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From Spin-Crossover to Single Molecule Magnetism: Tuning 
Magnetic Properties of Co(II) bis-ferrocenylterpy Cations via 
Supramolecular Interactions with Organocyanide Radical Anions   

Haomiao Xie, a Kuduva R. Vignesh, a Xuan Zhang, a and Kim R. Dunbar *a 

TCNQ (7,7,8,8-Tetracyanoquinodimethane) anion-radical derivatives were used to fine tune the magnetic properties of   

the [CoII(Fctp)2]2+ (Fctp = 4'-(2-ferrocenyl)-2,2':6'2''-terpyridine) cation in the solid state.  The cocrystallization of  

[CoII(Fctp)2]2+ with TCNQ⋅- yielded the two pseudo-polymorphic products [CoII(Fctp)2] (TCNQ)2 (1) and [CoII(Fctp)2] 

(TCNQ)2·MeCN (2) whereas the analogous reaction with TCNQF⋅- (TCNQF = 2-fluoro-7,7,8,8-Tetracyanoquinodimethane) 

exclusively yielded [CoII(Fctp)2] (TCNQF)2·MeCN (3).  Compound 1 exhibits slow relaxation of magnetization under an 

applied DC field with Ueff = 19.1 K and τ0 = 9.8 × 10-6 s. Compounds 2 and 3 are isostructural but exhibit different spin-

crossover behavior with transition temperatures of T1/2 = 336 K and 226 K, respectively. Investigations of the solid state 

structures by DFT calculations indicate that the differences in magnetic properties of the cationic moiety, [CoII(Fctp)2]2+, are 

induced by supramolecular interactions between [CoII(Fctp)2]2+ and tunable TCNQ⋅-/TCNQF⋅-  anion-radical derivatives. 

Introduction 

Molecule-based materials that exhibit magnetic bistability 

are promising candidates for the design of new generations of 

electronic and magnetic devices, two important categories of 

which are spin-crossover (SCO) compounds1-3 and single-

molecule magnets (SMM).4-7 The up/down spin states or the 

differences in magnetic moments between high-spin states 

and low-spin states provide the basic units for data storage 

and/or quantum computing.  

Supramolecular interactions are well known for their 

capacity to tune SCO8-10 and SMM11-16 behaviour.  Our 

particular interest is the study of supramolecular interactions 

of Co(II) SCO moieties with anions and solvent molecules.17, 18  

In general, the low-spin (L.S.) CoII state is favoured as the 

ground state in bis(terpy) derivatives due to the strong ligand 

field of the terpyridine ligand.19-21 The SCO phenomenon in 

[CoII(terpy)2]2+ cations can be mediate d by geometric 

restrictions and supramolecular interactions, the effects of 

which lower the energy gap between H.S. and L.S. states. In 

addition to these intrinsic effects in the solid state, there are 

several rare examples of compounds with either SCO or SMM 

properties whose properties can be inter-converted via ligand 

or crystal field modifications or light irradiation.21-28 Recently, 

Wang and co-workers reported that the presence or absence 

of water molecules in the interstices of a crystal triggers a 

single-crystal to single-crystal transition that induces a 

switching between SCO and SMM behavior.29   These 

interesting findings notwithstanding, difficulties in predicting 

the position and intermolecular interactions of solvents in a 

crystal renders this approach untenable for the rational design 

of materials with tunable properties.  

The introduction of supramolecular interactions between 

magnetic cations and counter anions constitutes a more 

promising strategy than random packing of solvent molecules 

for tuning solid-state structures and magnetic functionalities. 

Recently, Hayami and coworkers10 achieved tuning of the SCO 

behaviour of the [FeII(qnal)2]+ cation by introducing aromatic 

counterions, but structure-function relationships were not 

possible given that larger conjugated aromatic anions altered 

not only the π⋯π interactions between the anion and the SCO 

metal cation but also the overall geometric parameters.  

In the current study, the co-crystallization of [CoII(Fctp)2]2+ 

cations (Fctp = 4’-ferrocenyl-2,2’:6’,2’’-terpyridine) that contain 

redox-active pendant ferrocenyl groups with TCNQ.- and 

TCNQF.- radical anions (TCNQ = 7,7,8,8-

tetracyanoquinodimethane, TCπNQF = 2-fluoro-7,7,8,8-

tetracyanoquinodimethane) led to the isolation of 

supramolecular assemblies of the magnetic cations and the 

tunable organocyanide anions. Introduction of the ferrocenyl 

pendant group changes the solid state architecture, with 

respect to the geometry of the cation moiety and introduces 

π⋯π interactions between the ferrocenyl and TCNQ/TCNQF 

moieties. The advantages of introducing TCNQ.- or TCNQF.- are 

(1) π-conjugation enables π⋯π interactions with cationic 

moieties that contain aromatic groups; (2) the fluorine 

substituent on TCNQF.-  tunes the frontier orbital energies as 

well as its electron accepting ability and introduces a dipole 

moment which engenders dipole-dipole interactions and (3) 
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similar van der Waals radii of fluorine (1.47 Å) and hydrogen 

atoms (1.20 Å)30-32 allows for the preservation of the solid 

state structure with minimum perturbations form steric 

effects. The three compounds [CoII(Fctp)2](TCNQ)2 (1), 

[CoII(Fctp)2](TCNQ)2·MeCN, (2), and 

[CoII(Fctp)2](TCNQF)2·MeCN, (3), were obtained as crystals 

from co-crystallization of [CoII(Fctp)2]2+ cations with TCNQ.- and 

TCNQF.- radical anions. The paramagnetic moiety, 

[CoII(Fctp)2]2+,  in 1 exhibits SMM behaviour under an applied 

field whereas the isomorphs 2 and 3 exhibit non-identical SCO 

behaviour. Structural, magnetic and computational studies 

were performed to probe the structure-property relationships 

in the solid state. 

