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Spin Crossover and Field-Induced Single-Molecule Magnet 

Behaviour in Co(II) Complexes Based on Terpyridine with 

Tetrathiafulvalene Analogues 

Siham Tiaouinine,a,b Jessica Flores Gonzalez,a Bertrand Lefeuvre,a Thierry Guizouarn,a Marie Cordier,a 

Vincent Dorcet,a Lakehmici Kaboub,b,c Olivier Cador,a and Fabrice Pointillart*a 

Abstract: Two new TTF-based ligands involving terpyridine moiety 

(L1 = 4-(4′-Methyl-phenyl-2,2:6’,2’’-terpyridine -4-ylmethylthio)-5-(2-

cyanoethylthio)-4′,5′-bis(methylthio)tetrathiafulvene and L2 =  4-(4′-

Methyl-phenyl-2,2:6’,2’’-terpyridine -4-ylmethylthio)-5-(2-

cyanoethylthio)-4′,5′-bis(propylthio)tetrathiafulvene) have been 

synthesized and seven related mononuclear complexes were isolated 

as single crystals. The 2:1 (ligand:metal) complexes of formula 

[Co(L1)2](NO3)2 (2) and [Co(L1)2](BF4)2 (3) displayed thermal spin 

crossover transition while the 1:1 complexes of formula 

[CoCl2(L
1)](DMF)2 (4), [CoBr2(L

1)](DMF) (5), 

[CoCl2(L
2)](DMF)0.5(Et2O) (6) and [CoBr2(L

2)](DMF) (7) displayed 

slow magnetic relaxation through either Raman or Raman/Direct 

combination processes. A relationship between the structure and the 

nature of the magnetic relaxation processes is proposed.  

Introduction 

In molecular magnetism field, both chemist and physicist 

communities have a great interest for magnetic bistability which 

can be observed under a wide range of external stimuli. Indeed 

such magnetic behaviour is at the origin of several potential 

applications such as switches, sensors and high-density data 

storage.[1] Spin Crossover (SCO)[2] and Single-Molecule Magnet 

(SMM)[3] are probably the most intensively studied magnetic 

behaviour with molecular bistability. 

On one hand, slow magnetic relaxation was observed for the first 

time in the 90s for a Mn12 cluster and it is associated to the 

coupling of the large uniaxial anisotropy (D) with the intrinsic spin 

(S) of the molecule leading to an anisotropy barrier (U = DS2) 

for the reversal of the magnetization.[4] Then attentions were 

focused on the synthesis of transition metal clusters with the 

highest possible ground state spin and a strong negative 

magnetic anisotropy.[3a][5] Nevertheless, in 2003, the observation 

of the first magnetic bistability for a mononuclear lanthanide 

complex opened the route for a new class of SMMs for which the 

memory effect is based on the magnetic properties of a single 

metal centre in a given crystal field.[6] The first 3d mononuclear 

SMM was discovered in 2010 for a four coordinated Fe(II) 

complex,[7] quickly followed by the extension of such a family of 

compounds including Fe(I,II,III),[8] Co(I,II),[9] Mn(III,IV),[10] 

Ni(I,II),[11] Cu(II)[12] and V(III)[13]. As for lanthanide,[14] the last 

discoveries in this research domain suggested that low 

coordination numbers should be favoured to design compounds 

displaying slow magnetic relaxation with the highest possible 

blocking temperature.[15] The reported examples which displayed 

slow magnetic relaxation involve bi, tri, tetra, penta and hexa-

coordinated complexes for which the SMM behaviour is observed 

under an applied magnetic field to cancel the quantum tunnelling 

of the magnetization (QTM). One of the strategy used by chemists 

is to associate a Co(II) centre with a tridentate antenna-like ligand 

such as terpyridine or 2,6-dipyrazole-1-ylpyridine derivatives and 

two weakly coordinated halides.[16]      

On the other hand, SCO behaviour was discovered in the 

30s.[17] It can be defined as a change between high-spin (HS) and 

low-spin (LS) states under the action of various external stimuli 

such as temperature, light or pressure.[18] The SCO behaviour, 

especially the magnetic bistability, is not only influenced by the 

first coordination sphere of the metal or the nature of the complex 

but also by the crystal packing and the intermolecular interactions 

such as van der Walls interaction, hydrogen and halogen bonds. 

In fact such interaction strongly drive the cooperativity of the 

systems and therefore the observation of abrupt or thermal 

hysteresis.[19] The most popular candidate for SCO behaviour is 

the Fe(II) because the large variation of spin state from 

paramagnetic (S = 2) to diamagnetic (S = 0) states. Nevertheless 

the Co(II) can also be a good candidate for the design of 

complexes giving gradual and incomplete thermally induced 

SCO.[20] Once associated with two terpyridine derivatives, the 

resulting Co(II) complex can display either SCO[21] or SMM 

behaviour when the Co(II) remains in its HS at low 

temperature[22]. 

Few examples of 3d SMM and 3d SCO complexes have 

been published in which the coordinated ligands are decorated 

with a redox-active moiety such as the tetrathiafulvalene (TTF)[23] 

core or ferrocenyl group[22a] in order to modulate the magnetic 

properties. 
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Scheme 1. Synthetic strategies for the formation of the complexes 1-7. 

