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ABSTRACT: A new dinuclear complex [{Fe(tpc-Obn)(NCS)(μ-NCS)}2] (1) based on 

the tripodal tpc-Obn ligand (tpc-Obn = tris(2-pyridyl)benzyloxymethane), containing 

bridging µ-κN:κS-SCN and terminal κN-SCN thiocyanate ligands, has been prepared 

and characterized by single crystal X-ray diffraction, magnetic studies and DF 

theoretical calculations. This complex represents the first example of dinuclear FeII 

complex with double µ-κN:κS-SCN bridges in a head-to-tail configuration that exhibits 

ferromagnetic coupling between metal ions (JFeFe = + 1.08 cm-1). Experimental and 

theoretical magneto-structural studies on this kind of infrequent FeII dinuclear 

complexes containing a centrosymmetrically [Fe2(µ-SCN)2] bridging fragment show 

that the magnitude and sign of the magnetic coupling parameter, JFeFe, depend to a large 

extent on Fe-N-C (α) angle, so that JFeFe decreases linearly when α decreases. The 

calculated crossover point below which the magnetic interactions change from 

ferromagnetic to antiferromagnetic is found at 162.3º. In addition, experimental results 

obtained in this work and those reported in the literature suggest that large Ntripodal-FeII 

distances and bent N-bound terminal κN-SCN ligands favour the high spin state of the 

FeII ions, while short Ntripodal-FeII distances and almost linear Fe-N-C angles favour a 

stronger ligand field, which enables the FeII ions to show spin crossover (SCO) 

behaviour. 
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■INTRODUCTION 

Thiocyanate is a ubiquitous and versatile ligand that can exhibit a wide variety of 

coordination modes (see scheme 1).1-4 Among them, κN-SCN and κS-SCN 

monodentate terminal and µ-κN:κS-SCN bidentate bridging (also termed end-to-end) 

coordination modes (a, b and c, respectively, in scheme 1) are the most commonly 

observed. The nitrogen and sulphur ends of this ambidentate ligand are hard and soft 

type bases, respectively.5 Therefore, thiocyanate generally coordinates to the hard and 

soft acid metal ions through the N and S atoms, respectively. 

 

Scheme 1. Coordination modes of the thiocyanate anion. Grey balls represent metal atoms. 

In line with this, thiocyanate is bound to the first row transition metal ions through 

the N atom, whereas the coordination to heavier transition metal ions in low oxidation 

state, usually takes place through the S atom. Nevertheless, in addition to the electronic 

nature and oxidation state of the metal ion, other factors such as steric hindrance, 

electronic structure of the ancillary ligands, type of solvent and even non-coordinated 

ions can influence the final coordination mode of the thiocyanato ligand, particularly 

when the metal ion has intermediate hard-soft acid character.6 It should be noted that N-

bound thiocyanate generally is linear, whereas the S-bound thiocyanato is commonly 

bent at the sulphur atom. The S-bound thiocyanato occupies more space that the N-

bound form, so that when bulk ligands are present the latter might be favoured to avoid 

steric hindrance.7,8 Although thiocyanate complexes are often a mixture of non-

separable N-bound and S-bound linkage isomers,9 however, recently the N-bound and 

S-bound thiocyanate linkage isomers of the [Ru(terpy)(tbbpy)SCN][SbF6] complex 



3 

 

(terpy = 2,2′,6′,2″-terpyridine, tbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine), could be 

separated based on their relative solubility in ethanol and their respective structures 

solved by X-ray crystallography.10 

It is worth mentioning that N-bound thiocyanate have played an important role in 

the field of spin crossover (SCO) materials, which are switchable systems that exhibit 

reversible spin conversion between the low-spin and the high-spin states by external 

stimuli, such as temperature, light irradiation and pressure.11-17 These switchable 

materials have potential applications in different fields, such sensors, data processing 

and storage, molecular switches, signal amplification and visualization devices.11-17 

Most of the SCO systems are FeIIN6 mononuclear species and, among them, 

[Fe(L)2(κN-NCS)2] type complexes (where L is a bidentate α-diimine ligand) are the 

most extensively studied.11-17 In these systems, thiocyanate ligands adjust the ligand 

field around FeII metal ion, so that the SCO phenomenon can be observed. 

When the thiocyanate anion links two or more metal ions (modes c-j in Scheme 1) a 

great variety of coordination networks can be obtained, which exhibit aesthetically 

pleasing structures and interesting physical properties. When metal ions are 

paramagnetic, the thiocyanato bridging ligand can transmit ferromagnetic and 

antiferromagnetic interactions leading to materials with interesting cooperative 

magnetic properties, such as ferromagnetic and antiferromagnetic long range magnetic 

order, metamagnetism, spin canting and single-chain magnet behaviour.18-31 It should be 

noted that compared to the azido-bridged complexes, the number of well magneto-

structurally characterized thiocyanate-bridged compounds with divalent first-row 

transition metals is very limited, particularly those containing the FeII metal ion.28-35 