Experiment 

Synthetic procedures 

LiTCNQ33 and LiTCNQF34, 35 salts were prepared according to 

reported methods. All experiments were performed under a 

N2 atmosphere. Solvents were purified by distillation under N2. 
 

Synthesis of the Fctp ligand  

The synthesis of Fctp has been reported in the literature.36 

A modified one-pot synthesis was used for the ligand 

synthesis.37 A quantity of NaOH (0.8 g, 20 mmol) was 

suspended in 15 mL of Polyethylene Glycol 300 at 0 ℃   and 2-

acetylpyridine (2.42 g, 20 mmol) was added at 0 ℃ with 

stirring for 10 minutes after which time 10-methyl-3-

formylphenothiazine (2.41 g, 10mmol) was added to form a 

dark red solution. Stirring at 0 ℃ was continued for an 

additional 2 hours after which time the temperature was 

gradually increased to room temperature. An aliquot of 

NH3·H2O (30%, 30 mL) was added and the mixture was 

refluxed for 12 hours. After the solution had cooled to room 

temperature, 50 mL of water was added and the resulting 

yellow-brown precipitate was collected by filtration, washed 

with 50 mL of hot ethanol and dried in air. The yield was 1.27 g 

(2.8 mmol, 28%) of orange powder. 1H-NMR (300 MHz, CDCl3): 

δ (in ppm) 8.75 (d, 2H), 8.66 (dt, 2H), 8.52 (d, 2H), 7.88 (td, 

2H), 7.36 (ddd, 2H), 5.02 (t, 2H), 4.47 (t, 2H), 4.10 (s, 5H). IR 

(KBr, cm-1): 1602.9 (s), 1581.6 (s), 1566.2 (m), 1548.8 (m), 

1465.9(s), 1408.0 (s), 1386.8 (m), 1103.3 (m), 819.7 (s), 800.5 

(s), 787.0 (s), 731.0 (s), 669.3 (s), 657.7 (m), 621.1 (m).  
 

Synthesis of [CoII(Fctp)2](PF6)2 

The salt [CoII(Fctp)2](PF6)2 was prepared by a modified 

literature method.36 A sample of Co(OAc)2·4H2O (0.5 mmol, 

125 mg) was dissolved in 5 mL of methanol and Fctp (1 mmol, 

419 mg) in 4 mL CHCl3 was added gradually which led to the 

formation of a dark purple solution. The mixture was stirred at 

room temperature for 30 minutes and 508 mg of a dark purple 

powder was obtained by adding an aqueous solution of KPF6 

(278 mg in 10 mL H2O). The product was collected and dried in 

air; 85.3% yield. IR (KBr, cm-1): 1610.6(m), 1543.0 (m), 1496.8 

(m), 1471.7 (m), 1433.1 (m), 1251.8 (m), 1107.1 (m), 1031.9 

(m), 829.4 (vs), 790.8 (s), 746.5 (m), 671.2 (m), 655.8 (m). 

 

Synthesis of [CoII(Fctp)2](TCNQ)2 and [CoII(Fctp)2](TCNQ)2·MeCN 

The salts [CoII(Fctp)2](PF6)2(0.05 mmol, 59 mg) and 

LiTCNQ(0.1 mmol, 21 mg) were separately dissolved in 5 mL of 

MeCN/MeOH (1:1, v/v). The two solutions were layered in a 20 

mL test tube for one week. During this time, two distinct 

phases of crystals formed with different colours and 

morphologies. A manual separation of the two phases gave 23 

mg of purple block crystals (1, [CoII(Fctp)2](TCNQ)2) and 8 mg 

of intensely coloured blue platelets (2, 

[CoII(Fctp)2](TCNQ)2·MeCN). IR of 1 (KBr, cm-1): 3097.7 (w), 

2169.9 (s), 2148.7 (s), 1583.6 (s), 1543.0 (m), 1504.5 (s), 1471.7 

(m), 1433.1 (s), 1350.2 (s), 1176.6 (s), 1012.6 (m), 825.5 (s), 

787.0 (s). Elemental analysis of 1: calculated (%): C (68.27), H 

(3.56), N (15.06); found: C (67.99), H (3.55), N (15.15). IR of 2 

(KBr, cm-1): 3076.5 (w), 2173.8 (s), 2150.6 (s), 1602.8 (m), 

1568.1 (s), 1504.5 (s), 1433.1 (m), 1361.7 (s), 1170.8 (s), 1004.9 

(m), 825.5 (s), 788.9 (s), 746.4 (m), 669.3 (m), 574.8 (m). 