 

In conclusion terpyridine derivatives can be suitable ligands for 

Co(II) ions to observe both SMM and SCO behaviour. Thereby, 

few research groups designed redox-active ligands involving the 

two TTF core and terpyridine functionalization as well as their 

corresponding transition metal complexes. Nevertheless neither 

SMM nor SCO behaviours were observed.[24] Thus the two 

ligands 4-(2,2’:6’,2”-terpyridine-4-ylmethylthio)-5-(2-

cyanoethylthio)-4’,5’-bis(methylthio)tetrathiafulvalene (L1) and 4-

(2,2’:6’,2”-terpyridine-4-ylmethylthio)-5-(2-cyanoethylthio)-4’,5’-

bis(propylthio)tetrathiafulvalene (L2) were selected for 

coordination reaction in presence of Co(II) salts with the aim of 

observing such magnetic behaviours.  When starting with nitrate 

or tetrafluoroborate salts of Ni(II) or Co(II) the 1:2 complexes of 

formula [Ni(L1)2](NO3)2 (1), [Co(L1)2](NO3)2 (2) and [Co(L1)2](BF4)2 

(3) have been obtained while when starting from chloride or 

bromide salts 1:1 complexes of formula [CoCl2(L1)](DMF)2 (4), 

[CoBr2(L1)](DMF) (5), [CoCl2(L2)](DMF)0.5(Et2O) (6) and 

[CoBr2(L2)](DMF) (7) were isolated (Scheme 1). The X-ray 

structures on single crystal were determined for the seven 

complexes and their electrochemical as well as magnetic 

properties were studied. 

Results and Discussion 

Description of the Structures 

 

[M(L1)2](NO3)2 (M = Ni(II) (1) and Co(II) (2)). Both compounds 

crystallize in the triclinic P-1 (N°2) space group (Table S1). The 

asymmetric unit is composed of a whole complex [M(L1)2](NO3)2 

(Figures S1 and S2). Two ligands L1 coordinate the M(II) centre 

leading to a compressed octahedral coordination sphere. The 

compression is identified along the axis made by the central  

 

pyridine rings and the metal centre with an average M-N distances 

of (1.965(8) Å for 1 and 1.884(6) Å for 2) while the orthogonal 

average M-N distances are measured to 2.102(7) Å for 1 and 

2.074(5) Å for 2. The phenyl-terpyridine aromatic system is not 

planar while the TTF core is flat. The central C=C bond lengths, 

ranging from 1.326(15) to 1.355(15) Å, for both TTF cores in the 

two complexes are in agreement with a neutral form.[25] The 

arrangement of the ligand L1 might be driven by the short contacts 

between the nitrile groups and the pyridine moieties (NH 

contacts ranging from 2.846 Å to 3.103 Å).  

 

Figure 1. Crystal packing for 2 highlighting the formation of dimers between the 

TTF derivatives along the b axis. The stacked TTF derivatives are drawn in 

“spacefill” representation while the bis(phenylterpyridine)Co(II) fragments are 

drawn in “ball and sticks” representation.  

The crystal packing of 1 and 2 displayed “head-to-tail” 

dimerization of the TTF derivatives along the b axis (Figure 1) with 

SS contacts shorter than the sum of the van der Waals radii for 

such atoms (3.501-3.507 Å). The inorganic part of the molecular 
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system i.e. the metallic bis(phenyl-terpyridine) part, is stacked 

through - interactions.  

 

[Co(L1)2](BF4)2 (3). The replacement of the nitrate anions with 

tetrafluoroborate ones did not induce significant modification at 

the molecular complex point of view (Figures 2 and S3). Similar 

2:1 (L1:Co) coordination complex in which the Co(II) centre lies in 

a compressed octahedral sphere is formed and crystallizes in the 

triclinic P-1 space group (Table S1). 

 

Figure 2. Molecular X-ray structure of 3. Colour code: grey (carbon), blue 

(nitrogen), light pink (boron), yellow (sulphur), light green (fluorine) and dark 

blue (cobalt). Hydrogen atoms have been omitted for clarity.  

The main modification could be observed at the crystal packing 

point of view. Indeed, tetramers of TTF derivatives are formed 

(Figure 3) instead of dimers. The shortest SS contacts have 

been found equal to 3.753 Å between the two non-parallel TTF 

cores while they are equal to 3.840 Å for the two “head-to-tail” 

TTF cores. The two non-parallel and two “head-to-tail” TTF cores 

constitute one tetramer. 

 

Figure 3. Crystal packing of 3 highlighting the formation of tetramers of TTF 

derivatives. The stacked TTF derivatives are drawn in “spacefill” representation 

while the bis(phenylterpyridine)Co(II) fragments are drawn in “ball and sticks” 

representation. 

[CoCl2(L1)](DMF)2 (4). Changing the nitrate or tetrafluoroborate 

anions with halogen anions such as chloride or bromide led to the 

formation of 1:1 (Co:L1) coordination complexes. Complex 4 

crystallized in the monoclinic space group C2/c (N°15) (Table S1). 

The asymmetric unit is composed of one neutral complex of 

formula [CoCl2(L1)] and two dimethylformamide (DMF) solvent 

molecules of crystallization (Figures 4 and S4). The Co(II) is 

surrounded by three nitrogen atoms coming from the L1 ligand 

while the coordination sphere is completed by two coordinated 

chloride anions. The Co-N distances range from 2.038(3) to 

2.177(4) Å while the Co-Cl bond lengths are similar (2.279(1) and 

2.280(1) Å). The arrangement of the ligands around the Co(II) 

induced a trigonal bipyramid geometry for which the trigonal base 

is formed by the two chlorides and the nitrogen atom of the central 

pyridine ring.  

