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Abstract 

A new dinuclear oxidovanadium(IV) complex with a symmetric heptadentate N4O3-donor 

ligand, [V2O2L(µ-OCH3)] CH3OH (1), was synthesized and characterized by elemental analysis, 

spectroscopic methods (FT-IR, UV-Vis and EPR) and single crystal X-ray analysis, where H3L 

is the Schiff base ligand obtained by the condensation of triethylenetetramine and 5-

bromosalicylaldehyde. Single crystal X-ray analysis indicated that the vanadium(IV) ions have 

distorted octahedral geometry and are connected together by phenoxy and methoxy bridging 

groups. The EPR and magnetic susceptibility measurements show weak V···V antiferromagnetic 

interactions. The analysis of the magnetic susceptibility data with the Bleaney-Bowers equation 
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gave a value for the magnetic coupling constant of J = -1.60 cm-1 (H = –JS1S2). A Broken-

Symmetry DFT study also agreed with an intramolecular character of the magnetic coupling 

giving a comparable value for J and showed an important dependence of the magnetic interaction 

with the out-of-plane shift of the methyl group of the methoxy bridging group. 

 

Keywords: Dinuclear oxidovanadium(IV), Magnetic studies, X-ray structure, DFT calculation, 

Magneto-structural studies 

 

Introduction  

The coordination chemistry of vanadium has received increasing interest in the past years due to 

its biological activities and catalytic applications [1]. Although vanadium plays a limited role in 

human biology, it is a bio-essential element found in remarkably high concentration in certain 

mushrooms, polychaete worms and marine environments [2]. Vanadium plays a significant role 

in the reduction of N2 to NH3 (in nitrogenases) [3], it is seen in vanadate-dependent 

haloperoxidases [4], and its complexes show insulin-mimetic behaviour [5]. The most commonly 

coordination compounds of vanadium(IV) exist as oxidovanadium derivatives, VO2+, which 

binds four other ligands strongly and one weakly (the one trans to the oxidovanadium centre) 

[6]. Vanadium(IV) complexes with d1 electronic configuration (S =1/2) are interesting candidates 

to be studied by EPR [7] that can be easily correlated to other magnetic and structural studies. 

Having only a single unpaired electron vanadium(IV) and copper(II) complexes resemble to each 

other from the magnetic and electronic point of view[8] and the magnetic properties of their 

complexes are described comparatively. However, it should be noted that there are some 

important differences between them since in the octahedral and square-pyramidal geometry the 
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orbital bearing the unpaired electron in the oxovanadium(IV) case is of the dxy type whereas in 

the case of copper(II) it is of the dx
2

-y
2 type [9]. 

Magneto-structural studies on phenoxy- and alkoxy-bridged multinuclear transition metal 

complexes show important correlations between the magnetic coupling constant (J) and some 

geometrical parameters such as M−O bond distances, M−O−M bridging angle (θ), O−M−O 

angle (β), M···M distances and out-of-plane displacement of the O−C group [10] Although this 

latter parameter has usually being disregarded in the interpretation of the magnetic properties of 

coordination compounds, recent studies showed that it plays a significant role in determining the 

sign and magnitude of the exchange coupling. In this sense, theoretical methods based on density 

functional theory (DFT) have been established as valuable tools in developing magneto-

structural correlations, in the accurate calculation of the values of the magnetic coupling 

constants and in modelling the magnetic properties of transition metal complexes, as well as to 

gain insight into the magnetic coupling mechanism [11]. 

From both the experimental and theoretical points of view dinuclear copper(II) and 

vanadium(IV) complexes make relatively simple magnetic models for magneto-structural studies 

[12]. However, although magnetic properties of dinuclear copper(II) complexes have been 

theoretically and experimentally extensively studied [13], this is not the case of vanadium(IV) 

complexes. This is particularly due to the limited number of available dinuclear vanadium(IV) 

complexes and to the general interest to the spectroscopic and catalytic properties of such 

compounds in oxidation reactions [14]. Thus, magneto-structural relationships have not yet been 

well established for vanadium(IV) complexes. In addition, due to the presence of the V=O bond 

and several possible configuration related to this group, vanadium(IV) complexes have higher 

structural diversity in comparison with copper(II) complexes.  
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The reaction of triethylenetetramine and o-hydroxybenzaldehydes with 1 : 3 molar ratios 

(Scheme 1) forms a class of multidentate N- and O-donor ligands that almost behave as 

compartmental donor when they bind to metals ions [15]. This kind of ligands usually acts as 

trinegative hepta-dentate N4O3 donor ligand to form dinuclear complexes [16]. Accordingly, they 

are suitable target ligands to form dinuclear vanadium complexes and stabilize it in IV oxidation 

state. 

In the present paper we report synthesis, characterization, crystal structure and magnetic 

properties of a new dinuclear oxidovanadium(IV) complex. The aim of this work is to study the 

magnetic exchange interactions in a dinuclear oxidovanadium(IV) complex by focusing on the 

out-of-plane influences of O−CH3 group. The magnetic exchange interaction has been studied by 

DFT calculations in order to have some evidences about the effects of this structural parameter in 

the magnetic interactions of vanadium(IV) complexes. 