Elemental analysis of 2: calculated (%): C (67.69), H (3.68), N 

(15.65); found: C (67.71), H (3.74), N (15.53). 
 

Synthesis of [CoII(Fctp)2](TCNQF)2·MeCN 

Samples of [CoII(Fctp)2](PF6)2(0.05 mmol, 59 mg) and 

LiTCNQ(0.1 mmol, 23 mg) were dissolved in 5 mL of 

MeCN/MeOH(1:1, v/v) and layered in a 20 mL test tube for one 

week. A 32 mg quantity of a pure phase in the form of 

intensely coloured blue platelet crystals (3, 

[CoII(Fctp)2](TCNQF)2·MeCN) were obtained. IR (KBr, cm-1): 

3078.4 (w), 2179.6 (s), 2160.3 (s), 1599.0 (s), 1570.0 (m), 

1543.0 (m), 1494.8 (s), 1433.1 (m), 1381.0 (s), 1357.9 (s), 

1253.7 (m), 1188.2 (m), 1016.5 (m), 825.5(m), 788.9 (s), 746.4 

(m), 729.1 (m), 669.3 (m), 574.8 (m). Elemental analysis: 

calculated (%): C (66.20), H (3.44), N (15.24); found: C (66.08), 

H (3.40), N (15.15). 

Single crystal X-ray crystallography  

Single-crystal diffraction data of 1 were collected at 100 K 

with the synchrotron radiation source (λ=0.41328 Å) at the 

ChemMatCars beamline 15-ID-B at the Advanced Photon 

Source (APS), Argonne National Laboratories. Crystals of 2 and 

3 were collected at 120 K on a Bruker D8 Quest diffractometer 

equipped with a microfocus MoKα radiation source (λ=0.71073 

Å) with a Iμs CMOS detector. The data sets were recorded by 

the φ-scan and -scan methods and integrated with Bruker 

APEX 3 software package. Absorption corrections were 

performed in the SADABS-2016/2 (Bruker, 2016/2) package. 

Solution and refinement of the crystal structures was carried 

out using the SHELXT38 and SHELXL39 programs and the 

graphical interface Olex2.40  

Powder X-ray diffraction 

Powder X-ray diffraction data were collected on a Bruker 

D8 powder X-ray diffractometer at room temperature with Cu 

X-ray radiation to verify the phase purity of the bulk products. 

Powder diffraction patterns were simulated from single crystal 

X-ray structural data by using Mercury CSD 2.0. 

Magnetic measurements 
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A Quantum Design MPMS-XL SQUID instrument was used 

for magnetic measurements over the temperature range of 

1.8-300 K and in the field range of 0-7 T. The ac measurements 

were performed with a 2 Oe measuring field using frequencies 

from 1 to 1000 Hz.  The diamagnetic contributions of sample 

holders and diamagnetic contributions of atoms were 

corrected by using a calibrated empty sample holder and 

Pascal’s constants.  

Computational details 

Ab initio CASSCF (Complete Active Space Self-Consistent 

Field) calculations were performed to compute the ZFS (D) of 

the CoII, ion for 1 using the ORCA 3.0 suite of programs.41 The 

BP86 functionals were employed along with scalar relativistic 

ZORA Hamiltonians and ZORA-def2-TZVP basis sets for the 

metal ions and the first coordination sphere and def2-SVP was 

used for the remainder of the atoms. The RI approximation 

with secondary TZV/J Columbic fitting basis sets were used 

along with increased integration grids (Grid 5 in ORCA 

convention). The tight SCF convergence was used throughout 

the calculations (1x10-8 Eh). The SOC contributions in the ab 

initio framework were obtained using second-order 

perturbation theory as well as by employing the effective 

Hamiltonian approach which enables calculations of all matrix 

elements to be made numerically with the anisotropic spin 

Hamiltonian from the ab initio energies and wave functions. 

The state average-CASSCF (Complete Active Space Self-

Consistent Field) method was used to compute the ZFS. The 

active space comprises seven active electrons in five active d-

orbitals (d7 system; CAS (7,5)) for the CoII ion. With this active 

space, 10 quartet and 40 doublet states were computed for 

the CoII ion by the configuration interaction procedure. 42 In 

order to understand the SCO behaviour of 2, calculations were 

performed using the TPSSh functional43, 44 with Alhrich45, 46  

triple- ζ basis set as implemented in the Gaussian 09 suite of 

programs. The d-orbital ordering was plotted using 'LOEWDIN-

energies' from the ORCA output that contains each root 

contribution and the corresponding electronic arrangement 

along with their plausible transition energies. The Effective 

Hamiltonian from the CASSCF calculation provides the 

calculated D and E parameters with their "Individual 

contribution to the D-tensor". For each contribution the 

program predicts the plausible transition energies between 

the d-orbitals and those D values compared with the LOEWDIN 

energies.   

DFT calculations were performed to investigate the 

intermolecular interactions between [CoII(Fctp)]2+ and 

(TCNQ)2
2-/(TCNQF)2

2- using the Gaussian 09 program.47 A long-

range corrected functional with dispersion corrections, ωB97x-

D,48 was employed for the single point energy calculation with 

cc-pVTZ basis sets for metal ions and 6-311++G** basis sets for 

the other atoms. 