 

Figure 4. Molecular X-ray structure of 4. Colour code: grey (carbon), blue 

(nitrogen), yellow (sulphur), green (chloride) and dark blue (cobalt). Both 

hydrogen atoms and DMF molecules have been omitted for clarity. 

As for the 2:1 (L1:M) complexes, the phenyl-terpyridine aromatic 

system is not planar while the TTF core is flat. The central C=C 

bond length, being equal to 1.342(5) Å is in agreement with the 

neutral form.[25] No NH contacts were identified between the 

nitrile group and the pyridine moieties nevertheless, both nitrile 

groups and the phenyl ring are interacting through their -

conjugated systems. 

 

Figure 5. Crystal packing of 4 highlighting the formation of tetramers of TTF 

derivatives. The TTF derivatives are drawn in “spacefill” representation while 

the phenylterpyridineCoCl2 units are drawn in “ball and sticks” representation. 

The crystal packing displayed the formation of a mono-

dimensional network of stacked TTF derivatives along the c axis. 
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The crystal packing displayed the formation of “head-to-tail” 

dimers through SS contacts (3.730 Å) interacting with 

neighbouring dimers through lateral SS contacts (3.864 Å) 

which led to the formation of a mono-dimensional network of 

stacked TTF derivatives along the c axis (Figure 5). The 

phenylterpyridineCoCl2 units are stacked through - interactions. 

 

[CoBr2(L1)](DMF) (5). Once the chloride ligands replaced by 

bromide ones, the complex 5 crystallizes in the monoclinic space 

group C2/c (Table S1). The Co(II) retained its trigonal bipyramidal 

coordination sphere with the two bromides and the nitrogen atom 

of the central pyridine forming the trigonal base (Figure S5). While 

the Co-N bond lengths remain similar to those of compound 4, the 

Co-Br distances are longer (2.429(1) Å) than the Co-Cl distances. 

The TTF core is now adopting a boat conformation which could 

be an indication of a different crystal packing. Indeed, dimers of 

ligands are formed, but only half of the TTF core realizes short 

SS contacts (3.453 Å). In other words, the two TTF core forming 

the dimer are shifted. Each TTF core of a dimer performed lateral 

SS contacts (3.655 Å) with another neighbouring TTF core 

leading to the formation of a 2D layer of TTF core in the plan (110) 

(Figure S6).  

 

[CoCl2(L2)](DMF)0.5(Et2O) (6). The use of L1 instead of L2 does 

not show significant change in the X-ray structure of 6 compared 

to 4 (Tables S1, Figure S7). The Co(II) adopting a trigonal 

bipyramidal coordination sphere, the TTF is rather planar and the 

nitrile group and the phenyl ring are interacting through their -

systems. The crystal packing highlighted the formation of mono-

dimensional network of stacked TTF derivatives along the c axis 

owing to the fact “head-to-tail” TTF-based dimers (SS contacts, 

3.742 Å) and lateral SS contacts (3.683 Å) (Figure S8). The 

latter have been found to be slightly shorter than those of 4. The 

“CoCl2terpyridine” units are stacked through - interactions of 

two pyridine rings.  

 

[CoBr2(L2)](DMF) (7). The bromide derivative crystallizes in the 

monoclinic space group P21/n (N°14) (Table S1). The asymmetric 

unit is composed from two [CoBr2(L2)] complexes (Figure 6) and 

two DMF molecules of crystallization (Figure S9). The Co1 and 

Co2 metal centres adopt respectively a trigonal bipyramidal and 

square pyramidal coordination sphere with the two bromides and 

the nitrogen atom of the central pyridine forming the trigonal base  

 

Figure 6. Molecule structure of one complex of 7 involving the Co(II) ion in the 

trigonal bipyramidal geometry. Hydrogen atoms and DMF molecule of 

crystallization have been omitted for clarity. 

while the square base is formed by the three nitrogen of the 

terpyridine moiety and one bromide. The Co1-Br (2.428(13) Å) 

and Co2-Br (2.435(12) Å) distances are similar as well as the 

average Co1-N (2.108(6) Å) and Co2-N (2.112(6) Å) distances. 

Both TTF cores are planar and the central C=C bond lengths 

(1.352(11) Å) are in good agreement with the neutral form of the 

ligand.[25] The crystal packing is formed of a 1D organic 

subnetwork involving “head-to-tail” dimers of TTF derivatives 

(Figure 7) with short SS contacts (3.616 Å) while other shorter 

SS contacts (3.492 Å) have been identified between two 

neighbouring dimers. Finally the CoBr2terpyridine units showed 

significant  overlapping. 

 

Figure 7. Crystal packing of 7 highlighting the formation of dimers of TTF 

derivatives. The TTF derivatives are drawn in “spacefill” representation while 

the phenylterpyridine CoBr2 units are drawn in “ball and sticks” representation. 

In conclusion for the structural part, the overall shape of the 

coordination complexes is kept along the 1-3 and 4-7 series 

nevertheless, the chemical modification of the TTF-based ligand 

(SMe versus SPr) and the nature of the halogen atoms (Cl versus 

Br) induced variations in the conformation of the TTF (planar 

versus boat form), the SS contacts (dimer versus tetramers) and 

the  overlapping between the CoX2terpyridine units. 

 

Electrochemical properties.  