 

Scheme 1. 

2. Experimental 

2.1. Materials and instruments 

Oxidovanadium(IV) bis(acetylacetonate), VO(acac)2, 5-bromo-2-hydroxybenzaldehyde, 

triethylenetetramine and the other chemical materials were purchased from Merck and used as 

received. Solvents of the highest grade commercially available (Merck) were used without 

further purification. 1H and 13C NMR spectra of ligand in CDCl3 solution were measured on a 

Bruker 250 and 62.9 MHz spectrometer, respectively, and chemical shifts are indicated in ppm 

relative to tetramethylsilane (TMS). IR spectra were recorded as KBr disks with a Bruker FT–IR 

spectrophotometer. UV–Vis spectra of solutions were recorded on a thermo spectronic, Helios 
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Alpha spectrophotometer. The atomic absorption analysis was carried out using Varian Spectra 

AA-220 equipment.  

2.2. Synthesis of 2-(5-Bromo-2-hydroxyphenyl)-1,3-bis(2-(5-bromo-2-

hydroxybenzylideneamino)ethyl)imidazolidine (H3L) 

A methanol solution (10 mL) of triethylenetetramine (0.45 mL, 3 mmol) was added to a 

methanolic solution of 5-bromosalicylaldehyde (1.81 g, 9 mmol). The solution was refluxed for 2 

h at the 70 ˚C. The obtained yellow solid was separated, filtered off and washed with cold 

methanol and finally recrystallized from ethanol. Yield 78% (1.81g). M.p. 155-157 ˚C. Anal. 

Calc. for C27H27Br3N4O3 (MW = 695.24): C, 46.64; H, 3.91; N, 8.06 %. Found: C, 46.68; H, 

3.94; N, 7.99%. FT-IR (KBr, cm-1): 3424 (w, br), 2956 (w), 2923 (m), 2839 (m), 1635 (s), 1613 

(m), 1576 (w), 1477 (vs), 1439 (w), 1395 (w), 1367 (m), 1355 (m), 1377 (w), 1282 (s), 1261 (s), 

1238 (w), 1197 (m), 1167 (m), 1085 (w), 1074 (w), 1040 (w), 1008 (w), 937 (w), 918 (m), 880 

(m), 821 (s), 783 (m), 686 (m), 627 (s), 626 (w), 544 (w), 454 (w). 1H NMR (250 MHz, CDCl3, 

25 °C, TMS): δ 13.80 (s, 2H, external phenolic OH); 13.14 (s, 1H, central phenolic OH); 8.26 (s, 

2H, CH=N); 7.85-6.42 (m, 9H, arom); 3.89 (s, 1H, CH); 3.77-3.40 (m, 6H, 3CH2), 3.05-2.27 (m, 

6H, 3CH2) ppm. 13C NMR (62.90 MHz, CDCl3): δ = 165.07, 164.94, 160.12, 157.26,135.35, 

134.96, 133.52, 133.23, 133.08, 122.92, 120.01, 119.00, 118.67, 109.99, 88,79, 58.17, 57.43, 

55.23, 53.31, 52.60, 50.99 ppm. UV-Vis (in CH3OH, c = 2.5×10-5 M, λmax [nm] with ε [M-1 cm-

1]): 221 (54000), 325 (6640), 424 nm (2400). 

 

2.3. Synthesis of the complex [V2(O)2(L)(µ-OCH3)]·CH3OH (1) 

The ligand H3L (0.695 g, 1 mmol) and VO(acac)2 (0.530 g, 2 mmol) were placed in the main arm 

of branched tube. Methanol was carefully added to fill the arms the tube was sealed and the 
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reagents containing arm immersed in an oil bath at 60 °C while the other arm was kept at 

ambient temperature. After 2 days, black crystals were appeared in the cooler arm, which were 

separated and washed by methanol, Yield 79%. Anal. Calc. for C29H31Br3N4O7V2 (MW = 

889.19): C, 39.17; H, 3.51; N, 6.30; V, 11.46. Found: C, 39.25; H, 3.57; N, 6.22; V, 11.53%. FT-

IR (KBr, cm-1): 3450 (w, br), 2924 (w), 2912 (w), 1633 (vs), 1589 (m),1564 (w), 1523 (m), 1479 

(s), 1458 (s), 1396 (w), 1383 (s), 1367 (w), 1339 (w), 1313 (s), 1293 (s), 1241 (w), 1195 (w), 

1172 (m), 1133 (w), 1095 (w), 1067 (w), 1042 (m), 1026 (w), 972 (s), 947 (vs), 939 (vs), 879 

(w), 822 (m), 803 (m), 686 (m), 649 (m), 636 (m), 570 (m), 555 (m), 532 (m), 501 (w), 461 (w), 

428 (w). UV-Vis (in CH3OH, c = 2.5×10-5 M, λmax [nm] with ε [M-1 cm-1]): 233 (59200), 390 nm 

(8800). 