Most part of these uncommon complexes present either dinuclear or chain structures 

with double µ-κN:κS-SCN bridged [Fe2(µ-SCN)2] subunits and, with a sole exception,30 

exhibit ferromagnetic interactions between the FeII ions. A simple way to study 

magnetic coupling through this kind of double µ-κN:κS-SCN bidentate bridges is to use 

dinuclear complexes. As far as we know, only two examples of [Fe2(µ-SCN)2] 

complexes have been reported so far. One of them, [{Fe(py3COH)(NCS)(μ-

NCS)}2](PrOH)2
36 exhibits SCO behaviour with T1/2 = 207 K and therefore the magnetic 

coupling between the FeII cannot be extracted from magnetic data. The other one, 

[{Fe(TMTAC)(NCS)2}2]
37 (TMTAC = N,N’,N’’-trimethyl-1,4,7-triazacyclononane) is a 

high spin complex that does not show SCO above 100 K. The magnetic coupling for 
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this compound could not be accurately analyzed because the magnetic properties were 

measured in the 300-100 K range.37 More examples of head-to-tail double µ-κN:κS-

SCN bidentate bridged dinuclear Fe2+ complexes are needed not only to establish 

correlations between the magnetic coupling and the structural parameters, but also to 

compare the structural features of HS and LS complexes and thus to try to shed light on 

the SCO behaviour of this type of compounds. 

In this paper, we report the synthesis, crystal structure, magnetic properties and DF 

theoretical calculations of the high spin [{Fe(tpc-Obn)(NCS)(μ-NCS)}2] (tpc-Obn = 

tris(2-pyridyl)benzyloxymethane ) complex (1). The aim of this work is twofold: (i) to 

disclose the electronic and structural factors leading to a HS configuration in this 

complex and, however, to SCO behaviour in the closely structural related complex 

[{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2; (ii) to extract the magnetic coupling constant, 

J, for 1 and to analyze experimentally and theoretically the structural factors governing 

the magnitude and sign of the magnetic coupling in this kind of double µ-κN:κS-SCN 

bridged FeII complexes. For it, the dinuclear HS complex [{Fe(TMTAC)(NCS)2}2] has 

been prepared37 and its magnetic data have been re-measured in the temperature range 

2-300 K. In doing so, we will have on hand valuable information to design µ-κN:κS-

SCN bidentate bridged FeII complexes with predictable magnetic properties. 

■ RESULTS AND DISCUSSIONS. 

Synthesis. The tris(2-pyridyl)benzyloxymethane (tpc-Obn) ligand was 

synthesized according to the previously described the method38 (see Figures S1, S2 and 

S3). Complex [{Fe(tpc-OBn)(NCS)(μ-NCS)}2] (1) was prepared by reaction of 

methanolic solution containing FeCl2.4H2O and KNCS with an acetonitrile solution of 

the tpc-Obn ligand in a 1:2:1 molar ratio, for Fe(II), NCS- and tpc-Obn, respectively. 

Single yellow crystals of 1 were obtained by slow evaporation of the resulting solution 

at room temperature. The infrared spectrum of 1 (see Figure S4) shows two absorption 

bands at 2110(s) and 2055(m) cm-1 which can be attributed to the pseudosymmetric 

stretching vibration modes (ν(CN)) of the thiocyanate groups. The first one can be 

assigned to the bridging coordination mode of the NCS- groups, whereas the second one 

can be assigned to the terminal κN-SCN coordination mode.4 

Description of the crystal structure. Compound 1 crystallizes in the 

monoclinic P21/c space group. Crystallographic data including refinement parameters, 
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bond lengths and bond angles are given in Tables S1-S3, respectively. The crystal 

structure of 1 is built from one Fe(II) ion (Fe1), one tpc-Obn and two NCS- ligands, all 

located on general positions. The molecular structure of 1 consists of well isolated 

neutral dinuclear [{Fe(tpc-Obn)(NCS)(μ-NCS)}2] molecules with Ci symmetry, the 

centre of symmetry being located at the middle of the line connecting the two FeII ions 

(Figure 1). 

 

Figure 1. Perspective ORTEP view of the structure of 1. Hydrogen atoms are omitted 
for the sake of clarity. Codes of equivalent position: (a) = -x,-y,-z. 

Selected bond-lengths and angles are gathered in Table 1. Within the dinuclear unit, FeII 

atoms exhibits a slightly distorted octahedral FeN5S coordination polyhedron, where the 

three pyridine nitrogen atoms of the tpc-Obn tripodal ligand, and consequently the two 

nitrogen atoms and the sulphur atom belonging to the end-to-end bridging and terminal 

thiocyanato ligands, occupy fac positions. 