 

The redox properties of L1 and L2 as well as for the related 

complexes were investigated by cyclic voltammetry (Figure S10) 

and the oxidation potentials are listed in Table S2. The two 

uncoordinated ligands display two monoelectronic oxidations at 

0.55 and 0.92 V (for L1) and 0.53 and 0.88 V (for L2) attributed to 

the formation of the radical cation and dication species of the TTF 

core. The complex 1 presents also these two oxidation waves at 

0.69 and 0.84 V while no redox behaviour was observed for the 

Ni(II) centre. For the Co(II) analogues, the two monoelectronic 

oxidations centred on the TTF core are observed at 0.69 and 0.86 
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V for 2 and 0.68 and 0.83 V for 3 while the additional reversible 

monoelectronic oxidation was observed at 0.29 V and attributed 

to the oxidation of the Co(II) into Co(III) ion[26] as also confirmed 

by its absence for the Ni(II) analogue. For the complexes 4-7, the 

TTF-centred oxidation waves are observed but the oxidation of 

the Co(II) to Co(III) is found to be shifted to higher potentials i.e. 

1.05 V for the chloride derivative (complexes 4 and 6) and 0.75 V 

(oxE1/2) for the bromide derivatives (complexes 5 and 7). The 

Co(II) oxidation wave appears as almost irreversible. It is worth to 

notice that the oxidation potential at about 0.29 V is also observed 

for the four complexes 4-7, indicating the formation of the 1:2 

(metal:ligand) complexes in DMF solutions. Finally, the slight 

anodic shifts taking place for the TTF-centred oxidation in the 

complexes could be attributed to a solvent effect (CH2Cl2 for free 

ligands, DMF for complexes) because no electronic 

communication occurs between the TTF core and the metal. 

 

Magnetic properties  

 

Static dc magnetic measurements. The MT vs T plots (M is 

the molar magnetic susceptibility and T is the temperature 

expressed in Kelvin) for complexes 1-3 and 4-7 are represented 

respectively in Figure 8 and S11. Complex 1 displays a room 

temperature value of 1.13 cm3 K mol-1 in agreement with one Ni(II) 

centre with S = 1 and g = 2.13. Lowering the temperature, the MT 

value remains constant down to 15 K then decreases to 0.86 cm3 

K mol-1 at 2 K due to the magnetic anisotropy and/or 

intermolecular interaction. 

 

Figure 8. Temperature-dependent dc magnetic susceptibility plots for 1 (open 

black circles), 2 (full black circles) and 3 (full grey circles). 

The two Co(II) derivatives displayed very gradual spin-crossover 

spin-transition with MT products equal to 0.41 cm3 K mol-1 at very 

low temperature in agreement with one low-spin state Co(II) 

centre (S = ½ and g close to 2)[27] while the MT value reaches 

1.30 cm3 K mol-1 (for 2) and 1.53 cm3 K mol-1 (for 3) at 400 K 

(Figure 8). The thermal spin-transition is incomplete since the 

expected MT value for fully high-spin [Co(terpy)2]2+ compounds 

is close to 2.5 cm3 K mol-1 [27][28] so the compounds 2 and 3 are 

ca. 45 % and 55 % high-spin at 400 K. One could deduce that the 

nature of the counter ion has an influence on the shape of the 

thermal spin-transition. Indeed, the nitrate derivative (compound 

2) displays a less gradual transition with a clear low-spin state on 

the 2-200 K temperature range while the tetrafluoroborate 

derivative (compound 3) reaches its low spin state only at 

cryogenic temperature.  

The magnetization curves for all three complexes at 2 K in the 0-

50 kOe field range are depicted in Figure S12. The values at 50 

kOe are close the expected saturation values for Ni(II) (S = 1) and 

low spin state Co(II) (S = ½). 

The MT room temperature values are equal to 2.73, 2.71, 2.79 

and 2.71 cm3 K mol-1 for 4 to 7 (Figure S11) respectively in 

agreement with the experimentally observed value for Co(II) in 

pentacoordinated environment[29] and higher than expected for S 

= 3/2 spin only system (1.88 cm3 K mol-1). On cooling, the MT vs. 

T curves highlight a monotonic decrease due to the depopulation 

of the S = 3/2 sublevels to reach values 1.80, 1.68, 1.97 and 1.54 

cm3 K mol-1 for 4 to 7 respectively at 2 K.  

The magnetization curves for all four complexes at 2 K in the 0-

50 kOe field range are depicted in the Figure S13. None of these 

curves saturate up to 50 kOe and the almost linear increase at 

high fields might indicate the presence of low-lying states. 

 

Dynamic ac magnetic measurements. None of the complexes 

1-3 display an out-of-phase signal on AC susceptibility down to 2 

K without or in applied magnetic field in the frequency range 1-

10000 Hz in agreement with an octahedral Ni(II) and low-spin 

state Co(II) ions. As for the previous systems, the complexes 4-7 

did not display any slow magnetic relaxation of their 

magnetization in zero applied magnetic field. However, slow 

magnetic relaxation is induced by application of an external field 

in the frequency range 1-10000 Hz (Figures S14-S17).  

 

Figure 9. Field dependence of the relaxation time at 2 K for 4 (blue spots), 5 

(red spots), 6 (orange spots) and 7 (purple spots). Black lines are guidelines for 

eyes. 
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Table 1. Parameters giving the best fit of the thermal dependence of the relaxation time for 4-7. 