 

2.4. X-ray crystallography 

A summary of the crystal data and refinement details for complex 1 are given in Table 1. Only 

special features of the analyses are mentioned here. Single crystal data collection for 1 was 

performed on Xcalibur diffractometer with CCD Ruby detector, equipped with an Oxford 

Cryosystems open-flow nitrogen cryostat, using ω scan and a graphite-monochromated Mo Kα 

(λ= 0.71073 Å) radiation at 90 K. The structure was solved by direct methods with SHELXS-97 

[17], and refined with full-matrix least-squares techniques on F
2
 with SHELXL-97 [18]. The 

C−bonded hydrogen atoms were calculated included in idealized geometry riding on their parent 

atoms. The O−bonded hydrogen atom was located from the difference map. The molecular 

structure plot was prepared using Diamond [19]. 

Table 1. 

2.5. EPR and magnetic studies 
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The EPR measurements were carried out using a Bruker EMX spectrometer working at fixed 

frequency 9.25 GHz (X-band) with Oxford Instruments helium-flow cryostat operating in the 

temperature range from 3.8 to 300 K. A 100 kHz magnetic field modulation and phase sensitive 

detection were used to record the derivative of the absorbed microwave power. The samples 

were maintained to a rotatable sample holder to record angular variation of the EPR spectra. 

Magnetic susceptibility measurements on polycrystalline samples were carried out by means of a 

Quantum Design SQUID MPMS XL magnetometer. The dc measurements were performed in 

the temperature range 2.0-300 K at applied magnetic fields of 5T. Diamagnetic corrections of the 

constituent atoms were estimated from Pascal's constants and experimental susceptibilities were 

also corrected for the temperature-independent paramagnetism and the magnetization of the 

sample holder.  

 

2.6. Theoretical calculations 

Spin-unrestricted DFT calculations were performed at the B3LYP level by means of the 

Gaussian09 code with a triple-ξ all-electron Gaussian basis set for all the elements and with the 

tight convergence criteria, SCF = tight [20]. The general zero-field Heisenberg-Dirac-Van Vleck 

Hamiltonian for a dinuclear system can be written as H = −J12(S1S2), where 1 and 2 refer to the 

VO2+ centres and J12 corresponds to the magnetic coupling constants between those two VO2+ 

centres. Most oxidovanadium(IV) (d1 electronic configuration) complexes follow a spin-only 

behaviour with magnetic moments consistent with one unpaired electron and their magnetic 

coupling constant can be calculated from the difference in energy between the high spin (HS, S 

=1) and the low spin (LS, S = 0) states. The energy of the LS state can be obtained directly from 

the energy of the broken-symmetry (BS) solution, EBS when using DFT-based wave functions. 
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Thus, single-point calculations were performed for the triplet S = 1 (HS = ++), with mean S2 ≈ 

2.0 and the BS singlet state S = 0 (LS = +−) with mean S
2 ≈ 1.0. The value of the magnetic 

coupling constant can now be obtained from the difference EHS−EBS=−J12 [21]. The chk files 

generated by the calculation can be used for the figures of the HOMO orbitals and the spin 

density plots showed. The calculations have been performed for the atomic positions taken 

directly from the crystal structure without minimization. The study of the dependence of the 

magnetic coupling constant with the out-of-plane shift of the methyl group was done in the same 

condition, except by the replacement of Br atoms by H atoms in order to save calculation time. 

 

3. Results and Discussions 

3.1. Synthesis and Characterization 

The reaction of triethylenetetramine with 5-bromosalicylaldehyde with 1 : 3 molar ratios in 

methanol gave the desired symmetric heptadentate Schiff base ligand, H3L (Scheme 1), as 

confirmed by elemental analysis and spectroscopic data. In 1H NMR spectrum of H3L the 

presence of two broad singlet signals at δ 13.50 and 10.50 ppm were assigned to the phenolic 

O-H groups, which were consistent with the observation of a rapid loss of this signal when D2O 

was added to the solution. The singlet peak at δ 8.64 ppm is assigned to the hydrogen atom of 

azomethine (-CH=N-) group [22], and confirms that the Schiff base ligand is formed. There is a 

singlet peak at δ 4.42 ppm in the 1H NMR spectrum of H3L which is due to the formation of five 

membered aliphatic ring and confirms that the third mol of 5-bromosalicylaldehyde has reacted 

with two central NH groups of triethylenetetramine. The NH peak was not detected in the 1H 

NMR spectrum of the ligand which is another evidence for involving the central NH groups in 

condensation reaction with aldehyde. Four aliphatic peaks and thirteen aromatic peaks were 
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observed in the 13C NMR spectrum of ligand which is another evidence for existence of H3L in 

the proposed structure shown in Scheme 1. The FT-IR spectrum of the H3L shows no evidence 

of the N-H stretching vibrations (in which usually observes around 3150 cm-1) [23] indicating 

that all NH groups have reacted with 5-bromosalicylaldehyde. The absorption band at 1635 cm-1 

in the FT-IR spectrum of H3L, can be assigned to the imine C=N stretching frequency [24]. 