Table 1. Co-N bond distances in 1, 2 and 3. 

Bond 

length/Å 

1([CoII(Fctp)2] 

(TCNQ)2) 

2([CoII(Fctp)2] 

(TCNQ)2·MeCN) 

3([CoII(Fctp)2] 

(TCNQF)2·MeCN) 

Co1-N1 2.045 (2) 1.877(2) 1.873(2) 

Co1-N2 2.054 (2) 1.936(2) 1.944(2) 

Co1-N3 2.195(2) 1.987(2) 1.978(2) 

Co1-N4 2.161 (2) 1.998(2) 1.990(2) 

Co1-N5 2.153(2) 2.157(2) 2.162(2) 

Co1-N6 2.155(2) 2.136(2) 2.138(2) 

Result and discussion 

X-ray Crystallographic Studies 

 For the reaction between [CoII(Fctp)2](PF6)2 and LiTCNQ, 

two types of pseudo-polymorphic products with different 

colours and morphologies, 1 and 2, were obtained. The major 

product is the purple block phase 1 ([CoII(Fctp)2] (TCNQ)2, 

phase-I) and the minor one is the dark blue platelet phase of 2, 

([CoII(Fctp)2] (TCNQ)2·MeCN, phase-II). The structures of 1 (at 

100 K) and 2 (at 120 K) were elucidated by single-crystal X-ray 

diffraction methods (Figure 1 (a) and (b), Table S1).  The Co(II) 

ions in both phases are six-coordinate with nitrogen atoms 

from two Fctp ligands, but the Co-N distances are significantly 

different in 1 and 2 as evidenced by the data compiled in Table 

1. In phase 1, the cobalt centre is in a compressed octahedral 

geometry and exhibits relatively long, and nearly equal, axial 

Co1-N1 (2.045(2) Å) and Co1-N2 (2.054(2) Å) distances which 

fall into the range of high-spin CoII species.21 In contrast, the 

phase-II structure exhibits shorter axial Co-N bond distances of 

1.877(2) Å for Co1-N1 and 1.936(2) Å for Co1-N2, an indication 

that the Co(II) centre is in the low-spin state. 17, 21, 49 

Figure 1. The asymmetric units in the crystal structures of (a) 

[CoII(Fctp)2](TCNQ)2 (1), (b) [CoII(Fctp)2](TCNQ)2·MeCN (2) and (c) 

[CoII(Fctp)2](TCNQF)2·MeCN (3) with thermal ellipsoids drawn at the 70% 

probability level. The fluorine atoms are disordered in TCNQF and the hydrogen 

atoms are omitted for the sake of clarity. Color code: carbon: grey; nitrogen: 

blue;  cobalt: purple; iron: orange; fluorine: yellow 
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Continuous shape measure (CShMs) analysis was performed 

with SHAPE 2.150 and the results are summarized in Table S2. 

The smallest deviation values for Co(II) centres in 1 (5.283) and 

2 (2.771), are found for the octahedral geometry. Compound 1 

exhibits a larger deviation from the octahedral geometry than 

2, which is in accord with reported values of high-spin and SCO 

Co(II)-bis(terpy) compounds.29 

A single crystal phase, [CoII(Fctp)2](TCNQF)2·MeCN phase-II 

(3), was obtained when the reaction was performed with 

LiTCNQF. Compounds 2 and 3 are isomorphs as evidenced by 

the unit cell dimensions and contents (at 120 K, Table S1, 

Figure S1). The Co-N bond distances in 3 slightly deviate from 

the ones in 2 but all are within the range for L.S. Co(II) 

compounds. The fluorine substituent on TCNQF.- in 3 

disordered and was modelled with partial occupancies that 

sum to 1 for each TCNQF.- asymmetric unit. 

Supramolecular interactions, especially π…π contacts, play 

an important role in organizing the solid-state structures of the 

new materials. In the case of 1, the interplanar distance for the 

two distinct TCNQ.- radicals is 2.911 Å in 1 (Figure S2(a)), much 

shorter than the sum of the van der Waals radii of two carbon 

atoms (3.40 Å). This short contact is an indication that the 

TCNQ.- radical anion pairs exist as antiferromagnetically 

coupled π-dimers51 which is also confirmed by the magnetic 

measurements of the Zinc analogue(1’) of 1. The ferrocenyl 

group also engages in a short contact (3.108 Å) with a TCNQ.- 

radical anion which serves to constrain the geometry of the 

[CoII(Fctp)2]2+ cation.  Two other short contacts that involve 

pyridyl groups on the Fctp ligand are also observed with 

relatively longer distances (3.316 Å for ferrocenyl…pyridyl and 

3.402 Å for TCNQ…pyridyl). (Figure S2(a)) These short contacts 

propagate a one-dimensional chain along the a axis of the unit 

cell (Figure. S2(b)). 