4 5 6 7 

Raman B = 5741(101) s-1 K-1.99 

n = 1.99(2) 

B = 13.9(11) s-1 K-5.00 

n = 5.00(5) 

B = 2060(98) s-1 K-2.40 

n = 2.40(4) 

B = 46.3(16) s-1 K-4.67 

n = 4.67(23) 

Direct / A =5.94(20)10-10 / A =4.11(76)10-11 

For the four complexes, the intensity of the out-of-phase signal of 

the magnetic susceptibility grows with the magnetic field. The 

optimal magnetic field values were selected as the maxima of the 

 vs H curves (Figure 9 and Tables S3-S6). Quantitative analysis 

can be performed at the optimal field of 1700 Oe (for 4), 1000 Oe 

(for 5), 2000 Oe (for 6) and 2200 Oe (for 7) by varying the 

temperature (Figures S18-S21). At this point it is important to 

mention that the slow magnetic relaxation fraction has been 

determined equal to more than 90 % of the magnetic susceptibility 

for compounds 4-7 from the normalized Cole-Cole plot (Figures 

S22-S25). The data have been analysed in the framework of the 

extended Debye model (Figures S26-S29, Tables S7-S10). The 

temperature dependence of the relaxation time is represented in 

Figure 10. In a magnetic relaxation time point of view, the use of 

Br- (5 and 7) in the coordination sphere of the Co(II) seems to be 

more favourable than Cl- (4 and 6). 

Figure 10. Temperature dependence of the relaxation time for 4 (blue spots), 5 

(red spots), 6 (orange spots) and 7 (purple spots) at the optimal field (see text 

for values) in the temperature range of 2-3.75 K (for 4), 2-6 K (for 5), 2-4.75 K 

(for 6) and 2-5 K (for 7). The full line are the best-fitted curve with Raman (for 4 

and 6) and the combination Raman + direct processes (for 5 and 7) (see text for 

parameters). 

The equation depicted below allows the fitting of the temperature 

variation of the relaxation time: 

-1 = AHmT + BTn

where the first and second term starting from the left hand side of 

the equation are respectively the direct and Raman processes. It 

is worth to notice that for Kramer ions, the m parameter is fixed to 

4 while n is equal to 9 for Raman process operating through 

acoustic phonons (lattice vibrations) however this value could be 

much lower when optical phonons (molecular vibrations) are 

involved in the magnetic relaxation mechanism.[14b] The 

combination of Raman and Direct processes allows to reproduce 

the experiment for 5 and 7 (Figures S30-31 and Table 1) with the 

parameters depicted in Table 1 while a Raman only is enough to 

fit the thermal dependence of the relaxation time for 4 and 6 

(Table 1). It is important to notice that the effective energy barrier 

values and relaxation times were extracted from the data at the 

high temperature region (Full green line on Figures S32-S35). 

Attempts to fit the thermal dependences of the relaxation time with 

a combination of Orbach and Raman processes demonstrated 

the non-significant implication of the Orbach process on the 

relaxation of the magnetization for 4-7 (Figure S32-35).  Moreover, 

the  values (where  represents the distribution of relaxation 

times) range from 0 to 0.3 for high and low temperatures 

respectively (Tables S7-S10). Such values are in agreement with 

a single relaxation pathway at low temperature while more 

relaxation pathways could operate at 2 K. The absence of 

Quantum Tunnelling of the Magnetization (QTM) is justified by the 

slow magnetic relaxations observed under applied magnetic field 

while the non-significant contribution of the Orbach process is in 

agreement with pentacoordinated Co(II) in N3X2 environment (X 

= Cl, Br).[16c] One could remark that for the two compounds 

including Br- in the coordination sphere of the Co(II) (5 and 7), a 

significant Direct contribution is involved in the magnetic 

relaxation mechanism while it is not the case for the two 

compounds including Cl- (4 and 6). For the four compounds, n 

was found lower than the expected value for a Co(II) Kramers ion 

indicating the participation of optical phonons (molecular 

vibrations) in the Raman process. Nevertheless the n values were 

found much lower in 4 and 6 compared to 5 and 7 that might be 

due to a greater participation of the optical phonons in the 

magnetic relaxation because of the difference of Co-Cl and Co-Br 

vibration modes. 

Conclusions 

In this article, two new TTF-based ligands involving 

terpyridine moiety have been synthesized. The choice of the 

starting metallic salt is crucial to obtain either [M(L1)2]2+ (M = Ni, 

Co) or [CoX2(Ln)] (X = Cl, Br and n = 1, 2) with nitrate, 

tetrafluoroborate salts or chloride, bromide salts respectively. 
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While the 2:1 (ligand:metal) complexes of formula [Co(L1)2](NO3)2 

and [Co(L1)2](BF4)2 displaying thermal spin crossover transition, 

the 1:1 complexes of formula [CoX2(Ln)] displayed slow magnetic 

relaxation. The latter occurred through Raman or Raman/Direct 

combination depending of the nature of the halide coordinated to 

the Co(II) centre. Finally a dependence of the n exponent value 

with the halide is observed. 

Experimental Section 

General: The precursors 4’-[4-(bromomethyl)phenyl]-2,2’:6’,2’’-terpyridine, 

4,5-bis(2-cyanoethylthio)-4′,5′-bis(methylthio)tetrathiafulvalene and 4,5-

bis(2-cyanoethylthio)-4′,5′-bis(propylthio)tetrathiafulvalene were 

synthesized following previously reported methods.[30],[31] All other 

reagents were purchased from Aldrich and used without further purification. 