Complex [V2(O)2(L)(µ-OCH3)]·CH3OH (1) was synthesized by the reaction of H3L and 

VO(acac)2 with molar ratios 1 : 2 in methanol. Slow change in the color of reaction mixture from 

green-yellow to dark violet was the first evidence for the complexation of ligand to the vanadium 

ion and formation of a new complex. Comparison the IR spectrum of the complex 1 with the IR 

spectrum of the free ligand shows considerable differences between them, but also express some 

evidences for the coordination of Schiff base ligand to the vanadium ion. The infrared spectrum 

of 1 displays a band at 1631 cm−1 which can be assigned to the C=N stretching frequency of the 

coordinated Schiff base ligand [23,24] and is red shifted with respect to the free ligand. 

Furthermore, in the IR spectra of 1 one strong band at 972 cm−1 is observed, which is assigned to 

the V=O stretching vibration [25]. The bands at 649 and 461 cm−1 are assigned to V−O and V−N 

vibrations, respectively. These three bands are observed as new peaks for the complex and not 

exist in the spectrum of the free ligand. Very broad band around 3450 cm−1 expresses the 

presence of −OH group and uncoordinated methanol molecule involved in hydrogen bonding 

[26]. 

The electronic spectrum of H3L in methanol displays bands at 217 and 325 nm. Based on their 

extinction coefficients they are assigned to intraligand π → π* (217 nm) and n → π* (325 nm) 

transitions. Shifts of the bands in complex 1 relative to H3L bands, indicate the coordination of 

the ligand to the vanadium ion. For complex the higher energy band at ~370 nm with high 
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extinction coefficient value is due to the ligand to metal charge transfer (LMCT) transition. The 

other higher energy intense transitions in the range 222 nm and 320 nm are due to the intraligand 

transitions [27]. 

 

3.2. Description of structure 

Single crystals of 1 suitable for X-ray structure determination were obtained by thermal gradient 

method in methanol. The molecular structure of 1 is shown in Fig. 1a and selected bond 

distances and angles are summarized in Table 2. Single crystal X-ray analysis indicates that 1 is 

a neutral dinuclear complex of vanadium(IV) and a methanol molecule is located as solvent 

molecule. The molecular structure features a O=V−(µ−OCH3)−V=O couple trapped by chelate 

(L)3-, which the oxygen atom of central phenolate arm of Schiff base ligand acts as bridging 

group between two vanadium ions. Therefore, two vanadium atoms are doubly bridged by one 

phenolate oxygen atom (O2C) and an oxygen atom (O1M) provided by methanolate bridging 

group. The Schiff base ligand acts as a heptadentate trianionic compartmental donor, with two 

tridentate N2O cavities and a central bridging phenolate group. Both vanadium centers are six-

coordinated with VN2O4 coordination environment and the coordination geometry around them 

can be described as distorted octahedral (Fig. 1b). It may be assumed that the amine and 

azomethine nitrogen atoms and the phenolate oxygen of Schiff base ligand together with oxygen 

atom of bridged methoxy group form the equatorial plane. Then, the oxygen atom of oxido group 

occupies one axial position and the oxygen atom of phenolate bridging group is located on the 

remaining axial position. The metal centers are displaced by 0.283 Å (V1) and 0.284 Å (V2) 

from the mean plane defined by the equatorial donor atoms towards the V=O moiety. In both 

centers, the vanadium to oxygen bond lengths follow the order V=Ooxido < V–Ophenolate < V–

Omethoxy < V–Obridged phenolate. The V–O(bridged phenolate) bonds are longer than all other bonds, which 
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can be attributed to the trans influence of the oxido group [6,25]. The V–N(azomethine) bond 

lengths (V1–N1A = 2.073(3) Å and V2–N1B = 2.056(2) Å) are significantly shorter than the V–

N(amine) bond lengths (V1–N2A = 2.215(3) and V2–N2B = 2.222(3) Å) which can be attributed 

to the differences in the hybridization of coordinated N atoms and also weaker trans influence of 

methoxy group in comparison with phenolate moiety.  

The V1···V2 separations through V2O2 cyclic unit is 3.203(1) Å and the bridging angle at the 

phenoxy oxygen atom, V1−O2C−V2 = 95.67(8)°, is smaller than that at the methoxy oxygen 

atom, V1−O1M−V2 = 108.49(9)°. The dihedral angle between the V1,O1M,O2C and 

V2,O1M,O2C planes is 18.38(1)°. The whole molecule has a nearly Cs symmetry with the 

mirror plane perpendicular to the vanadium-oxygen V2O2 metallacycle. The bridging methoxy 

and 5-bromophenoxy groups together with C7C atom lie approximately on this mirror plane 

(maximum deviation from the mean calculated plane is 0.051 Å). The crystal package of 

complex 1 is stabilized by several C−H···O, C−H···Br, C−Br···O and C−H···π interactions (Table 

3). The methanol molecule of solvation is connected to dinuclear unit by O−H···O hydrogen 

bonding interaction. 

