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A new series of tetrahedral Co(II) complexes [CoLX2] 

(X = NCS, Cl, Br, I) manifesting single-ion magnet 

features  
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b
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a
 

A series of tetrahedral CoII complexes [CoLX2] (X = NCS (1), Cl (2), Br (3) and I (4); L = 9,9-
dimethyl-4,5-bis(diphenylphosphino) xanthene) based on P-donor ligand has been prepared to 
investigate the influence of terminal ligand field strength on anisotropy of CoII single-ion 
magnets. It has been observed that heavier and softer terminal ligands are able to decrease the 
anisotropy of the tetrahedral CoII centers. Thorough analyses of experimental and theoretical 
studies show that all complexes are having easy-axis type magnetic anisotropy and slow 
relaxation behaviors of tetrahedral CoII centers. Detailed ab initio theory studies disclose that 
the changes in ligand field strength imposed by the terminal ligands result in modifying the 
single ion anisotropy (D) of complexes 1-4. Furthermore, the isostructural ZnII analogue (5) 
has been prepared to examine the influence of dipolar interactions between adjacent CoII 
centres and magnetic dilution experiment was performed.  

 

Introduction 

Following the finding of single-molecule magnet (SMM) 
behavior in the Mn12 complex Mn12O12(CH3CO2)16(H2O)4,

1d 
several multinuclear 3d metal complexes have been synthesized 
and their magnetic properties were investigated extensively.1,2 
In the last few decades, significant efforts have been directed to 
enhance the effective energy barrier (Ueff = |D|S2) by increasing 
the ground spin state. Therefore, many polynuclear complexes 
were reported where strong ferromagnetic coupling between the 
metal centres were expected to generate high S value. Recent 
studies show that large ground state and high magnetic 
anisotropy can’t be obtained in a single system, therefore 
multinuclear complexes are probably not the best choices for 
obtaining higher effective energy barrier. As a consequence 

focus has been shifted to single-ion magnets (SIMs) where 
spin-orbit coupling, which is primarily responsible for magnetic 
anisotropy, can be reasonably controlled by tuning the strength 
and geometry of the crystal field. Many mononuclear 
lanthanide complexes have been reported for showing single 
ion magnetic behavior3,4 and considerable attempts have also 
been made towards the development of transition metal based 
SIMs.5-8 Among all reported 3d-SIMs, the most important 
characteristic is the low coordination environment around metal 
centre, as by restraining the coordination number magnetic 
anisotropy can be enhanced in the resulting complex.9 In 
particular, notable attention has been paid on the CoII based 
SIMs due to its non-integer ground state spin,10 which actually 
diminishes the QTM at zero dc field.11 Despite the remarkable 
developments in the research of SIMs, many essential features 
of SIMs are still needed to be explored, and hence, further 
detailed investigation is required.  
The reported CoII-SIMs mostly include tricoordinate, 
tetracoordinate, pentacoordinate, hexacoordinate and 
heptacoordinate complexes having either positive or negative D 
parameter.5-8 Zero field splitting (ZFS) has been considered by 
axial parameter, which is associated with energy gap between 
the ground and excited states. In four coordinated CoII systems, 
the ground term 4A2(Td) is split into the ground and excited 
multiplets and each of them are referring to a Kramers doublet 
MS = ±1/2 and ±3/2.12 The efforts to achieve  
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Fig. 1 View of the ellipsoid structures with 50% probability of complexes 1-4 (a-d). Color codes: C (grey), N (blue), O (red), S (yellow), P (orange), Cl (green), Br 
(brown), I (dark green) and Co (pink).  

 
desired D-parameter in a metal complex by rational synthetic 
strategy have escalated during recent years and some 
understandings resulted the magnetostructural D-correlations.13 
Recently, focus has been given on CoII based tetrahedral system 
to illustrate the structural dependence of the ZFS 
parameter.12a,14  
For example a series of tetrahedral complexes [Co(EPh)4]