The packing patterns for 2 and 3 are different from 1 in 

that two types of TCNQ.- or TCNQF.- radical anions are present, 

one of which is similar to the π-dimer in 1 with interplanar 

distances of 2.998 Å for 2 and 3.007 Å for 3 respectively 

(Figure S3) The other type of radical is not dimerized49 and 

exhibits interplanar distances of 3.529 Å for 2 and 3.543 Å for 3 

respectively, which are longer than the sum of van der Waals 

radii. No similar face-to-face short contacts between the 

ferrocenyl group and TCNQ.- or TCNQF.- radical anion are 

observed for 2 and 3.  Powder X-ray diffraction measurements 

at room temperature were compared with the simulations 

from the single-crystal structures (Figure S4). Resolvable peaks 

from the experiments were found in the simulated 

corresponding ones. Slight shifts of the peaks is due to the 

thermal expansion effect and the gradual SCO effects.52   

 

Figure 3.  (a) Magnetic field dependence, (b) and (c) temperature dependence 

of 1 with the best fits by using eq. (2) and eq. (3). The insets are Cole-Cole 

plots (solid squares) with fits (solid lines). 

 

Figure 2. (a) χT vs T plot and (b) field-dependent magnetization curve at 

1.8 K for compound 1. (Inset: reduced magnetization plots from 1-7 T) The 

solid lines are the best fit from the Hamiltonian in eq (1). 
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Magnetic properties 

Temperature-dependent magnetic susceptibility 

measurements of 1, 2 and 3 were performed under a 0.1 T DC 

field over the temperature range of 1.8-300 K. The phase 

purities of 1, 2 and 3 (Figure S4) were verified by powder X-ray 

diffraction. The isomorphic zinc analogue (1’) of 1 was also 

synthesized and characterized to evaluate the magnetic 

contribution from TCNQ.- (Section S7 in Supporting 

information). The room temperature χT value of 1 is 3.00 emu 

K mol-1 which is higher than the expected value for a  spin-only 

S = 3/2 (1.88 emu K mol-1) ion due to spin-orbit coupling. The 

decrease of χT value at low temperature is attributed to zero-

field splitting effects. The magnetic behaviour at ~ 10 K (Figure  

2(a)) indicates the possibility of a negative (D < 0) due to the 

splitting of first-order spin–orbit coupling in the low-lying 

orbital doublet.53 This was further investigated by ab initio 

calculations (see the theoretical calculation section). 

Magnetization data at 1.8 K and reduced magnetization data 

from 1.8 to 5 K were also collected (Figure S5(c)). The 

Hamiltonian in eq (1) was used to simultaneously fit the 

temperature-dependent (Figure 2(a)) and field-dependent 

(Figure 2(b)) static magnetic susceptibility data. The H, β, D, E, 

g symbols are the magnetic field strength, the Bohr magneton, 

the axial, rhombic magnetic anisotropy and g tensor, 

respectively. The best fit gives D = -57.0 cm-1, E = -17.9 cm-1, gx 

= 2.07, gy = 2.20 and gz = 3.06. The D value from fitting was 

comparable to the reported value for high-spin Co(II) bis-

terpyridine compounds.29 A reasonable unique fit was 

obtained by using these parameters; the shapes of field-

dependent magnetization curves indicate strong dependence 

on the anisotropy of g tensor at low temperature. 

Ĥ = 𝐷 [�̂�𝑧
2 −

1

3
�̂�(�̂� + 1)] + 𝐸(�̂�𝑥

2 − �̂�𝑦
2) + 𝒈𝛽𝐻�̂�        (1) 

 An AC study of compound 1 was performed under 0-6000 

Oe external DC fields at 1.8 K. No out-of-phase signals were 

observed under 0 Oe which is due to fast quantum tunnelling 

of the magnetization (QTM). The relaxation times (τ) under 

different DC fields were extracted from fittings of Cole-Cole 

plots (Table S1). The τ value increases as the field increases 

from 250 Oe to 1750 Oe and then decreases up to 6000 Oe.  

Two relaxation processes, QTM and direct spin-phonon 

relaxation, were taken into consideration to fit the field-

dependence of τ-1 (eq. 2 where A, B1, B2 are coefficients and H 

is the magnetic field strength). 

𝜏−1 =
𝐵1

1+𝐵2𝐻
2 + 𝐴𝐻4𝑇 + 𝑐𝑜𝑛𝑠𝑡.          (2) 

The least square fitting yielded A = 7.77× 103 T-4 K-1s-1, B1 = 

0.97 × 103 s-1 and B2 = 3.39 × 102 T-2. The individual 

components of the contributions from different relaxation 

processes are shown in Figure 3(a), from which it can be 

ascertained that the effect of QTM is suppressed as the field 

increases. Conversely, the contribution from direct spin-

phonon relaxation increases as the field strength increases. 

The τ-1 reaches its minimum at approximately Hdc = 1750 Oe.  

The temperature dependence of the relaxation time was 

also investigated under two different DC fields (500 Oe and 

1750 Oe). The out-of-phase signals and Cole-Cole plots are 

shown in Figure 4, S6 and S7. Two additional terms, an Orbach 

process and a Raman process, were introduced to model the 

temperature dependence of τ-1: 

𝜏−1 = 𝜏0
−1𝑒

𝑈𝑒𝑓𝑓

𝑇𝑘𝐵 + 𝐶𝑇𝑛 + 𝐴𝐻4𝑇 +
𝐵1

1+𝐵2𝐻
2       (3) 

where C and n are Raman components and Ueff and kB are the 

effective energy barrier and Boltzmann constant. 