Fig. 1. 

Table 2. 

Table 3. 

3.3. EPR studies 

EPR spectroscopy is a convenient and effective way to probe the electronic structure of 

paramagnetic molecules. The examples of resonance spectra obtained for the powdered complex 

1 are shown in Fig. 2. The spectrum consists of one intense resonance line located around 338.5 

mT (g ≈ 1.985). In order to better expose the weak temperature changes, the intensity of the 

showed spectrum was multiplied by temperature. As it is seen on Fig. 2, the intensity of the 
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resonance line increases upon heating. The inset to Fig. 2 shows enlarged region of the spectrum, 

where a small resonance absorption clearly visible at around 150 mT. As it was shown above in 

the structural analysis, the vanadium core adopts six coordinate distorted octahedral geometry 

with the closest apical oxygen atom is 1.61 Å away from metal ion and much greater distances 

from the metal ion (1.94 − 2.21 Å) for equatorial ligands. Therefore, it is expected to observe at 

least the axial EPR spectrum. The lack of hyperfine structure typical for a mononuclear 

oxidovanadium(IV) compounds (51V, I = 7/2) indicates on the magnetic interactions [28]. 

Apparently, the thermally activated absorption at 338.5 mT points on antiferromagnetic character 

of weak magnetic interactions however it is remains inconclusive whether this interactions are 

attributed to exchange intramolecular coupling or/and dipolar couplings to other paramagnetic 

centers. The small half-field absorption located at 150 mT might belong to the “forbidden” ∆M = 

2 resonance transition within the spin triplet separated from the singlet state. However this 

separation, proportional to the isotopic exchange interaction constant J, is so small that 

temperatures well below 4K are required in EPR studies to ambiguously determine what is the 

ground state: singlet for antiferromagnetically coupled oxidovanadium pair (AFM) or triplet for 

ferromagnetically coupled pair (FM). The best can be say from experimental observation is that 

the AFM coupling is unusually weak. 

 

Fig. 2. 

 

3.4. Magnetic properties  

The temperature-dependence of the molar magnetic susceptibility, χ, for complex 1 was 

measured on a powdered sample at B = 5 T in the temperature range of 2 K to 300 K. Results are 

depicted in a graph χT versus temperature in Fig. 3. At 300 K, the value for χT is 0.738 
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(cm3·K·mol-1), which is in good agreement with the expected contribution of two vanadium(IV) 

ions per formula unit, giving effective magnetic moment 8 / 2
eff

Tµ χ=  ≈ 1.72 µB per metal ion, 

as expected for spin-only value for an S = 1/2 system. The value of χT depends steady of 

temperature upon cooling down to ~ 70 K, then with further cooling χT decreases. The decrease 

indicates the presence of antiferromagnetic interactions between two oxidovanadium (IV) ions. 

Fig. 3. 

To account for the observed temperature dependence of χT, the intra-molecular exchange 

interaction only has been considered while inter-molecular exchange was neglected. Assuming 

an isotropic model, the expression based on the spin Hamiltonian (H = –JS1S2) is given by 

Bleaney-Bowers equation: 

 χT = (2NAβ
2
g

2)/k[3+exp(−J/kT)] (1) 

where NA is the Avogadro’s number, g the Landé factor, k the Boltzmann constant and J the 

exchange coupling constant. The solid line in Fig. 3 shows the least-squares fit of the 

experimental data χT(T) with adjustable parameter J = -1.60(5) cm-1 and fixed value of g = 

1.985, taken from EPR spectrum. The good concordance between the experimental and 

theoretical plot indicates the good correlation between the data and the model. 

The electronic configuration of a oxidovanadium(IV) ion is d1 having only one unpaired electron 

per metal centre. In square-pyramidal or octahedral geometry this electron is placed in a t2g 

orbital with dxy symmetry if the oxygen atom of the oxidovanadium group is considered to be in 

the z axis and the donor atoms of the ligands in the x and y axis. However, the variable 

configuration of the oxidovanadium oxygen and the bridging groups can lead to different 

geometries of the [VO(µ-OR)2VO]2+ cores that display different mechanism for the transmission 

of the magnetic coupling which may result in very different intensities of the magnetic coupling. 
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In this sense, the classification given by W. Plass becomes critical for the comparison and the 

description of the magnetic properties of oxidovanadium(IV) compounds [29]. 

 

Scheme 2. 

 

According to that classification, compound 1 is of the syn-coplanar type, and for such complexes 

the magnetic coupling is expected to be moderate antiferromagnetic [29,30] however, compound 

1 exhibits a rather weak antiferromagnetic coupling, somewhat lower than that expected. 

Concerning the magnetic coupling mechanism, some authors point to a through-the-space 

mechanism, but others say the superexchange mechanism to predominante [30a]. Thus, with the 

aim of giving a good comparison of the magnetic coupling and a good description of the 

magnetic coupling mechanism we have performed a theoretical study based on a DFT 

calculation. 