2- (E 
= O, S and Se) has been reported by Long et al., where they 
have shown a substantial increase of the ZFS parameter with 
heavier donor atoms.14e,f Another series of tetrahedral CoII 
complexes [Co(L)(MeCN)X2] (where L = 2,3-diphenyl-1,2,3,4-
tetrazolium-5-olate; X = Cl or Br) has been also reported to 
show the similar trend.14b In all cases it has been reported that 
heavier and softer donor ligands are able to increase the 
magnetic anisotropy.15 Similar trend has been found in 
tetrahedral CoII complexes based on N-donor ligands.14c,d 
Surprisingly, no such systemic investigation of the influence of 
heavier and softer donor ligands on the magnetic anisotropy has 
been made with P-donor ligands. We therefore synthesize a set 
of tetrahedral CoII complexes based on P-donor ligand to 
investigate the effect of terminal ligand field strength on 
anisotropic parameter by combined experimental and 
theoretical studies. The dynamic magnetization study of 
tetrahedral CoII complexes [CoLX2] (X = NCS (1), Cl (2), Br 
(3) and I (4); L = 9,9-dimethyl-4,5-bis(diphenylphosphino) 
xanthene) has been investigated and the effect of ligand 
strength on magnetic anisotropy is also explored.  

Results and Discussion 

 
Scheme 1: A reaction scheme illustrating the formation of complexes 1-4.  

Ligand (L) was prepared from 9,9-dimethylxanthene and 
chlorodiphenylphosphine starting materials and the details 
synthetic procedure has been given in the experimental section. 
The tetrahedral CoII complexes [CoLX2] (X = NCS (1), Cl (2), 
Br (3) and I (4)) were synthesised by reacting the ligand and 
CoII salts in 1:1 molar ratio (Scheme 1).  

Structural Description of Complexes 1-4  

Single-crystal X-ray studies of all complexes disclosed that 1 
and 4 crystallized in triclinic P-1 and monoclinic P21/m space 
groups respectively, whereas both 2 and 3 crystallized in the 
monoclinic P21/c space groups (Table S1). The CoII centre is 
coordinated by two phosphorus atoms of the ligand (L) and two 
terminal ligands X (X = NCS− (1), Cl− (2), Br− (3) and I− (4)) 
(Fig. 1). The local symmetry of the cores {CoP2X2} is almost 
Td. The Co–X bond distances increase as ionic radius of 
terminal atom (X) increases (Table S2) and the angle X–Co–X 
also increases along the series from 1 to 4. A clear comparison 
among the complexes can be made based on their significant 
structural parameters which have been shown in Table 1. The 
M-L bond angles in complex 1 are distorted with the angles of 
N1–Co–N2 = 114.70(3), N2–Co–P2 = 104.80(4) and P1–Co–
P2 = 112.82(4) (Table S3). A comparable structure can be 
found for complex 2 (Fig. 2) with the angles Cl1–Co–Cl2 = 
115.28(3), Cl2–Co–P5 = 108.06(5) and P6–Co–P5 = 114.55(5). 
Complex 3 is isostructural with 2 [Br1–Co–Br2 = 117.52(2), 
Br2–Co–P3 = 107.27(2) and P4–Co–P3 = 114.32(1)] (Table 
S3). Similar with 3, complex 4 is having bond angles of I1–Co–
I2 = 118.53(2), I2–Co–P1′ = 105.79(3) and P1–Co–P1′ = 
112.92(2). The important structural parameters (d, α, β and δ) 
for complexes 1–4 have been presented in Table 1. The angular  

Table 1 Selected structural parameters of complexes 1-4. 

Complex X dL (Å) dX (Å) α(L–
Co–L) 

(°) 

β(X–
Co–X) 

(°) 

δ (°) 

1 NCS 2.372 1.924 112.82 114.70 -8.52 
2 Cl 2.378 2.221 114.22 116.34 -11.56 
3 Br 2.366 2.356 114.67 116.57 -12.24 
4 I 2.364 2.554 112.92 118.53 -12.45 

dL = mean distance Co–P, dX = mean distance Co–X. 