Table 1. Selected bond lengths (Å) and bond angles (°) for 1 at 170 K  

Fe1-N1 2.108(4) C1-N1 1.156(5) 
Fe1-N2 2.054(4) C1-S1 1.645(5) 
Fe1-N3 2.237(3) C2-N2 1.164(5) 
Fe1-N4 2.165(3) C2-S2 1.619(5) 
Fe1-N5 2.173(3) Fe1…Fe1(a) 5.604(1) 
Fe1-S1(a) 2.6054(13)   

N2-Fe1-N1 94.09(15) N2-Fe1-S1(a) 95.37(11) 
N2-Fe1-N4 173.42(14) N1-Fe1-S1(a) 95.16(10) 
N1-Fe1-N4 90.55(14) N4-Fe1-S1(a) 88.84(9) 
N2-Fe1-N5 95.11(14) N5-Fe1-S1(a) 167.00(9) 
N1-Fe1-N5 91.75(13) N3-Fe1-S1(a) 88.54(9) 
N4-Fe1-N5 80.07(12) N1-C1-S1 177.9(4) 
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N2-Fe1-N3 91.49(14) N2-C2-S2 178.3(4) 
N1-Fe1-N3 172.98(13) C2-N2-Fe1 156.6(4) 
N4-Fe1-N3 83.55(12) C1-S1-Fe1(a) 97.76(15) 
N5-Fe1-N3 83.52(12) C1-N1-Fe1 166.4(3) 
Codes of equivalent position: (a) = -x,-y,-z. 

The calculation of the degree of distortion of the FeII coordination polyhedron with 

respect to ideal six-vertex polyhedra, by using the continuous shape measure theory and 

SHAPE software,39-40 led to shape measures relative to the octahedron (OC-6) and 

trigonal prism (TPR-6) with values of 0.89 and 16.17, respectively (see Table S4), the 

shape measures relative to other reference polyhedra being significantly larger. 

Therefore, the FeN5S coordination sphere is very close to ideal OC-6. The Fe-Npyr 

distances are in the 2.165-2.237Å range, whereas the Fe-N distances corresponding to 

the terminal (Fe1-N2) and end-to-end bridging thiocyanato (Fe1-N1) ligands (2.054(4) 

and 2.108(4) Å, respectively) are considerably shorter. The Fe-S is the longer distance 

around FeII atom with a value of 2.605(2) Å. The FeII are linked by a pair of end-to-end 

thiocyanato bridges (µ-κN:κS-SCN coordination mode), which adopt a 

crystallographically imposed head-to-tail configuration. The [Fe2(µ-SCN)2] fragment is 

almost planar and, as usual, adopts a quasi-rectangular configuration with Fe-N-C and 

Fe-S-C angles are 166.4(3) and 97.8(2)º, respectively. The κN-bound terminal 

thiocyanate group is far from being linear with a Fe-N-C angle of 156.6(4)º. The 

intradinucler Fe···Fe distance is 5.604(1) Å, whereas the shortest Fe· ··Fe interdinuclear 

distance is 8.963(1) Å. Distances and angles around FeII ion are very similar to those 

observed for the closely structural related complex [{Fe(py3COH)(NCS)(μ-

NCS)}2](PrOH)2 at 296 K with a HS configuration and involving a nearly similar 

tripodal ligand.36 Although in the [{Fe(TMTAC)(NCS)2}2] complex37 the Fe-S and Fe-

N distances belonging to the terminal an bridging thiocyanato ligands are similar to 

those found in 1; however, the Fe-N distances involving the amino groups of the 

TMTAC ligands (2.25-2.27 Å) are significantly larger than the Fe-Npyr distances 

(2.165-2.237 Å). Finally, the structure does not show classical hydrogen bond 

interactions but weak C-H···S interactions involving the hydrogen atoms of the pyridine 

rings and the sulphur atoms of the terminal and bridging thiocyanato ligands. 

Magnetic properties. The temperature dependence of the χMT product for 

compound 1 in the 10-300 K temperature range (χM being the molar magnetic 

susceptibility per two FeII ions) under a constant magnetic field of 0.1 T is displayed in 
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Figure 2. At room temperature the χMT value for complex 1 is 6.68 cm3·K·mol-1, which 

agrees well with the expected value for two non-interacting high spin (S = 2) FeII ions 

with g = 2.11.17,36,37 On cooling, the χMT value remains constant until approximately 50 

K and then sharply increases reaching a value of 8.53 cm3·K·mol-1 at 6 K. This latter 

value is lower than that calculated for an S = 4 ground state (11.13 cm3·K·mol-1 with g 

= 2.11) but close to that expected for two ferromagnetically coupled Fe(II) centers with 

single-ion anisotropy (see below). This behavior clearly indicates the existence of a 

weak ferromagnetic interactions between the FeII ions through the double end-to-end 

thiocyanate bridge. 

 

Figure 2. Temperature dependence of the χMT and filed dependence of magnetization 
for 1. The red solid lines represent the best fit with the magnetic parameters indicated in 
equation (1). 