All solid-state characterization studies (elementary analysis, IR, magnetic 

susceptibility) were performed on dried samples and are considered 

without solvent of crystallization. 

4-(4′-Methyl-phenyl-2,2:6’,2’’-terpyridine -4-ylmethylthio)-5-(2-

cyanoethylthio)-4′,5′-bis(methylthio)tetrathiafulvene (L1): 4,5-bis(2-

cyanoethylthio)-4′,5′-bis(methylthio)tetrathiafulvalene[31] (0.320 g, 0.69 

mmol) was dissolved in anhydrous degassed MeOH (8 mL) under argon. 

Then CsOH·H2O (115 mg, 0.69 mmol) in dried MeOH (10 mL) was slowly 

added and the mixture stirred for 30 min. Then 4’-[4-

(bromomethyl)phenyl]-2,2’:6’,2’’-terpyridine (0.350 g, 0.89 mmol) in dried 

MeOH (10 mL) was slowly added and the mixture stirred overnight. 

Dichloromethane was added and the mixture was washed three times with 

HNaCO3 and with water. After extraction, the organic layers were collected, 

dried over MgSO4 and the solvent was evaporated under vacuum. The 

obtained residue was purified by chromatography on silica gel with 

CH2Cl2/AcOEt (4:1) to give the pure desired ligand as an orange powder, 

yield 284 mg (56 %). Melting point: 143°. IR (KBr pellet): 506 (m), 618 (w), 

659 (w), 688 (w), 730 (m), 745 (m), 768 (m), 789 (s), 835 (m), 888 (m), 965 

(w), 990 (w), 1039 (w), 1083 (w), 1117 (w), 1229 (w), 1315 (w), 1385 (s), 

1418 (s), 1466 (s), 1512 (m), 1544 (m), 1565 (m), 1583 (s), 1604 (w), 2251 

(w), 2913 (w), 2985 (w), 3012 (w), 3048 (w) cm–1. Anal. Calc. (%) for 

C33H26N4S8: calcd. C 53.95, H 3.54, N 7.63; found C 53.88, H 3.61, N 7.52. 
1H NMR (CDCl3): δ = 8.77 (s, 2 H), 8.75 (m, 2 H), 8.70 (d, 2 H), 7.94 (dd, 

2 H), 7.90 (d, 2 H), 7.50 (d, 2 H), 7.38 (dd, 2H), 4.13 (s, 2H), 2.86 (t, 2 H), 

2.46 (s, 6 H), 2.43 (t, 2 H) ppm. 

4-(4′-Methyl-phenyl-2,2:6’,2’’-terpyridine -4-ylmethylthio)-5-(2-

cyanoethylthio)-4′,5′-bis(propylthio)tetrathiafulvene (L2): 4,5-bis(2-

cyanoethylthio)-4′,5′-bis(propylthio)tetrathiafulvalene[31] (0.700 g, 1.34 

mmol) was dissolved in anhydrous degassed dimethyformamide (DMF) 

(10 mL) under argon. Then CsOH·H2O (229 mg, 1.36 mmol) in dried 

MeOH (10 mL) was slowly added and the mixture stirred for 30 min. Then 

4’-[4-(bromomethyl)phenyl]-2,2’:6’,2’’-terpyridine (0.700 g, 1.74 mmol) in 

dried MeOH (15 mL) was slowly added and the mixture stirred overnight. 

Dichloromethane was added and the mixture was washed three times with 

HNaCO3 and with water. After extraction, the organic layers were collected, 

dried over MgSO4 and the solvent was evaporated under vacuum. The 

obtained residue was purified by chromatography on silica gel with 

CH2Cl2/AcOEt (4:1). Recrystallization in CH2Cl2/n-hexane mixture gave 

the pure desired ligand as an orange powder, yield 476 mg (45 %). Melting 

point: 135°. IR (KBr pellet): 508 (m), 619 (w), 660 (w), 688 (w), 744 (m), 

790 (s), 835 (m), 890 (m), 965 (w), 991 (w), 1039 (w), 1088 (w), 1233 (w), 

1290 (w), 1386 (s), 1416 (s), 1465 (s), 1514 (m), 1547 (m), 1565 (m), 1583 

(s), 1605 (w), 2251 (w), 2869 (w), 2929 (w), 2960 (m), 3012 (w), 3049 (w) 

cm–1. Anal. Calc. (%) for C37H36N4S8: calcd. C 56.20, H 4.56, N 7.09; found 

C 56.07, H 4.64, N 7.02. 1H NMR (CDCl3): δ = 8.76 (s, 2 H), 8.75 (m, 2 H), 

8.70 (d, 2 H), 7.92 (dd, 2 H), 7.90 (d, 2 H), 7.49 (d, 2 H), 7.38 (dd, 2H), 

4.13 (s, 2H), 2.86 (m, 2 H), 2.83 (m, 4 H), 2.44 (t, 2 H), 1.70 (tt, 4 H), 1.04 

(dd, 6 H) ppm. 