 

3.5. DFT calculations 

Although there are many experimental and some theoretical studies concerning the orthogonal 

and the anti-coplanar cores [29,30] there are just a few experimental studies concerning the 

magnetostructural correlations in syn-coplanar oxidovanadium(IV) compounds [31,32]. 

Compared to them, the magnetic coupling constant obtained for 1 is somewhat smaller, however 

this comparison is not good since the only found two compounds have important differences 

respect to 1. 

NH4[V2O2(OH)(C4O4)2(H2O)3]·H2O (with J = − 153cm-1) [31] has three bridges in the adequate 

configuration to mediate magnetic coupling between the two oxidovanadium(IV) centres, so it 

hardly compares to 1 with one single active bridge and [{VO(L)}2{VO(acac)}2(µ2-
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OMe)2]·MeOH (with J = − 167cm-1) [32] is a tetranuclear complex with butterfly core-structure 

and only one magnetic coupling constant (of the three existing magnetic exchange-pathways) 

was determined which can be contaminated by the rest of the magnetic exchange path-ways. 

[H2L=N,N-bis(2-hydroxyethyl)-N′-(2-pyrrolylmethyli-dene)ethylenediamine]. In any case, we 

investigate herein the low value found for 1. 

The Broken Symmetry DFT calculation afforded a LS ground state, but very close in energy to 

the HS state, resulting in a very weak antiferromagnetic coupling with J = − 5.5 cm-1 very close 

to the value obtained from magnetic susceptibility data, J = −1.60 cm-1 (Table S1). 

Fig. 4. 

The spin density iso-surface plot of the HS state shown in Fig. 4 (a) (iso-val density 0.004), 

displays positive spin density in both dxy oxidovanadium orbitals and in the bridging methoxy–

oxygen. This clearly suggests a participation of the methoxy group in the transmission of the 

magnetic coupling and therefore supports the superexchange mechanism in detriment of the 

through-the-space mechanism in this compound. On the other hand, the spin density of the LS 

broken symmetry state shows opposite spin density in both dxy oxidovanadium and oxo orbitals 

and little spin density in the bridging methoxy-oxygen, suggesting, in this case, a little 

participation of the bridging group in the antiferromagnetic coupling. These plots of the spin 

density are indicators of the good quality of the calculation results since they show non-zero spin 

in the [VO(µ-OR)2VO]2+ core in the HS and in the LS states. 

Fig. 5 shows the two alpha SOMO orbitals (the HOMO and HOMO-1) of the S = 1 state. The dxy 

orbitals point to the diagonals of the equatorial planes of the oxidovanadium(IV) ions and they 

are delocalized into the Schiff-base ligand through the phenolate oxygen. Also some electronic 

density is shared with a p orbital of the bridging methoxy-oxygen (py).  

Fig. 5. 
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This (O=V)-O(methoxy)-(V=O) is clearly the operative magnetic exchange pathway and as 

above mentioned, supports the super-exchange mechanism [30a]. The symmetry of the magnetic 

orbitals are of type π which usually show weaker overlaps than those of the σ type [33]. So, here 

we have one of the reasons for the weak coupling observed in 1. In this sense, it is essential the 

relative orientation of the methoxy-oxygen py orbital and the dxy oxidovanadium orbitals. In this 

π type interactions, the out-of-plane shift of the methyl group from the O=V-O(methoxy) plane 

is of strong influence (Fig. 5) [30a]. The magnetic coupling is related to the overlap between the 

orbital bearing the unpaired electrons of the paramagnetic centers with those of the bridge, in 

such a way that the larger the overlap the larger the magnetic coupling [33]. The maximum 

overlaps takes place when there is a perfect alignment of the py orbital of the methoxy-oxygen 

with the dxy of the oxidovanadium(IV) ions and this occurs when the methyl group lies in the 

same plane of the oxidovanadium oxo groups (the XZ plane) Fig. 6. Compound 1 shows a 

deviation from that plane of 56.3º which seriously displaces the py orbital from the ideal situation 

(Fig. 5) and clearly reduces the overlap and therefore the intensity of the antiferromagnetic 

coupling. 

 

3.6. Influence of the out-of-plane shift of the methyl group in the intensity of the magnetic 

coupling.  

The DFT study has shown the relative orientation of the py orbital of the methoxy-oxygen to play 

an important role in the mediation of the magnetic interaction, also the value found for the 

magnetic coupling in 1 seems to be rather small compared with other syn-coplanar 

oxidovanadium(IV) dinuclear complexes. In order to give an explanation and to further 

investigate these facts we have extended the calculation to the effect of the out-of-plane shift of 

the methyl group, τ. For this calculations we have replaced the bromine atoms by hydrogens in 



  

 17

the Schiff-base and we have rotated the methyl group to have angles of 0º, 30º, 60º and 90º 

respect to the O=V1−O1M plane keeping the rest of the molecule unchanged. The values 

obtained for the magnetic coupling constant, J, are shown in Fig. 7 as a function of τ. 

Fig. 6. 

Fig. 7. 