In order to analyze the magnetic data, we have used the following Hamiltonian: 

� � ������	���
� � ∑ �������




�	�		 ��������	 �	���	��           (1) 

where the first term accounts for the isotropic magnetic exchange coupling between the 

FeII ions, DFe is the axial single ion zero field splitting parameter and the third term 

corresponds to the Zeeman interaction (DFe and g are equal for both FeII atoms as they 

are related by a centre of symmetry). The susceptibility and magnetization was 

simultaneously fitted to the above Hamiltonian using the PHI41 software to afford the 

following set of parameters, J = + 1.08 cm-1, g = 2.10 and D = 4.3 cm-1 with R = 7.3x10-

7 (R = {Σ[(χMT)exp.–(χMT)calcd.]
2/Σ(χMT)exp)

2}. The D value is lower but still close to that 
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observed for other hexacoordinated Fe(II) complexes.42 Finally, it should be noted that 

ac susceptibility measurements indicate that this compound does not show slow 

relaxation of the magnetization and SMM behaviour. This could be due to the fact that 

D is positive. 

Magneto-structural relationships. In order to support the experimental value 

of JFeFe in 1, DFT calculations were carried out on the X-ray structure as found in solid 

state. The calculated JFeFe parameter (+1.84 cm-1) agrees in sign with the experimental 

parameter, but almost twice its magnitude. The difference between experimental and 

calculated JFeFe values are most likely due, among other reasons, to limitations inherent 

to the theoretical method, certain inaccuracy of the magnetic data, and the possible 

slight changes in the structure at low temperature with regard to that used in the 

theoretical calculations. The calculated spin density for the S = 4 ground state of 1 is 

given in Figure 3 and offers information on the mechanism of the magnetic exchange 

interactions. The spin density distribution suggests that the main mechanism for the 

exchange is spin delocalization.  

 

Figure 3. Spin density map (contour value of 0.001 e− Bohr−3.) for 1. Grey and dark 
blue shapes correspond to positive and negative values, respectively. 

The shape of the spin density of the Fe(II) ion is prismatic as expected for four unpaired 

electrons in five d orbitals. The flattened surfaces lie in the directions of the metal– 

ligand bonds and small spin densities of the same sign appear on the atoms of the 

ligands directly attached to the FeII centre. It should be noted that the whole spin density 
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is mainly located on the metallic centers (average value +3.7446 e-), whereas the atoms 

coordinated to the Fe(II) ions have small spin densities (< 0.047 e-) of the same sign as 

the FeII ion (see Table 2). The largest spin densities for these atoms are found on to the 

sulphur and nitrogen atoms belonging to the bridging thiocyanate group and on the 

pyridine nitrogen atom trans to the nitrogen atom of the bridging thiocyanate group. 

This spin distribution reveals that there is significant spin delocalization on the 

thiocyanate bridging group which favours the magnetic exchange interactions. The fact 

that the spin density of the sulphur atom belonging to the bridging thiocyanate group is 

mainly found on a p orbital perpendicular to the direction of the N p orbital of the same 

thiocyanate bridging group could explain the ferromagnetic interactions observed for 

this compound. In addition to the spin delocalization mechanism, it seems that the spin 

polarization mechanism leading to ferromagnetic interactions could be also operative as 

the atoms on the thiocyanate bridging group display an alternating sign of the spin 

densities (see Table 2). 

Table 2. Spin density (in electrons) of selected atoms for 1. Just a half of the structure is 
presented due to its internal Ci symmetry. 

Atom(s) Spin density 
Fe +3.7446 
Npy-anti

a +0.0220 
Npy

b +0.0366 
NCSbridge

 +0.0426 (N), −0.0107 (C), +0.0468 (S) 
NCSax +0.0131 (N), +0.0242 (C), +0.0440 (S) 

aThe pyridinic nitrogen that is located in anti position with respect to the nitrogen atom 
of the SCN bridging ligand. bFor the rest of the pyridinic nitrogen atoms mean values 
are given.  

Let us to comment about the values and nature of the magnetic exchange interactions in 

FeII complexes containing double bridged head-to-tail [Fe2(µ-SCN)2] dinuclear 

subunits. First, we are going to compare the structural and magnetic properties of this 

type of complexes to determine the structural parameters governing the sign and 

strength of the magnetic exchange interactions. As 1 is the only example of a fully 

magneto-structural characterized head-to-tail [Fe2(µ-SCN)2] dinuclear complex, we 

have included the limited existing data for 1D chain complexes where the two Fe-Sbridge, 

and consequently the two Fe-Nbridge, occupy trans positions on the FeII coordination 

sphere.  

Table 3. Experimental magneto-structural data for dinuclear and chain complexes 
containing the [Fe2(µ-SCN)2] fragment 

Compound J (cm-1) Fe-N-Cbridge Fe-S-Cbridge Ref. 
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[{Fe(tpc-Obn)(NCS)(μ-NCS)}2] 1 +1.08 166.4 97.8 t.w. 