[Ni(L1)2](NO3)2 (1): 5.7 mg of Ni(NO3)26H2O (0.02 mmol) and 29 mg of L1 

(0.04 mmol) were dissolved in 14 mL of CH3CN and heated to reflux for 3 

h under argon atmosphere. After cooling to room temperature, slow 

diffusion of Et2O vapour into the mother solution led to the formation of 

single crystals suitable for X-ray analysis. Yield: 16 mg (49 % based on 

single crystals). IR (KBr pellet): 419 (w), 508 (w), 640 (w), 658 (m), 692 (w), 

732 (w), 751 (w), 771 (w), 792 (s), 828 (w), 889 (m), 1015 (m), 1160 (w), 

1250 (w), 1344 (m), 1364 (s), 1384 (s), 1405 (m), 1473 (s), 1551 (m), 1602 

(s), 1613 (s), 2249 (w), 2917 (w), 3058 (w) cm–1. Anal. Calc. (%) for 

C66H52N10NiO6S16: calcd. C 47.92, H 3.15, N 8.47; found C 47.87, H 3.24, 

N 8.42. 

[Co(L1)2](NO3)2 (2): 5.8 mg of Co(NO3)26H2O (0.02 mmol) and 29 mg of 

L1 (0.04 mmol) were dissolved in 15 mL of CH3CN/DMF (1:1 in volume) 

and heated to reflux for 3 h under argon atmosphere. After cooling to room 

temperature, slow diffusion of Et2O vapour into the mother solution led to 

the formation of single crystals suitable for X-ray analysis. Yield: 23 mg 

(71 % based on single crystals). IR (KBr pellet): 512 (m), 658 (w), 750 (m), 

791 (s), 830 (m), 887 (m), 967 (w), 1016 (w), 1161 (w), 1248 (m), 1360 (s), 

1381 (s), 1405 (m), 1429 (m), 1471 (s), 1545 (m), 1612 (s), 1668 (w), 2248 

(w), 2917 (w), 3058 (w) cm–1. Anal. Calc. (%) for C66H52N10CoO6S16: calcd. 

C 47.91, H 3.15, N 8.47; found C 47.80, H 3.28, N 8.41. 

[Co(L1)2](BF4)2 (3): 6.8 mg of Co(BF4)26H2O (0.02 mmol) and 29 mg of L1 

(0.04 mmol) were dissolved in 15 mL of DMF (1:1 in volume) and heated 

to 85°C for 3 h under argon atmosphere. After cooling to room temperature, 

slow diffusion of Et2O vapour into the mother solution led to the formation 

of single crystals suitable for X-ray analysis. Yield: 25 mg (74 % based on 

single crystals). IR (KBr pellet): 516 (m), 660 (w), 751 (m), 792 (s), 887 (m), 

1058 (s), 1078 (s), 1248 (w), 1410 (m), 1430 (m), 1472 (m), 1545 (w), 1612 

(s), 1667 (m), 2248 (w), 2918 (w), 3066 (w) cm–1. Anal. Calc. (%) for 

C66H52N10CoB2F8S16: calcd. C 46.52, H 3.05, N 8.22; found C 46.39, H 

3.04, N 8.29. 

[CoCl2(L1)]2DMF (4). 5.2 mg of CoCl2 (0.04 mmol) and 29.3 mg of L1 

(0.04 mmol) were dissolved in 14 mL of DMF and heated to 85°C for 3 h 

under argon atmosphere. After cooling to room temperature, slow diffusion 

of Et2O vapour into the mother solution led to the formation of single 

crystals suitable for X-ray analysis. Yield: 18.2 mg (45 % based on single 

crystals). IR (KBr pellet): 415 (w), 513 (m), 639 (w), 658 (m), 691 (m), 731 

(m), 750 (m), 771 (m),  791 (s), 889 (m), 1014 (m), 1161 (w), 1249 (m), 

1403 (s), 1430 (s) 1472 (s), 1547 (m), 1570 (m), 1602 (s), 1611 (s), 2250 

(w), 2918 (w), 3057 (w) cm–1. Anal. Calc. (%) for C33H26N4CoCl2S8: calcd. 

C 45.84, H 3.01, N 6.48; found C 45.74, H 3.07, N 6.32. 

[CoBr2(L1)].DMF (5). 8.7 mg of CoBr2 (0.04 mmol) and 29.3 mg of L1 (0.04 

mmol) were dissolved in 14 mL of DMF and heated to reflux for 3 h under 

argon atmosphere. After cooling to room temperature, slow diffusion of 

Et2O vapor into the mother solution led to the formation of single crystals 

suitable for X-ray analysis. Yield: 23.4 mg (57 % based on single crystals). 

IR (KBr pellet): 510 (w), 659 (w), 730 (w), 752 (w), 793 (s), 885 (s), 1017 

(w), 1088 (w), 1251 (m), 1406 (m), 1473 (m), 1608 (s), 1661 (s), 2248 (w), 

2914 (w), 2974 (w), 3058 (w) cm–1. Anal. Calc. (%) for C33H26N4CoS8: calcd. 

C 41.51, H 2.73, N 5.87; found C 41.37, H 2.84, N 5.82. 

[CoCl2(L2)]DMF0.5(Et2O) (6). 5.2 mg of CoCl2 (0.04 mmol) and 31.6 mg 

of L2 (0.04 mmol) were dissolved in 14 mL of DMF and heated to 85°C for 

3 h under argon atmosphere. After cooling to room temperature, slow 

diffusion of Et2O vapour into the mother solution led to the formation of 
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single crystals suitable for X-ray analysis. Yield: 17.1 mg (42 % based on 

single crystals). IR (KBr pellet): 510 (w), 637 (w), 660 (w), 731 (w), 750 (w), 

791 (s), 881 (m), 1016 (m), 1247 (m), 1404 (m), 1426 (m), 1471 (s), 1546 

(m), 1608 (s), 2252 (w), 2869 (w), 2925 (w), 2960 (m), 3012 (w), 3059 (w) 

cm–1. Anal. Calc. (%) for C38H34N4CoCl2S8: calcd. C 48.87, H 3.64, N 6.00; 

found C 48.69, H 3.74, N 6.02. 