(a) (b) (c) (d) 
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Fig. 2 χMT vs. T plots measured at 0.1 T for complex 1 (a) and 2 (b). 1/χM vs. T plots shown in the inset; M/NµB vs. H plots for complexes 1 (c) and 2 (d) at the indicated 

temperatures. The red lines are the best fit.  
 
distortion parameter δ can be calculated as δ = 2×Td - (α + β) 
where α = L–Co–L and β = X–Co–X angles (Td represents the 
ideal tetrahedral angle (109.5°)).14a It can be seen that δ show a 
dependence on nature of the terminal ligand X and it suggests 
higher distortion from ideal Td geometry in the series from 1 to 
4. In order to provide more insight into the coordination 
geometries, SHAPE 2.116 analysis has been performed which 
shows that all CoII centres are having distorted tetrahedral 
geometries (Fig. S1) with minimum CShM values of 0.281, 
0.383, 0.519 and 1.201 for 1-4 respectively. Detailed analyses 
have been given in the ESI (Table S4).  
In complexes 1–4, substantial π-interaction and intermolecular 
H-bonding network have been found, that supports formation of 
supramolecular two dimensional arrangements. In complexes 1-
3, intermolecular H-bonding interactions are formed (Table S5-
S7) between the terminal ligands X (X = NCS, Cl and Br) with 
the phenyl rings and resulted in the construction of 2D 
arrangements (Fig. S2-S9). The supramolecular 2D 
arrangement has been also found in complex 4 (Fig. S10-S12) 
due to strong intermolecular H-bonding interactions between 
the halogen atoms with solvent molecules (Table S8).  

Magnetic Property Studies  

Powder X-ray diffraction patterns have been collected for all 
complexes 1–4 and it indicated the bulk phase purity of all 
complexes (Fig. S13-S14). Magnetic susceptibility 
measurements have been performed and the obtained χMT 
values (χM = molar magnetic susceptibility) were 2.60 (1), 2.52 
(2), 2.47 (3) and 2.41 (4) cm3 K mol−1 at room temperature and 
the values are found larger than spin-only value of 1.875 cm3 
mol−1K for CoII ion (Fig. 2 and S15). The obtained χMT values 
fall within the range for anisotropic CoII centres having 

substantial orbital contribution.17 As the temperature decreases, 
the χMT values do not change upto 70 K and then it decreases 
and reaches to the values of 1.48 (1), 1.39 (2), 1.65 (3) and 1.40 
(4) cm3 mol−1 K at 2 K (Fig. 2 and S15). Due to inherent 
anisotropy of the CoII centres, the χMT value decreases at very 
low temperature. The highest values of magnetization data at 2 
K and 7 T were found to be 2.53 (1), 2.48 (2), 2.43 (3) and 2.38 
(4) NµB (Fig. 2 and S15). The experimental values are observed 
to be in the lower range than theoretical saturation value of 3.3 
(for g = 2.2). The magnetization values do not saturate even at 7 
T field and the magnetization plots at different temperature do 
not coincide and that suggests the existence of magnetic 
anisotropy in studied complexes (Fig. S16). A spin Hamiltonian 
has been used to quantify the D parameters and that has been 
described in eqn (1)  
 
H = gµBS·B + D[Sz

2 − S(S + 1)/3] + E(Sx
2 – Sy

2)              (1) 
 
the axial and rhombic ZFS parameters have been represented 
by D and E terms, respectively. D and E parameters were 
measured using PHI code18 where χMT vs. T and M/NµB vs. H 

plots have been fitted simultaneously and the g tensor has been 
kept isotropic. The best fits gave D = -16.2(7) cm−1, E = 1.1(3) 
cm−1, and g = 2.27 for 1; D = -15.1(4) cm−1, E = 0.9(5) cm−1, 
and g = 2.24 for 2; D = -11.6(8) cm−1, E = 1.2(2) cm−1, and g = 
2.20 for 3; D = -7.3(5) cm−1, E = 1.5(4) cm−1, and g = 2.18 for 
4.  
The negative D parameters designate the possibility of slow 
relaxation behaviours for complexes 1-4. AC magnetic 
susceptibility measurements have been done at 3.5 Oe ac field 
in order to check slow magnetic relaxation behaviours. 
Complexes 1-4 did not display out-of-phase ac signal under  