[{Fe(TMTAC)(NCS)2}2] -4.0 156.1 101.2 37, t.w. 
[{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2 

a 164.81b 100.67b 36 
f[Fe(NCS)2(bpe)2]n +0.90 164.50c 100.70c 31 
f[Fe(NCS)2(py)2]n Fd 165.35 c 99.42c 29 
f[Fe(NCS)2TCNQ]n AFd 153.07 101.45 30 
[Fe(NCS)2(OCMe2)2]n +1.2 165.45 101.75 28 
aspin crossover transition. bhigh spin configuration at 300 K cAverage values. dThe 
magnetic coupling was not quantitatively extracted. fbpe = 1,2-bis(4-pyridyl)ethene, py 
= pyridine, TCNQ = 7,7,8,8-tetracyano-p-quinodimethane. t.w. = this work 

In the two remaining trans positions are located either two nitrogen or two oxygen 

atoms belonging to the ancillary ligands. Selected magneto-structural data for this type 

of complexes are given in Table 3. As it can be observed in this table, the magnetic 

coupling between the FeII atoms through the double end-to-end bridge is ferromagnetic, 

except for one case. Moreover, large Fe-N-C and small Fe-S-C angles favour 

ferromagnetic interactions with the crossing point between F and AF interactions at a 

Fe-N-C angle in the range 153º-164º. The lack of enough experimental data in this 

region precludes an accurate determination of the crossing point. It should be noted that 

a similar trend has been proposed from experimental data and semiempirical extended 

Hückel calculations for double end-to-end dinuclear NiII complexes, which, at variance 

with the FeII complexes, in all cases exhibit ferromagnetic interactions.43 Moreover, it 

seems that the deviation of the FeII atoms from the plane of the [Fe2(µ-SCN)2] dinuclear 

bridging units could also affect the magnetic interactions. Thus, all the structures 

exhibiting ferromagnetic interactions contain almost planar [Fe2(µ-SCN)2] dinuclear 

bridging units with maximum deviation of the FeII from the FeNSFeSN mean plane < 

0.05 Å, whereas that displaying AF interactions, [Fe(NCS)2TCNQ],30 has a chair-like 

conformation of the [Fe2(µ-SCN)2] dinuclear bridging unit with a significant deviation 

of the FeII ion with respect to the FeNSFeSN mean plane of 0.21 Å. Noteworthy, this 

larger deviation also corresponds to the compounds containing the lowest Fe-N-C 

angles (< 157º), for which AF interactions are expected. We have carried out DFT 

calculations on different head-to-tail [Fe2(µ-SCN)2] dinuclear model complexes to 

support the experimental magneto-structural correlation and to quantitatively evaluate 

the variation of J with the Fe-N-C and Fe-S-C angles and with the deviation from the 

planarity of the [Fe2(µ-SCN)2] bridging fragment toward a chair-like geometry. Firstly, 

we have replaced the pyridyl moieties of the tpc-Obn ligands by imine groups and the 

phenyl ring by a methyl group, all other structural parameters being the same as in 1 

(Figure 4). The calculated JFeFe value for this model of +1.42 cm-1 points out that these 
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structural changes do not affect in a large extent the magnitude of JFeFe.. Secondly, the 

terminal thiocyanato ligands of this model were changed from a bent to a linear 

conformation. However, this change does not alter the value of JFeFe. Thirdly, terminal 

thiocyanato ligands were replaced by ammonia molecules. In this case, the JFeFe 

decreases to a value of +1.15 cm-1. In view of the above results, it seems that none of 

these changes produce large modifications of the JFeFe with respect to that calculated for 

1 as to explain the existence of antiferromagnetic interactions in [Fe(NCS)2TCNQ]. 

Therefore, other structural factors must affect the JFeFe value in a larger extent. In view 

of this and in agreement with the experimental observed magneto-structural correlation 

for these head-to-tail [Fe2(µ-SCN)2] complexes (Table 3), which indicates that JFeFe 

increases with increasing the Fe-N-C angle in the bridging region (α), we have 

performed the following calculations on the model complex in Figure 4: (i) the bridging 

fragment was forced to be planar and the α angle was varied in the 166.37º (the value 

for this angle in 1)-132.4º range (the decrease in α produces a simultaneous increase of 

both the Fe-S-C angle and the Fe· ··Fe intradinuclear distance).  

 

Figure 4. Model compound used for DFT calculations. 

The DFT results (see Figure 5) clearly show that (i) JFeFe depends to a large extent on α 

and confirm that JFeFe decreases linearly when α decreases, so that for α values lower 

than 162.3º (the crossover point below which the magnetic interactions change from 

ferromagnetic to antiferromagnetic) the magnetic exchange interaction JFeFe is expected 

to be antiferromagnetic, reaching a value of -15.2 cm-1 at 132º. It is worth mentioning 
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that a small decrease in α of about 4º is able to pass from the larger ferromagnetic 

interactions to an antiferromagnetic coupling; (ii) The α angle was fixed to 166.4º 

(Figure 5) and then the dihedral β angle (angle between the NSNS plane in the bridging 

region and the plane formed by the iron atom and the N and S atoms of the thiocyanato 

bridging ligands connected to it) was varied from zero (planar bridging fragment) to 

30°. In doing so, the FeII ion deviates from the NSNS plane and the planar bridging 

fragment changes toward a chair-like conformation (Figure 5). The larger the β angle is, 

the larger the deviation of the FeII atom. The results clearly indicate that JFeFe decreases 

with β and that this structural factor has a less influence on the value of JFeFe than the α 

angle. Thus a variation of β of 30º only produces a total variation of JFeFe of about 1 cm-

1, whereas a similar change of α produces a much larger variation of JFeFe 

(approximately 15 cm-1). Therefore, it is clear that the main factor controlling the sign 

and magnitude of JFeFe is the Fe-N-C (α) angle.  