The best fit yields: Ueff = 19.1 K, τ0 = 9.8 × 10-6 s, C = 3.4 × 

10-4 K-9 s-1, n = 9. (Figure 3. (b) and (c)) The Ueff and τ0 values 

are comparable to reported field-induced SMMs with six-

coordinate CoII centers.54 The Raman components C and n are 

in the range expected for a Kramers ion (n = 6-9 and C < 0.1).55, 

56 The QTM process under 1750 Oe is well suppressed 

compared to a field of 500 Oe. At low temperatures, the 

contribution to τ-1 is primarily from an Orbach process under a 

1750 Oe DC field whereas the contribution from the Raman 

process is insignificant at low temperature but increases 

rapidly as the temperature increases.  

Figure4. Out-of-phase signal of compound 1 under (a) 500 Oe and (b) 1750 

applied dc field. 
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The χT values for 2 (Figure 5) increase from 0.748 emu K 

mol-1 at 2 K, which corresponds to two S = 1/2 spin centres (χT 

= 0.375 for S = 1/2, g = 2.00), to 1.96 emu mol-1 K-1 at 300 K. 

The contribution to χT at 2 K is from low-spin CoII and the non-

dimerized TCNQ radical which is in good agreement with the 

observed crystal structure. The high-spin state of CoII in 2 is not 

fully populated at 300 K compared to that of 1 for which the χT 

value is ~ 3 emu mol-1 K-1 at 300 K. Similar spin-crossover 

behaviour for 3 was observed. The χT value at 2 K is 0.848 emu 

K mol-1, slightly higher than the value for 2, and increases more 

rapidly than 2 to reach a value of 3.20 emu K mol-1 at 300 K. 

These results indicate that the L.S. to H.S. transition of the 

[CoII(Fctp)2]2+ cation is facilitated in 3 compared to 2. The 

incomplete spin-state transition of 3 at low temperature is 

attributed to the geometric constraints of the crystal lattice 

and coordination sphere and/or supramolecular 

interactions.49, 57-59 The fitting of the χT vs T curves for 2 and 3 

is discussed in detail in Section S7 in the Supporting 

Information.60, 61 The best fit (Figure S11(c)) led to values of ΔH 

= 8.69 kJ mol-1, ΔS = 25.8 J K-1 mol-1 for 2 which exhibits a T1/2 

of 336 K and ΔH = 3.12 kJ mol-1, ΔS = 13.8 J K-1 mol-1 for 3 with 

a T1/2 of 226 K. The magnitude of ΔH and ΔS for 2 and 3 are 

comparable to the reported CoII-bisterpy SCO compounds.29, 62  

Given that 2 and 3 are isostructural, the only variance that can 

account for the difference in SCO behaviour is the presence of 

TCNQ.- versus the TCNQF.- radical anions. As expected, no out-

of-phase signals were observed for 2 and 3 at 1.8 K under 

external DC fields from 0 to 6000 Oe which is consistent with 

an S = 1/2 ground state with no energy barrier between Ms = 

±1/2 states.  

Theoretical Calculations  

Ab initio CASSCF calculations were carried out to probe the 

origin and sign of the observed D values of CoII ion in 1. 

Computed gx, gy and gz values along with the transition 

energies of the first four excited states and their contributions 

to the D value for 1 are listed in Table 2. Calculations yielded a 

g value of 2.36, in good agreement with the experimentally 

determined g value of 2.44.  

Table 2. CASSCF computed D, E/D and gx, gy and gz values, transition 

energies (cm-1) and contributions to D value from the first four excited states 
for 1.  

D (in cm-1)  and 

E/D 

gx, gy, gz Excited 

state 

Energy D 

Contribution 

-59.9 and 0.15 2.07, 2.22, 

2.80 

 

First 

Second 

Third 

Fourth 

1013.0 

2624.4 

7075.8 

7805.4 

-70.2 

8.4 

-3.9 

1.1 

 

The CASSCF computed splitting of the d orbitals for the CoII 

ion in 1 is depicted in Figure 6. The results indicate that the 

first transition of the β spin occurs between the dxz and dyz 

orbitals with the same |ml| level which leads to a negative D 

value.63, 64 This low energy transition (~1013 cm-1) contributes 

a large D value (−70.2 cm-1). The second transition occurs 

between dxy and dyz orbitals with different |ml| levels which 

contributes a positive D (+8.4 cm-1) to the total D value.  Small 

contributions (−3.9 cm-1) from the third fourth transition (+1.1 

cm-1) do not affect the overall negative D value in a significant 

manner. The CASSCF computed D value of -59.9 cm-1 is in 

excellent agreement with the experimental D value of -57.2 

cm-1 for 1.  

Figure 5.  χT vs T plot of SCO complexes 2 (black circles) and 3 (red circles).  
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Figure 6. CASSCF-computed d-orbital ordering for the Co(II) ion in 1. Spin-up 

(black) and spin-down (red) arrows represent α and β electrons. The pink and 

blue regions indicate the positive and negative signs of wave functions 

respectively. 