 
Fig. 3 Frequency dependency of the in-phase (χM′) (a and b) and out-of-phase (χM″) (c and d) AC magnetic susceptibility plots for complex 1 and 2 under 1000 Oe dc 

field.  

(a) (b) (c) (d) 

(a) (b) (c) (d) 
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Fig. 4 Cole-Cole plots for complex 1 (a) and 2 (b). Solid lines represent the best fit; ln (1/τ) vs. 1/T plots for complex 1 (c) and 2 (d). The red lines are the best fit of the 

Arrhenius relationship.  
 
0 Oe dc field and that might be owing to quantum tunnelling of 
magnetization (QTM) by thermal relaxation barrier between the 
±3/2 levels. For S = 3/2 system with D < 0, the QTM process 
cannot be stimulated by transverse anisotropy through mixing 
of wave functions corresponding to the ±Ms levels as a result of 
the parity effects;11 and therefore, the hyperfine and dipolar 
arbitrated processes might be responsible for the QTM 
process.19 The QTM was suppressed upon application of 1000 
Oe dc field which actually splits ±Ms doublets. Therefore, 
frequency-dependent ac signals have been found for all 
complexes and is a characteristic of field-induced 3d-SIMs 
(Fig. 3 and S17). Moreover, the frequency-dependent ac 
susceptibility data has been used to make the χM" vs χM′ plots or 
Cole-Cole plots (Fig. 4 amd S18). The modified Debye model20 
has been used to fit Cole-Cole plots at different temperature and 
the α values were obtained (α indicates width of distribution of 
relaxation times; α = 1 and 0 suggests the infinitely wide 
distributions and relaxation with single time constant, 
respectively) within the ranges 0.03-0.24 (1), 0.06-0.27 (2), 
0.08-0.30 (3) and 0.07-0.32 (4) and which indicates narrow 
distribution of relaxation time. The Arrhenius eqn (2)21 was 
used to measure energy barrier (Ueff) and relaxation times (τ0) 
for complexes 1-4  
 
ln(1/τ) = ln(1/τ0) - Ueff/kT                               (2) 
 
where k is the Boltzmann constant and 1/τ0 is the pre-
exponential factor. By using eqn (2), a linear fit has been done 
and it provided the values of Ueff = 30.1 K and τ0 = 6.2 × 10−6 s 
for 1; Ueff = 25.5 K and τ0 = 2.7 × 10−6 s for 2; Ueff = 18.7 K 
and τ0 = 1.8 × 10−6 s for 3; Ueff = 9.2 K and τ0 = 1.2 × 10−6 s for 
4 (Fig. 4 and S18). The obtained τ0 values are found to be at 
higher end of SMMs22 and are comparable with the other 
reported CoII SIMs.5f,14e  
The magnetic dilution experiment has been performed to 
examine the influence of dipolar interactions between adjacent 
CoII centres. Diamagnetic isostructural ZnII analogue (5) was 
synthesized (Fig. S19 and Table S9) and magnetically diluted 
with CoII complex (2) in a 95:5 percentage ratio. No significant 
difference in AC measurements for the diluted complex was 
observed and the obtained energy barriers are found to be 
almost similar with undiluted complex (Fig. S20). Thus, it can 
be stated that dipolar interactions are not important in the 

present case and slow relaxation occurs from single CoII centres 
for the studied complexes.  