 

Figure 5. (Top) Dependence of the theoretically calculated JFeFe values with α for β 

fixed to 0° (circles). The red solid line represents the best linear fit of the calculated 

JFeFe values. The asterisk symbols represent the experimental J values included in Table 
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3. (Bottom) Dependence of the theoretically calculated J values with β with the α angle 

fixed to 166.4°. The blue solid line is only a guide for the eye. 

 Taking into account the above theoretical and experimental magneto-structural 

correlations for dinuclear complexes containing a centrosymmetrically [Fe2(µ-SCN)2] 

bridging fragment, the dinuclear complex [{Fe(TMTAC)(NCS)2}2]
37 is expected to 

exhibit a weak antiferromagnetic coupling between the FeII atoms. To support this, we 

have synthesized the complex [{Fe(TMTAC)(NCS)2}2] and we have re-measured its 

magnetic properties between 2-300 K (Figure 6).  

 

Figure 6. Temperature dependence χMT for [{Fe(TMTAC)(NCS)2}2] (TMTAC = 
N,N’,N’’-trimethyl-1,4,7-triazacyclononane). This neutral dinuclear complex has been 
prepared according to the reference 37. The red solid lines represent the best fit with the 
magnetic parameters indicated in the eq.1. 

The room temperature χMT value of 6.47 cm3·K·mol-1, is compatible with two non-

interacting HS FeII ions (S = 2) with g = 2.08. On lowering temperature, the χMT value 

slowly decreases until approximately 50 K and then sharply reaching a value of 0.18 

cm3·K·mol-1 at 2 K. This behavior points out the existence of weak antiferromagnetic 

interactions between the FeII ions through the double end-to-end thiocyanate bridge. The 

analysis of the magnetic data with the Hamiltonian in eq.1 afforded the following 

magnetic parameters: J = - 4.0 cm-1 and g = 2.12 and D = 9.20 cm-1 with R = 9 x10-6. 

The expected value using the theoretical J vs (α) magneto-structural correlation is -3.15 

cm-1, which is close to that extracted from experimental magnetic data. The 
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experimental and theoretical J values (Table 3 and Figure 5) confirm the goodness of 

the above magneto-structural correlation and therefore it can be used for quantitative 

predictions. When the structures for the HS configurations of the dinuclear compounds 

(compound 1, [{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2
36 and 

[{Fe(TMTAC)(NCS)2}2]
37) are compared, the following conclusions can be drawn: (i) 

the Fe-N distances involving the amine and terminal thiocyanato nitrogen atoms for 

[{Fe(TMTAC)(NCS)2}2] are rather larger than those for 1 and [{Fe(py3COH)(NCS)(μ-

NCS)}2](PrOH)2. This fact leads to a lower ligand field around FeII in 

[{Fe(TMTAC)(NCS)2}2], thus favouring the experimentally observed HS spin 

configuration; (ii) Fe-X (X = S, N) distances and angles around the FeII atom, as well as 

the distortion of the FeN5S octahedron, are very similar for 1 and 

[{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2 at 300 K (shape measures of 0.89 and 0.87 

relative to OC-6, respectively). Although the whole set of Fe-X distances is 0.044 Å 

larger for 1, it does not justify why [{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2 exhibits 

SCO behaviour and compound 1 does not. Nevertheless, a close examination of the 

structure reveals that the Fe-N-C angle for the terminal thiocyanato ligand is rather 

larger for [{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2 (171.05º) than for 1 and 

[{Fe(TMTAC)(NCS)2}2] displaying similar angle (156.6º). In these two latter 

complexes the steric hindrance from the tripodal ligand (with weak intra and 

intermolecular S···H-C interactions) could lead to a bent conformation of the N-bound 

terminal thiocyanato ligand. In [{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2, however, the 

steric hindrance effect is overcome by the short hydrogen bond involving the sulphur 

atom of terminal thiocyanato ligand and the oxygen atom of the propanol crystal 

molecule, leading to an almost lineal thiocyanato ligand. 