 

DFT calculations using the TPSSh functional (See 

computational details) were undertaken to unravel details of 

the spin-crossover features observed for 2.65 Computed 

structural parameters for 2 along with its X-ray structural 

parameters are summarized in Table S7. The structural 

parameters of the optimized structures are generally in good 

agreement with the X-ray structural parameters. The 

optimized low-spin (S=1/2) structure in particular closely 

resembles the X-ray structure. The computed energies of 2 are 

provided in Table S8.  For 2, the Low-Spin (LS) state was found 

to be the ground state which is consistent with experimental 

data; the High-Spin (HS) state lies at 13.6 kJ/mol for 2. It is 

noted that, although the average error of TPSSh calculation 

results for such SCO systems was reported to be ~15.5 kJ/mol 

(or 3.70 kcal/mol) which is close to our result here, the 

predicted LS-HS energy difference is in the expected range of 0 

to 25 kJ/mol for the observation of spin-crossover behavior in 

2 which confirms the spin-crossover features.66, 67 

 DFT calculations with the ωB97x-D functional were also 

performed to investigate the intermolecular interactions 

between the high-spin [CoII(Fctp)2]2+ cation and the (TCNQ)2
2-

/(TCNQF)2
2- π-dimers with the phase-I structure. Phase-I is the 

structure that involves π⋯π stacking between ferrocenyl 

group and TCNQ. The comparison was made to address why 

the TCNQF does not favor the phase-I structure. The energy 

diagram of the frontier molecular orbitals for 

{[Co(Fctp)2](TCNQ)2}(c1) and {[Co(Fctp)2](TCNQF)2}(c2) 

complexes is depicted in Figure 7. The HOMO (E= - 6.544 eV 

for c1 and -6.584 eV for c2) and LUMO (E= -2.492 eV for c1 and 

-2.715 eV for c2) levels for both compounds are based on the 

(TCNQ)2
2-/(TCNQF)2

2- π-dimer bonding and antibonding 

orbitals. (Figure S13) The HOMO and LUMO energies are 

slightly lower for c2 due to the electron withdrawing effect of 

the fluorine substituent on TCNQF⋅-. The LUMO+1 orbital (E= -

1.106 eV) of c1 is mainly based on the π-antibonding orbital on 

the terpyridine ligand and the d orbital on the ferrocenyl group 

attached to it. The LUMO+2 orbital of c2 is nearly identical to 

the LUMO+1 of c1 but lies at higher energy (-0.670 eV). In 

contrast, the LUMO+1 orbital of c2 has similar characteristics 

to the orbital compositions of LUMO+2 but is located on the 

terpyridine ligand that is distal from the (TCNQF)2
2- π-dimer. 

The destabilization of the LUMO+1 and LUMO+2 orbitals of c2 

is caused by an increase of Columbic repulsion due to the 

presence of the fluorine atom on (TCNQF)2
2-. Thus, the energy 

gap of the (TCNQ)2
2-/(TCNQF)2

2- charge transfer to 

[CoII(Fctp)2]2+  that involves the π⋯π interactions, ΔEd→a,  

increases from 5.438 eV to 5.914 eV when TCNQ.- is replaced 

by TCNQF.-. 

Discussion 

 The fact that reactions between [CoII(Fctp)2]2+ and TCNQ.-/ 

TCNQF.- produce compounds with different magnetic 

properties presents an ideal case for probing the role of 

supramolecular interactions. For the TCNQ.- case, two phases 

were obtained, a major product, 1 (phase-I), with SMM 

properties and a minor product, 2 (phase-II) with SCO 

behaviour. In contrast, only one compound, 3 (phase-II), was 

isolated under the same experimental conditions. These 

findings indicate that phase-I is more favoured when TCNQ.- is 

used as a counterion and phase-II is more favoured for the 

TCNQF.- derivative.   

An important finding in this work is the isolation of 

compound 1 which exists in the H.S. state. Typically, CoII 

complexes with terpyridine ligands exist in the L.S. ground 

state with the H.S. state as excited state19-21 and, in fact, there 

are only a few examples of Co(II)-bis(terpyridine)-type 

compounds that exist in the H.S. state and which exhibit SMM 

behaviour.29, 68, 69   Thus phase-II products should be favoured 

in all cases.  The increase in energy required to stabilize 

[CoII(Fctp)2]2+ in the high-spin state in compound 1 (phase-I) is 

provided by the supramolecular interactions between the 

ferrocenyl groups and TCNQ.-. As mentioned above, a 

significant difference in the structures of phase-I and phase-II 

is the presence of short contacts between the ferrocenyl group 

on [CoII(Fctp)2]2+ with the TCNQ.- π-dimer (~3.108 Å, Figure S2) 

in the former material, which is quite short and falls into the 

category of π⋯π interactions.70  
The energy contributions from the π⋯π interactions can be 