Theoretical Calculations  

To get a better understanding of the magnetic anisotropy at the 
molecular level, detailed theoretical calculations were carried 
out for all four complexes. DFT optimized structures of the 
complexes are quite replicated and are consistent with our X-
ray data (Fig. S21 and Table S10). The Co-X bond length 
increases from 1 to 4, whereas the Co-P bond lengths are 
almost unaltered. Both P-Co-P (α) and X-Co-X (β) bond angle 
decreases in the order from 1 to 4. The electronic structure at 
the ab initio CASSCF-NEVPT2 level was performed to 
understand the electronic origin of ZFS and to support 
experimental data. The ZFS on the DFT optimized structures 
were computed. In fact, computed values for the optimized 
structures are in better agreement compared to X-ray structure, 
may perhaps due to packing defects as commonly observed in 
X-ray structures.  
The electronic structures of four CoII complexes were 
investigated at the ab initio level using the newly released 
ORCA 4.0.1 electronic structure program.29b In Fig. 5, we have 
plotted five CoII 3d-ligand field splitting orbitals derived from 
Ab initio Ligand Field Theory (AILFT). Unlike the CASSCF 
derived natural orbitals which are pure, the AILFT orbitals are 
chemically more meaningful and the mixing with the five 3d-
orbitals are taken into account. The one electron orbital 
energies derived from NEVPT2 wavefunction for all the four 
species are plotted in Fig. 6. Further, the ligand field splitting 
parameters of all the four complexes are listed in Table S11.  
Although the X-ray crystal structure is close to Cs symmetry, 
we have not involved any symmetry constrainsts in our 
geometry optimizations. However, for the sake of simplistic 
analysis, we have used C2v symmetry for all four complexes. 
The ground spin state of all four Co(II) complexes is S = 3/2. 
For the d7 configuration, the lowest term in spherical symmetry 
is 4F. Under Td symmetry, the ground term (4F) splits to 4A2, 
4T2 and 4T1, whereas the 4A2 is the lowest in energy and 
corresponds to e4t2

3 electronic configuration. Thus, the two e-
orbitals, dx2-y2 and dz2 orbitals are doubly occupied (DOMO), 
wheres the three t2 orbitals, dxy, dyz and dxz orbitals are single 
occupied (SOMO). The splitting between the dx2-y2 and dz2 

(a) (b) (c) (d) 
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orbital is commonly denoted by µ, whereas the averaged 
splitting between the t2 orbitals is denoted by δ. Further, the 
splitting between the µ and δ is 10Dq. The computed ligand 
field splitting parameters for all the four complexes are noted in 
Table S11.  

 
Fig. 5 AILFT derived five 3d-orbitals for complex 2. Inset figure represents the 

choice of the cartesian axes for complex 2.  

In all four complexes, the coordination is varied only by the 
presence of X group, which can be either isocyanate or three 
halide anions. Thus, the ligand field strength of the X group is 
largely responsible for the variable orbital splitting present in 
these four complexes. Within the four X ligands, the strength of 
the ligand decreases in the following order, NCS>Cl>Br and I. 
These variations are reflected in the computed orbital splitting 
(Fig. 6). The computed 10Dq, µ and δ decreases from 1 to 4 
which reflects the strength of the ligand is largest for NCS and 
smallest for I. Further, the computed Racah parameters 
(particularly B) decreases steadily from complex 2 to complex 
4 which indicate that Co-X covalency increases from 
complexes 2 to 4. The AILFT calculated 10Dq and the 
experimental estimates follow the same order. Particularly, in 
the experimental UV spectrum, we were unable to resolve the 
chloro and bromo 10Dq which estimate to be identical, whereas 
our computed data clearly indicate that 10Dq is smaller for 
bromo complex (3) thus more softer as compared to chloro 
complex (2). The computed nephelauxetic parameter, β (cloud 
expansion) for the four complexes also decreases. The softer I-
ligand have a smaller β-value (0.861) is more covalent as 
compared to stronger Cl-ligand (0.873). Together, our 
computed LFS is in line with the experimental data.  
Let us turn our attention to the computed ZFS parameters which 
are listed in Table 2. Both the sign and magnitute of D and E 
values are in excellent agreement with the experimental data for 
all the four complexes. The computed Dzz tensor orientation at 
the ab-initio level have been shown in Fig. S21. In all four 
complexes, the central CoII is at origin, whereas X is orientated 
in Z-axis and thus the computed Dzz is along the Co-X bond. 
Further, as the spin-spin contributions to ZFS is very small, the 
computed D-value arises from spin-orbit coupling (SOC) with 
the excited state, particulalry the spin allowed first excited  