[CoBr2(L2)]DMF (7). 8.7 mg of CoBr2 (0.04 mmol) and 31.6 mg of L2 (0.04 

mmol) were dissolved in 14 mL of DMF and heated to 85°C for 3 h under 

argon atmosphere. After cooling to room temperature, slow diffusion of 

Et2O vapour into the mother solution led to the formation of single crystals 

suitable for X-ray analysis. Yield: 19.9 mg (46 % based on single crystals). 

IR (KBr pellet): 510 (w), 638 (w), 659 (w), 734 (w), 752 (w), 790 (s), 885 

(m), 1017 (m), 1245 (m), 1404 (m), 1421 (m), 1469 (s), 1545 (m), 1608 (s), 

1661 (s) 2252 (w), 2869 (w), 2925 (w), 2960 (m), 3012 (w), 3059 (w) cm–

1. Anal. Calc. (%) for C38H34N4CoBr2S8: calcd. C 45.15, H 3.37, N 5.54; 

found C 45.09, H 3.24, N 5.62. 

Single crystal X-ray structure analysis. Single crystals of 1-7 were 

mounted on a D8 VENTURE Bruker-AXS diffractometer for data collection 

(MoK radiation source,  = 0.71073 Å), from the Centre de Diffractométrie 

X (CDIFX), Université de Rennes 1, France. Structures were solved with 

a direct method using the SHELXT program[32] and refined with a full matrix 

least-squares method on F2 using the SHELXL-14/7 program[33]. 

Crystallographic data are summarized in Table S1. Complete crystal 

structure results as CIF files (CCDC 2070050 (for 5), 2070051 (for 4), 

2070052 (for 3), 2070053 (for 6), 2070054 (for 2), 2070055 (for 7) and 

2070056 (for 1)) including bond lengths, angles, and atomic coordinates 

are deposited as Supporting Information. These data are provided free of 

charge by the joint Cambridge Crystallographic Data Centre and 

Fachinformationszentrum Karlsruhe Access Structures service 

https://www.ccdc.cam.ac.uk/structures. 

Physical Measurements The elementary analyses of the compounds 

were performed at the Centre Regional de Mesures Physiques de l′Ouest, 

Rennes. 1H NMR spectra were recorded with a Bruker Ascend 400 

spectrometer. Chemical shifts are reported in parts per million referenced 

to TMS. Cyclic voltammetry was carried out in dried and degassed CH2Cl2 

(for ligands) and DMF (for complexes) solution, containing 0.1M 

N(C4H9)4PF6 as supporting electrolyte. Voltammograms were recorded at 

100 mVs−1 at a platinum disk electrode. The potentials were measured vs. 

a saturated calomel electrode (SCE). The dc magnetic susceptibility 

measurements were performed on solid immobilized polycrystalline 

sample with a Quantum Design MPMS-XL SQUID magnetometer between 

2 and 300 K in applied magnetic field of 0.02 T for temperatures of 2-20 K, 

0.2 T for temperature of 20-80 K and 1T for temperatures of 80-400 K. The 

highest temperature for dc measurements is 300 K for compounds which 

cannot display spin crossover behaviour (1 and 4-7) while it is 400 K for 

compounds highlighted spin crossover phenomena (2 and 3). The ac 

magnetic susceptibility measurements were performed on a Quantum 

Design PPMS magnetometers on the 50-10000 Hz frequency range. 

These measurements were all corrected for the diamagnetic contribution 

as calculated with Pascal’s constants. 

Acknowledgements  

This work was supported by the Université de Rennes 1, CNRS, 

and the European Commission through the ERC-CoG 725184 

MULTIPROSMM (project n. 725184). S.T. and L.K. thank the 

Algerian PNE program for the financial support during the stay in 

the French ISCR laboratory. 

Keywords: Tetrathiafulvalene• Terpyridine • Transition Metal • 

Spin Crossover • Single-Molecule Magnet 

[1] a) M. Affronte, F. Troiani, A. Ghirri, A. Candini, M. Evangelisti, V. 

Corradini, S. Carretta, P. Santini, G. Amoretti, F. Tuna, G. Timco, R. E. 

P. Winpenny, J. Phys. D: Appl. Phys. 2007, 40, 2999−3004; b) A. 

Ardavan, O. Rival, J. J. L. Morton, S. J. Blundell, A. M. Tyryshkin, G. A. 

Timco, R. E. P. Winpenny, Phys. Rev. Lett. 2007, 98, 057201; c) L. 

Bogani, W. Wernsdorfer, Nat. Mater. 2008, 7, 179−186; d) S. Sanvito, 

Chem. Soc. Rev. 2011, 40, 3336−3355; e) S. Lumetti, A. Candini, C. 

Godfrin, F. Balestro, W. Wernsdorfer, S. Klyatskaya, M. Ruben, M. 

Affronte, Dalton Trans. 2016, 45, 16570−16574; f) A. R. Rocha, V. M. 
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Either thermal spin crossover or slow 

magnetic relaxation can be observed 

associating Co(II) ion with terpyridine 

decorated TTF ligands. Magnetization 

relaxed through Raman or 

Raman/Direct combination process 

depending of the Co(II) surrounding.  
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