decomposed into the sum of electrostatic (ΔEelectrostat), Pauli 

(ΔEPauli), and orbital interaction (ΔEorb) terms.71 Given the 

evidence of destabilization of the LUMO+1 and LUMO+2 

orbitals of c2 from the DFT calculations, the ΔEelectrostat and 

ΔEPauli terms are augmented by the increase in electron density 

on (TCNQF)2
2- as compared to (TCNQ)2

2-  which renders the 

π⋯π interaction unfavourable. The ΔEorb term, the absolute 

value of which is inversely related to ΔEd→a of the donor-

acceptor pair involved in the π⋯π stacking71, 72, also plays an 

important role in stabilizing the high-spin Co(II) ion in the 

phase-I structure. The energy diagram obtained from the 

calculations (Figure 7), indicates that the ΔEd→a value increases 

from 5.438 eV to 5.914 eV due to the fluorine substituent.  The 

energy of the donor HOMO is lowered by the electron 
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withdrawing effect of the fluorine and the LUMO+1 on the 

acceptor is raised in energy by Columbic repulsion from the 

electron density on the fluorine substituent; therefore the 

ΔEorb term is more negative for the TCNQ.- case. Given these 

findings, the π⋯π interactions are weaker for the 

{[Co(Fctp)2](TCNQF)2} material than for {[Co(Fctp)2](TCNQ)2}.  

As a result, the phase-I structure is more favoured with TCNQ.- 

and less favoured for TCNQF.- owing to the differences in π⋯π 

interaction strength between the [CoII(Fctp)2]2+ cations and 

TCNQ.-/TCNQF anions. 

Compounds 2 and 3 are isomorphs with the only difference 

being the fluorine substituent on the TCNQ.- radical anion. The 

disparity in SCO behaviour between 2 and 3 is attributed to the 

differences in polarities of TCNQ.- and TCNQF.-. The 

asymmetrically substituted TCNQF.- radical anion in 3 (Figure 

S12) is disordered in the structure with uneven site 

occupencies which indicates that the interaction of dipole 

moments between [CoII(Fctp)2]2+ and TCNQF.- are significant at 

the crystallization temperature of ~298 K. The enthalpy 

change, ΔH, decreases from 8.69 kJ mol-1 for 2 to 3.12 kJ mol-1 

for 3.  The changes in ΔH may be caused by the electric dipolar 

interactions in the solid-state which reduce the energy 

difference between the high-spin state and low-spin state in 

phase-II structures.  

The entropy changes, ΔS, are also critical for determining 

the T1/2 values for the SCO phases in this study. The ΔS 

decreases from 25.8 J K-1 mol-1 for 2 to 13.8 J K-1 mol-1 for 3. 

Similar trends for Fe(II) SCO complexes have been observed in 

solution phases with different solvent polarities.73 The 

contributions to ΔS are mainly from two sources, the 

electronic contribution, ΔSel, and vibrational contribution, 

ΔSvib. The major variation in  ΔS  for 2 and 3 is ascribed to the 

differences in ΔSvib since ΔSel (~5.76 J K-1 mol-1)61 is the same 

for Co(II) in 2 and 3. Experimental and theoretical calculations 

support the conclusion that the major contribution to ΔSvib in 

SCO systems is due to metal-ligand vibrations that 

corresponding to Jahn-Teller distortions associated with the 

spin-state transition,74-80 which also induce dipole moment 

changes of the six-coordinate CoII ion in 2 and 3 (Figure S14). 

Thus, considering the non-zero dipole moment of TCNQF.-, the 

electric dipole interactions between [CoII(Fctp)2]2+ and TCNQF.- 

are responsible for the differences in ΔS for 2 and 3 which 

leads to the distinct SCO behaviour of these materials.  

Conclusions 

 Three new compounds [CoII(Fctp)2] (TCNQ)2 (1), 

[CoII(Fctp)2] (TCNQ)2·MeCN (2) and [CoII(Fctp)2] 

(TCNQF)2·MeCN, (3), were prepared and found to exhibit 

diverse magnetic properties owing to the presence of the 

radical anion TCNQ.- versus TCNQF.-. Two pseudopolymophic 

products, 1 as the major product and 2 as the minor product, 

were obtained from the same reaction. Compound 1 exhibits 

SMM behaviour under applied DC fields with an effective 

energy barrier Ueff of 19.1 K and a pre-exponential factor of τ0 

= 9.8 × 10-6 s, whereas 2 exhibits SCO behaviour. The use of 

TCNQF.- instead of TCNQ.- exclusively leads to the isolation of 3 

which is isostructural with 2. Both 2 and 3 exhibit SCO 

behaviour but with different transition temperatures, T1/2 = 

336 K for 2 and T1/2 = 226 K for 3. The collective results of 

single crystal X-ray studies, theoretical calculations, and 

thermodynamic parameters indicate that the preference for 

different phases and SCO behaviour is related to 

supramolecular interactions between [CoII(Fctp)2]2+, and the 

assemblies of the radical anions TCNQ.- and TCNQF.-. These 

results demonstrate that redox-active organic anions are 

useful tools for introducing supramolecular interactions and 

for fine-tuning the magnetic properties of open-shell metal 

cations by taking advantage of conjugation for π⋯π 

interactions, the presence of tunable frontier orbital energies, 

and the polarity of the organic moieties. 
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