0.0

9000

(1) (2) (3) (4)

dx2-y2

dz2

dxy

dyz

dxz

δ

µ

10DqO
rb
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m
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Fig. 6 A comparison of NEVPT2 AILFT orbital energies for the four complexes 

studied here. µ and δ denotes averaged e and t2 energies and 10Dq denotes the 

energy difference between µ and δ.  

state.9e,12a,14g-h,15a These spin-allowed transitions are commonly 
denoted as 4A2 → 4T2(F) (denoted as ∆1). Similarly, other 
transitions are denoted as 4A2 → 4T1(F), denoted as ∆2 and 4A2 
→ 4T1(P) (denoted as ∆3) which sums up to 9 transitions 
corresponding to the quartet state (Table S12). In general 
CASSCF transition energies show large errors as compared to 
the experimental data, whereas transition energies corrected for 
dynamic correlation derived from NEVPT2 calculations are 
more accurate (Table S12) For all the four complexes, the ∆1 
transitions are typically less than 10,000 cm-1. It should be 
noted that the computed transition energy error bars can vary 
from 2000 to 4000 cm-1 when compared with experiments.  

Table 2 Computed values D and E and their dominant contributions arising 
from quartet and doublet states.a  

 1 2 3 4 

D -15.9 (-16.2) -15.5 (-15.1) -12.7 (-11.6) -9.6 (-7.3) 

E 1.1 (1.1) 0.5 (0.9) 0.6 (1.2) 1.3 (1.5) 

4T2(F) -28.6 -28.7 10.2 11.5 

4T2(F) 7.4 9.0 -27.4 -21.7 

4T2(F) 7.3 8.9 9.2 9.9 

4T1(F) -0.4 -3.5 -4.4 -5.3 

2E (G) -1.2 -1.2 -1.0 -0.9 

2T2(G) 3.8 3.5 3.8 -2.6 

2T2(G) -3.3 -2.8 -2.5 3.9 

2T2(G) -2.7 -2.5 -2.4 -2.4 

a Experimental values in brackets 

Within the four complexes and in all three transitions (∆1 to 
∆3), the splitting is largest for 1 (X = NCS) and smallest for 4 
(X = I) which qualitatively follows the strength of ligand field 
in decreasing order from NCS to I and also follow ZFS order 
(Table 3). However, the doublet term arising from 2G also 
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contribute the transitions which are spin forbidden. As far as 
the individual contributions to ZFS are concerned, we find that 
low lying 4T2 (F) dictate the sign and the magnitude of ZFS 
(more than 80%). For complex 1, ∆1 contribution is larger than 
other quartet terms such as ∆2 and ∆3, whereas the contribution 
of ∆2 becoming more important for the other halo complexes, 
particularly for the iodo complex. Similarly, the doublet term 
contribution (2T2 arising from 2G) is again less which cancel out 
each other. For instance, in 4, the values are -2.6, -2.4 and +3.9, 
thus their overall contribution to D is negligible.  

Table 3 Computed d-d transitions (in cm-1) at the NEVPT2 level for 
complexes 1-4.  