It should be noted at this point that ligand-field analyses carried out on the 

complexes [Ni(en)2(SCN)2] and [Ni(NH3)4(SCN)2] using the angular overlap model 

(AOM) studies44 have shown that for the bent N-bound thiocyanate in the former 

complex a negative parameter eπ has to be considered, whereas for the linear N-bound 

thiocyanate in the latter the eπ parameter is positive. Moreover, the eσ parameter 

drastically decreases on passing from [Ni(NH3)4(SCN)2] to [Ni(en)2(SCN)2]. However, 

this decrease in eσ seems to be too strong as to be only ascribed to the longer Ni-NSC 

bond distance in [Ni(en)2(SCN)2], and therefore the bent N-bound thiocyanato could 

also contribute to this decrease. In view of the above considerations, 1 and 
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[{Fe(TMTAC)(NCS)2}2], with bent N-bound thiocyanato ligands, should exhibit 

weaker ligands field than [{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2, which favours the 

experimentally observed HS configuration for the two former complexes. In order to 

confirm this hypothesis, we are now preparing similar dinuclear FeII complexes with 

less sterically demanding tridentate ligands, where the terminal thiocyanato ligand can 

adopt a linear conformation. 
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■ CONCLUSIONS 

We have succeeding in preparing a new example of the uncommon FeII 

dinuclear complexes containing a centrosymmetrically [Fe2(µ-SCN)2] bridging 

fragment by reacting the tripodal tridentate tpc-Obn ligand (tpc-Obn = tris(2-

pyridyl)benzyloxymethane), with FeCl2.4H2O and KNCS in a 1:2:1 molar ratio. In this 

complex of formula [Fe(tpc-Obn)(NCS)(μ-NCS)}2] (1), the FeII ions are connected by a 

pair of end-to-end thiocyanato bridges (µ-κN:κS-SCN coordination mode) in a head-to-

tail configuration, and the metal environment exhibits a slightly distorted octahedral 

FeN5S coordination polyhedron involving the three pyridine nitrogen atoms of the tpc-

Obn tripodal ligand in fac positions and the two nitrogen atoms and the sulphur atom 

belonging to the end-to-end bridging and terminal thiocyanato ligands, respectively. 

[Fe(tpc-Obn)(NCS)(μ-NCS)}2] is the first example of a head-to-tail double end-to-end 

bridged FeII dinuclear complex exhibiting ferromagnetic coupling between the metal 

ions (JFeFe = +1.08 cm-1). DFT calculations support the sign and magnitude of the 

experimental value. The spin distribution reveals that there is significant spin 

delocalization on the µ-κN:κS-SCN bridging groups and the spin density of the sulphur 

atoms of these bridging thiocyanate groups is mainly found on a p orbital perpendicular 

to the direction of the N p orbital of the same thiocyanate bridging group, which could 

support the presence of ferromagnetic exchange interactions in 1. The analysis of 

structural and magnetic data for the limited number of head-to-tail double end-to-end 

bridged FeII dinuclear and chain complexes allows establishing that large Fe-N-C and 

small Fe-S-C angles in the [Fe2(µ-SCN)2] bridging fragment favour ferromagnetic 

interactions with the crossover point between F and AF interactions at a Fe-N-C angle 

in the range 153º-164º. Moreover, the deviation of the FeII atoms from the plane of the 

[Fe2(µ-SCN)2] dinuclear bridging units seems also to affect the magnetic interaction. 

DFT calculations on a [Fe2(µ-SCN)2] dinuclear model complex support the 

experimental magneto-structural correlation, as they show that JFeFe decreases linearly 

when α (the Fe-N-C angle) decreases, so that the crossover point between F and AF 

interactions is found at α = 162.3º  for a planar [Fe2(µ-SCN)2] fragment. Although the 

change from planar toward a chair-like conformation of this bridging fragment, with the 

concomitant deviation of the FeII atoms from the FeNSFeSN mean plane, also declines 

JFeFe, however, it is clear from DFT calculations that the main factor controlling the sign 



17 

 

and magnitude of JFeFe is the α angle. Interestingly, these magneto-structural 

correlations predict antiferromagnetic interactions for the previously reported dinuclear 

[{Fe(TMTAC)(NCS)2}2] (TMTAC = N,N’,N’’-trimethyl-1,4,7-triazacyclononane). We 

have re-measured the magnetic properties of this compound and the results agree rather 

well with the predicted JFeFe values. 

Comparison of the structural parameters observed for the HS complexes [Fe(tpc-

Obn)(NCS)(μ-NCS)}2] and [{Fe(TMTAC)(NCS)2}2]
 and for the spin crossover (SCO) 

complex [{Fe(py3COH)(NCS)(μ-NCS)}2](PrOH)2 suggests that large Ntripodal-FeII 

distances combined with bent N-bound terminal κN-SCN ligands lead to weak ligands 

field that favour the high spin state of the FeII ions for the two former complexes, while 

short Ntripodal-FeII distances and almost linear Fe-N-C angles promote a stronger ligand 

field, which enables the FeII ions in the latter complex to show spin crossover (SCO) 

behaviour. In order to confirm this assumption, we are now pursuing the preparation of 

similar dinuclear FeII complexes with less sterically demanding tridentate ligands 

favouring a linear conformation of the terminal thiocyanato ligand. 