It can be observed that there is an important influence of the τ parameter in the value of the 

magnetic coupling constant. It clearly shows that the maximum of antiferromagnetic coupling is 

found for the minimum deviation from the O=V−O plane. In this situation the py orbital of the 

methoxy-oxygen is in the best alignment with the vanadium dxy orbitals Fig. 8 (a). As soon as the 

methyl group deviates from the O=V−O1M plane, the py orbital decreases its overlap with the 

dxy orbitals of the oxidovanadium(IV) ions leading to a lower antiferromagnetic coupling. The J 

parameter decreases continuously reaching a minimum value around 60º. Below this value, the 

antiferromagnetic coupling remains almost constant which may indicate the predominance of the 

through-the-space mechanism below a certain out-of-plane shift. This study gives also a good 

concordance of the value of J with other syn-coplanar complexes that have little deviation of the 

bridging group [31,32]. 

Fig 8. 

 

4. Conclusion 

In summary, a new dinuclear oxidovanadium(IV) complex has been synthesized and 

characterized by spectroscopic methods and X-ray analysis. The EPR spectrum of complex 

allowed to identification of vanadium(IV) ions. The vanadium(IV) atoms in the dinuclear 

complex are coupled antiferromagnetically. Magnetic measurements of complex 1 confirmed the 

existence of a weak antiferromagnetic exchange coupling between the vanadium(IV) ions (J = -
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1.60(5) cm-1 and g = 1.98(5)), also observed by means of the EPR technique. A Broken-

Symmetry DFT study has validated the intramolecular character of the magnetic coupling and 

has showed an important dependence of the magnetic interaction with the out-of-plane shift of 

the methyl group of the methoxy bridging group, giving the explanation for the very weak 

antiferromagnetic coupling found in compound 1. 
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CCDC 1479603 contains the supplementary crystallographic data for complex 1, which can be 
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Tables/Schemes/Figures caption 
Table 1. Crystallographic data of 1  

Table 2. Selected geometrical parameters (Å, °) for complex 1 

Table 3. Selected hydrogen bonding interactions in the crystal package of complex 1 

Scheme 1. Synthesis pathway of H3L and complex 1 

Scheme 2. Possible structures of [VO(µ-OR)2VO]2+ cores described by W. Plass [28]  

Fig. 1. (a) Molecular structure of complex [V2(O)2(L)(µ-OCH3)]·CH3OH (1); (b) Coordination 

environment around vanadium atoms in complex 1 

Fig. 2. Powder experimental EPR spectra multiplied by temperature (ν=9.4 GHz). The inset 

shows enlarged low-field part of spectra. 

Fig. 3. χT vs. T curve for powder of 1; the solid line corresponds to the calculated curves using 

eq. (1) with parameters J = -1.60(5) cm-1, g = 1.985. 

Fig. 4. Spin density plots of the HS (a) and the LS BS (b) states. Positive, blue; negative, green. 

Color code, C, gray, N, blue, Br, dark red, O, red. 

Fig. 5. HOMO-1 (a) and HOMO (b) alpha orbitals of the HS state (iso val 0.075). The picture 

shows the dxy oxidovanadium orbitals and their delocalization towards the py orbital of the 

methoxy-oxygen. Color code, C, gray, N, blue, Br, dark red, O, red. 

Fig. 6. out-of-plane shift of the methyl group from the XZ plane of the vanadium(IV) 

octahedron, τ, in compound 1. The V=O bond is coloured in orange, the XZ plane is drawn in 

green. 

Fig. 7. Magnetic coupling constant dependence as a function of the out-of-plane-shift of the 

methyl group, τ. Circles, simulated values; triangle, experimental value from magnetic 

susceptibility data. 

Fig 8. SOMOs of the molecules simulated with τ = 0º (a) and with τ = 60º (b). It is evident that in 

the former case there is a good alignment of the orbitals for a maximum overlap, and in the case 

of τ = 60º the py orbital is out of the best alignment for the maximum overlap. 
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Table 1. Crystallographic data of 1  

Compound Complex 1 
net formula C28H27Br3N4O6V2·CH4O 
Mr/g mol−1 889.19 
crystal size/mm 0.50 × 0.29 × 0.26 
T/K 90 
Radiation MoKα 
Diffractometer Xcalibur with CCD Ruby detector 
crystal system monoclinic 
Crystal shape, color Block, dark violet-red 
space group P21 
a/Å 9.2556(18) 
b/Å 14.971(3) 
c/Å 12.082(2) 
α/° 90 
β/° 106.40(2) 
γ/° 90 
V/Å3 1606.0(5) 
Z 2 
calc. density/g cm−3 1.839 
µ/mm−1 4.37 
F(000) 880 
θ range 2.8–31 
h,k,l −12→13, −18→21, −17→17 
Rint 0.022 
R(Fobs) 0.023 
Rw(F2) 0.041 
S 1.01 
hydrogen refinement Mixed 
measured reflections  16090 
independent reflections 8629 
reflections with I > 2σ(I) 8183 
parameters 409 
restraints 1 
Max electron density/e Å−3 0.40 
Min electron density/e Å−3 −0.54 
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Table 2. Selected geometrical parameters (Å, °) for complex 1 

