers of molecules are held together by hydrogen bonds between C18-H18 of the
methoxy group and N9 of the a triazole ring (2.589 A), see Figure 9. The latter N-H interaction is
also below sum of the Van der Walls radii of H and N of 2.75A..

Figure 8. Partial packing diagram of [CoL2Cl:] showing intermolecular hydrogen bonding
interactions to chloride of a molecule (red) in the bottom layer to three different molecules

(green) in the top layer.

o S T gl

Figure 9. A 3D supramolecular sheet in [CoL2Clz2] complex showing intermolecular hydrogen

bonding interactions between layers.

The overlap between the triazole NgNoNjoC7Ci1 and pyridine N;C2C3C4CsCs rings of the

neighbouring molecules resulted in face—to—face and slipped-type parallel alignment. The



interaction between the layers are further strengthened by triazole — pyridine and triazole — phenyl
n...m stacking of 3.545 A and 4.149 A respectively for [CoL.Clz] (Figure 10) and 3.589 A and
4.258 A respectively for [NiLoClz]. This distance is comparable to the previously reported bond

separations of a typical «...7 stacking [**][>*1[>°1[>%].

Figure 10. Partial packing diagram of [CoL:Cl:] showing 7...m stacking (distance in A)

involving the triazole - pyridyl and phenyl - triazole rings.

3.5 DFT study

Five geometrical isomers, three cis and two trans, are possible for the Fe complexes of this study,
containing two bidentate (1,2,3-triazol-4-yl)pyridine ligands and two chloride atoms. The isomers
are defined by the relative positions of (i) the chloro atoms, (ii) the pyridyl nitrogen and (iii) the
triazole nitrogen around the metal, see Figure 11. Experimental magnetic moment measurements
showed that the four [ML,Cl>] complexes of this study are all paramagnetic. To support the
experimental assignment of the spin state of the complexes, computational chemistry calculations
using density functional theory (DFT) calculations have been done for all the possible spin states of
each isomer of the dichloro {bis[2-(1-phenyl-1H-1,2,3-triazol-4-yl-kN3)pyridine-kN] } metal(II),
[M(L")2Cl:], without a methoxy substituent on the phenyl ring (L' = 2-(1-phenyl-1H-[1,2,3-triazol]-
4-yl)pyridine). The DFT results, summarized in Table 6, support experimental measurements,

showing that
(i) d° [Mn(L")2Cl,] is high spin with S = 5/2, i.e. five unpaired electrons,

(ii) d® [Fe(L')2Cl] is high spin with S = 2, i.e. four unpaired electrons,



(iii) d” [Co(L")2Cl,] has a spin state of S = 3/2, i.e. three unpaired electrons,
(iv) d® [Ni(L")2Cl2] has a spin state of S = 1, i.e. two unpaired electrons and

(v) for all [M(L")2Clz] complexes, the either cis-cis-trans or the trans-trans-trans isomers have the

lowest energy. In both these isomers the pyridyl groups are trans to each other.

For [Mn(L')2Cl:], the cis-cis-trans isomer is preferred by about 0.1 eV, in agreement with the cis
[MnL,Cl,] structure obtained in this study. The trans-trans-trans isomer is preferred by a very

small amount of energy (less than 0.1 eV) for [Fe(L!)2Clz], [Co(L")2Cl:] and [Ni(L')2Clz].

Additional DFT calculations for the lowest energy spin state of each isomer of the dichloro {bis[2-
(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl-kN3)pyridine-kN] } metal(IT), [M(L).Clz], with a
methoxy substituent on the phenyl ring (L = 2-(1-(4-methoxyphenyl)-1H-[1,2,3-triazol]-4-
yl)pyridine), Table 7, are in agreement with conclusion (v) above. The lowest energy isomer for
Mn(L)2Clz], [Co(L")2Cl,] and [Ni(L1)2Cly] is the cis-cis-trans, trans-trans-trans and trans-trans-

trans isomer respectively, in agreement with the experimental structures presented in this study.

N
N
’
cis-cis-cis ; cis-cis-trans

M,
N
/ Cl
\ —N
& trans-trans-trans 4 trans-cis-cis R

Figure 11. The five geometrical isomers possible for [ML2Clz] complexes. R = H for L! = 2-
(1-phenyl-1H-[1,2,3-triazol]-4-yl)pyridine) and R = OCH3 for L = 2-(1-(4-methoxy-phenyl)-
1H-1,2,3-triazol-1-yl)pyridine.