■ EXPERIMENTAL SECTION 

General Procedures. Unless stated otherwise, all reactions were conducted in oven-

dried glassware in aerobic conditions, with the reagents purchased commercially and 

used without further purification. The dinuclear [{Fe(TMTAC)(NCS)2}2] (TMTAC = 

N,N’,N’’-trimethyl-1,4,7-triazacyclononane) complex and the tris(2-

pyridyl)benzyloxymethane (tpc-Obn) ligand were prepared as previously described (see 

Figure S1-S3).37-38 

Preparation of [{Fe(tpc-Obn)(NCS)(μ-NCS)}2] (1). Iron (II) chloride tetrahydrate 

FeCl2·4H2O, (99.4 mg, 0.5 mmol) and potassium thiocyanate (97.2 mg, 1.0 mmol) were 

dissolved in the presence of ascorbic acid in distilled methanol (25 mL). The solution 

was filtered and then a solution of tris(2-pyridyl)benzyloxymethane (tpc-Obn)38 (176.5 

mg, 0.5 mmol) in acetonitrile (25 mL) was added slowly. After stirring for five minutes, 

the mixture was filtered again. Single yellow prismatic crystals of 1 were then formed 

after two days of slow evaporation at room temperature (yield. 102.5 mg, 39.0 %). Anal. 

Calcd. for C25H19FeN5OS2 (1): C, 57.1; N, 13.3; H, 3.6. Found: C, 56.8; N, 13.6; H, 3.5. 

IR data (ν/cm-1) of 1 (see Figure S4): 2110(s), 2055(m), 1593(w), 1578(w), 1460(w), 

1436(w), 1388(w), 1288(w), 1219(w), 1189(w), 1150(w), 1133(w), 1098(w), 1015(w), 
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999(w), 974(w), 931(w), 916(w), 895(w), 790(w), 771(w), 755(w), 726(m), 671(m), 

660(w), 552(w), 530(w), 505(w), 479(w), 461(w), 426(w), 416(w). 

Physical Measurements. Infrared (IR) spectra were collected in the range 4000−200 

cm−1 on a FT-IR BRUKER ATR VERTEX70 Spectrometer. Elemental analyses were 

performed at the “Service de microanalyse”, CNRS, 91198 Gif-sur-Yvette, France. lH 

and 13C NMR spectra were recorded on Bruker AMX-300, AMX-400 and AMX-500 

spectrometers, and the spectra were referenced internally using residual proton solvent 

resonances relative to tetramethylsilane (δ = 0 ppm). Magnetisation and variable 

temperature (2-300 K) magnetic susceptibility measurements on crushed single crystal 

samples were carried out with a Quantum Design SQUID MPMS XL-5 using a 

magnetic field of 0.1 T. Field dependent magnetisation measurements were carried out 

at different temperatures in the field range 0-5 T. The experimental susceptibilities were 

corrected for the diamagnetism of the constituent atoms by using Pascal’s tables. 

 

Crystallographic Data Collection and Refinement. The crystallographic study of 

compound 1 was performed at 170 K. The crystallographic data have been collected on 

an Oxford Diffraction Xcalibur CCD diffractometer with Mo Kα radiation. A single 

crystal of 0.21 x 0.06 x 0.05 mm3 was used to collect the data. The data collection was 

performed using 1° ω-scans with an exposure time of 70 s per frame. The unit cell 

determination and data reduction were performed using the CrysAlis program suite on 

the full set of data.45 The crystal structure was solved by direct methods and successive 

Fourier difference syntheses with the Sir97 program46 and refined on F2 by weighted 

anisotropic full-matrix least-square methods using the SHELXL97 program.47 All non-

hydrogen atoms were refined anisotropically while the hydrogen atoms were calculated 

and therefore included as isotropic fixed contributors to Fc. Due to the low absorption 

coefficient of 1 only semi-empirical absorption correction was needed and performed by 

the multi-scan method.45 Crystallographic data including refinement parameters, and 

bond lengths and bond angles, and continuous shape measures calculation are given in 

Tables S1-S4, respectively. 

Computational Details. All theoretical calculations were carried out at the density 

functional theory (DFT) level using the broken-symmetry approach48 in combination with 

hybrid B3LYP exchange-correlation functional calculations,49-51 as implemented in the 

Gaussian 09 program.52 A quadratic convergence method was employed in the self-



19 

 

consistent-field process.53 The triple-ζ quality basis set proposed by Ahlrichs and co-

workers54 has been used for all atoms. Calculations were performed on complexes built 

from experimental geometries as well as on model complexes. The electronic 

configurations used as starting points were created using Jaguar 7.9 software.55 The 

approach used to determine the exchange coupling constants for polynuclear complexes 

has been described in detail elsewhere.56-59
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A new dinuclear complex [{Fe(tpc-Obn)(NCS)(μ-NCS)}2] (tpc-Obn = tris(2-

pyridyl)benzyloxymethane) exhibiting ferromagnetic coupling has been compared to the 

few previous dinuclear [Fe2(µ-SCN)2] complexes, exhibiting either ferro-, anti-

ferromagnetic or spin crossover (SCO) behavior. The main structural parameters 

controlling the sign and the magnitude of JFeFe as well as the ligand field energy have 

been discussed according to detailed magneto-structural studies. 

 

 