Bond  Distance/Å Bond  Angle/deg 
V1−O1  1.608(2) 
V1−O2A  1.948(2) 
V1−O1M  1.981(2) 
V1−O2C  2.157(2) 
V1−N1A  2.073(3) 
V1−N2A  2.215(3) 
V2−O2  1.612(2) 
V2−O2B  1.951(2) 
V2−O1M  1.966(2) 
V2−O2C  2.164(2) 
V2−N1B  2.056(2) 
V2−N2B  2.222(3) 
 
Bond  Angle/deg 
V1−O1M−V2 108.49(9) 
V1−O2C−V2 95.67(8) 
O1−V1−O2A 104.36(11) 
O1−V1−O1M 98.68(10) 
O2A−V1−O1M 94.00(9) 
O1−V1−N1A 96.59(11) 
O2A−V1−N1A 89.73(10) 
O1M−V1−N1A 162.84(9) 
O1−V1−O2C 170.71(11) 

O2A−V1−O2C 83.78(9) 
O1M−V1−O2C 75.98(8) 
N1A−V1−O2C 87.81(9) 
O1−V1−N2A 91.33(10) 
O2A−V1−N2A 161.84(9) 
O1M−V1−N2A 92.57(9) 
N1A−V1−N2A 79.27(10) 
O2C−V1−N2A 81.43(9) 
O2−V2−O2B 101.66(11) 
O2−V2−O1M 100.93(10) 
O2B−V2−O1M 92.91(9) 
O2−V2−N1B 98.79(11) 
O2B−V2−N1B 89.24(10) 
O1M−V2−N1B 159.28(9) 
O2−V2−O2C 170.37(10) 
O2B−V2−O2C 87.71(9) 
O1M−V2−O2C 76.11(8) 
N1B−V2−O2C 83.40(9) 
O2−V2−N2B 90.06(11) 
O2B−V2−N2B 164.63(9) 
O1M−V2−N2B 94.60(10) 
N1B−V2−N2B 79.06(10) 
O2C−V2−N2B 81.12(9) 
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Table 3. Selected hydrogen bonding interactions in the crystal package of complex 1 

D−H…A               D−H (Å)  H·· ·A (Å)    D·· ·A (Å)    D−H·· ·A(deg) 
C9A−H9A1·· ·O2i    0.99  2.40      3.293(4) 149 
C10A−H10A· · ·O1    0.99  2.59      3.128(4) 114 
C8B−H8B2·· ·O1ii    0.99  2.59      3.135(4) 115 
C10B−H10D· · ·O2    0.99  2.53      3.082(4) 115 
C7C−H7C· · ·O2M

i    1.00  2.57      3.461(4) 149 
O2M−H2M· · ·O2B    0.84  2.13      2.934(3) 160  
Symmetry codes: (i) −x+1, y−1/2, −z+1; (ii) x+1, y, z. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 27

                                                                                                                                                                                                    

 

 

Scheme 1. Synthesis pathway of H3L and complex 1 
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Scheme 2. Possible structures of [VO(µ-OR)2VO]2+ cores described by W. Plass [28]  
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(a)  

(b)  

Fig. 1. (a) Molecular structure of complex [V2(O)2(L)(µ-OCH3)]·CH3OH (1); (b) Coordination 
environment around vanadium atoms in complex 1 
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Fig. 2. Powder experimental EPR spectra multiplied by temperature (ν=9.4 GHz). The inset 
shows enlarged low-field part of spectra. 
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Fig. 3. χT vs. T curve for powder of 1; the solid line corresponds to the calculated curves using 
eq. (1) with parameters J = -1.60(5) cm-1, g = 1.985. 
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(a)  

(b)  

Fig. 4. Spin density plots of the HS (a) and the LS BS (b) states. Positive, blue; negative, green. 

Color code, C, gray, N, blue, Br, dark red, O, red. 
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a)   

(b)  

Fig. 5. HOMO-1 (a) and HOMO (b) alpha orbitals of the HS state (iso val 0.075). The picture 
shows the dxy oxidovanadium orbitals and their delocalization towards the py orbital of the 
methoxy-oxygen. Color code, C, gray, N, blue, Br, dark red, O, red. 
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Fig. 6. out-of-plane shift of the methyl group from the XZ plane of the vanadium(IV) 

octahedron, τ, in compound 1. The V=O bond is coloured in orange, the XZ plane is drawn in 

green. 
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Fig. 7. Magnetic coupling constant dependence as a function of the out-of-plane-shift of the 

methyl group, τ. Circles, simulated values; triangle, experimental value from magnetic 

susceptibility data. 
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(a)   

(b)  
Fig 8. SOMOs of the molecules simulated with τ = 0º (a) and with τ = 60º (b). It is evident that in 
the former case there is a good alignment of the orbitals for a maximum overlap, and in the case 
of τ = 60º the py orbital is out of the best alignment for the maximum overlap. 