Table 6. Relative Electronic energy E and Gibbs energy G for the indicated spin states and
geometrical isomers of [M(L!)2Clz]. L!=2-(1-phenyl-1H-[1,2,3-triazol]-4-yl)pyridine. The

energy of the lowest energy isomer is indicated in bolt font.

Isomer? \ S E(@EV) G(EeV) E (V) G(eV) \ S E(EV) G(eV) E (V) G(eV)



Mn Co FeP Ni
ctc 172 1.90 2.11 1.07 1.12 0 1.11 1.35  1.20 1.20
ccc 1.69 1.92 0.80 0.88 0.88 1.12 1.21 1.25
cct 1.49 1.72 0.71 0.79 0.63 0.88 0.97 1.03
tt 1.35 1.57 0.56 0.64 0.61 0.83 0.93 0.95
tce 1.64 1.87 0.74 0.79 0.89 1.12  1.11 1.09
ctc 3/2 1.78 1.80 0.45 0.43 1 1.18 1.26 0.50 0.50
cce d d 0.24 0.24 0.97 1.07 0.29 0.29
cct d d 0.04 0.05 0.78 0.88  0.06 0.07
ttt 2.19 2.34 0.00 0.00 1.95 2.09 0.00 0.00
tce 1.64 1.74 0.22 0.20 0.91 098 0.25 0.25
ctc 5/2 0.33 0.31 - - 2 0.48 044 - -
ccc 0.17 0.15 - - 0.27 026 - -
cct 0.00 0.00 - - 0.10 0.10 - -
tt 0.14 0.07 - - 0.00 0.00 - -
tce c c - - 0.19 0.16 - -

a See Figure 11 for the geometry of the different isomers, R = H.
b from reference [11].
c optimized to the cct isomer

d geometry did not converge

Table 7. Relative Electronic energy E and Gibbs energy G for the indicated spin states and
geometrical isomers of [M(L)2CLz]. L =2-(1-(4-methoxy-phenyl)-1H-1,2,3-triazol-1-

yl)pyridine. The energy of the lowest energy isomer is indicated in bolt font.

Isomer® | E(eV) G (V) E(V) G(eV) E(V) G(eV) E (V) G (V)
Mn S =5/2 CoS=3/2 FeS=4/2 NiS=1

ctc 0.33 0.30 0.43 0.40 0.57 0.54 0.49 0.46

ccc 0.16 0.15 0.24 0.22 0.38 0.37 0.29 0.28

cct 0.00 0.00 0.04 0.02 0.00 0.00 0.06 0.05

1t 0.14 0.10 0.00 0.00 0.11 0.12 0.00 0.00

tcc b b 0.24 0.21 0.32 0.26 0.27 0.25

a See Figure 11 for the geometry of the different isomers, R = CHs.

b optimized to the lowest energy cct isomer

4 Summary

Three new first row high spin, octahedral metal(IT) complexes containing the 2-(1-(4-methoxy-
phenyl)-1H-1,2,3-triazol-1-yl)pyridine chromophore as bidentate ligand (L), have been successfully
synthesized and characterized. The molecular structures of [CoL,Cl>] and [NiL,Cl>] have the two
bidentate triazole ligands in the equatorial plane and the two chloro ligands in the axial positions
trans to each other (trans-trans-trans isomers), while in [MnL>Cl;], the two chloro ligands are

adopting the cis positions around the Mn centre (cis-cis-trans trans-trans-trans isomer). It is the



first time that a cis orientation of the (1,2,3-triazol-4-yl)pyridine ligands and the halogen atoms has
been found for an octahedral Mn(II), Fe(II), Co(II) or Ni(II) complex containing two bidentate
(1,2,3-triazol-4-yl)pyridine ligands and two halogen atoms. DFT results support experimental
measurements, that the metal(II) complexes are high spin and that the cis-cis-trans and the trans-

trans-trans isomers, with the pyridyl groups frans to each other, are the lowest in energy.

Supplementary material

Optimized coordinates of the DFT calculations, IR and MS spectra, and additional crystallographic

data are given in the Supporting Information.
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