 1 2 3 4 

4A2 →
4T2(F) 

5092.1 4248.4 4094.7 3834.1 

4A2 →
4T2(F) 

5445.5 4450.6 4220.5 4298.3 

4A2 →
4T2(F) 

7567.2 6140.8 5862.2 5563.5 

4A2 →
4T1(F) 

8221.6 7385 7258.7 7242 

4A2 →
4T1(F) 

10011.2 8744.2 8428.8 8254.6 

4A2 →
4T1(F) 

13232.7 11941.4 11526.5 11172.5 

4A2 →
4T1(P) 

17971.2 17934.2 18306.6 18829.9 

4A2 →
4T1(P) 

22159.3 21057.3 20611.1 20221.3 

4A2 →
4T1(P) 

23849.2 21959 21071 20281.8 

 

The difference in the predicted ZFS for the four complexes 
discussed above can arise due to several factors, which are 
discussed below.  
Variable oxygen interaction with Co(II) centre:  

In all the four complexes discussed above, there exist variable 
but weak Co-O distance (2.887 Å for complex 3 to 3.246 Å for 
1) which could influence the predicted ZFS. We have 
performed constrained (Co-O = 2.887 Å and 3.246 Å) geometry 
optimization of the Co-chloro structure and computed the ZFS 
at the NEVPT2 level. For Co-O = 2.887 Å (D = -15.5 cm-1) and 
Co-O = 3.246 Å (D = -15.9 cm-1) species, the predicted ZFS 
differ by less than 0.5 cm-1. Thus, the effect of oxygen 
interaction with Co(II) is rather minimal.  
Variation of first coordination ligands:  

In the studies of Long and co-workers14f and in Neese and co-
workers14j on CoX4 ligands (where X = OPh, SPh, SePh), the 
estimated and computed ZFS increases from oxygen (-11 cm-1) 
to sulfur (-62 cm-1) to selenium (-83cm-1) which was claimed as 
heavy atom effect. The origin of the increased ZFS is largely 
due to the increased contribution of arising from lowest 4T2 

state (due to SOC) from oxygen to sulfur to selenium. 
However, we found here that increasing the halide ions from 
chloro to bromo to iodo, the computed (or estimated) ZFS 
decreases from complexes 2 to 4. Our predicted trends in the 
ZFS is consistent with those of Smolko et al for a series of 
tetracoordinate Co(II) complexes {Co(biq)X2) (where biq = 
biquinoline ligand and X = Cl, Br and I).14c For these 
complexes, the predicted ZFS again decreases which is in line 
with our observations. A similar trend is also found for 
CoCl2(PPh3)2 (D = -14.76 cm-1) and CoBr2(PPh3)2 (D = -13.90 
cm-1) complexes by Lu et al.14k To what extent the geometric 
distortions upon halide substitution alter the ZFS are also 
investigated. Replacing the Cl ligand by Br (Co-Br = 2.330 Å) 
and I (Co-I = 2.550 Å) in complex 2, the computed ZFS alter 
by less than 1 cm-1 when compared to the corresponding ZFS of 
complexes 3 and 4. These variations in ZFS clearly suggest 
halide ion effect is dominant as compared to geometric 
distortions. Thus, we can claim that halide ion clearly plays a 
dominant role which can modify the ZFS and we can coin the 
term it as halide ion effect.  
Dunbar and co-workers14a reported the ZFS for a series of 
CoA2B2 complexes with differing A (A = N, P and As) and B 
(B = Cl, Br and I). Unlike our work predictions, they found that 
ZFS increases from Cl (D = -11.6 cm-1) to Br (D = -12.5 cm-1) 
to I (D = -36.9 cm-1). Similarly the ZFS again increases from 
CoN2I2 (D = +9.2 cm-1), CoP2I2 (D = -36.9 cm-1) and CoAs2I2 
(D = -74.7 cm-1). To estimate the effect of π-acceptor P vs As, 
we have computed the ZFS of As analogs of 2 and 4. Our 
computed ZFS for the As analog are -37.5 cm-1 (CoAs2Cl2) and 
-17.5 cm-1 (CoAs2I2) which is against the predictions of Dunbar 
and co-workers.14a  

Conclusions 

A series of CoII based tetrahedral complexes have been 
synthesized and quantitative estimation of magnetic anisotropy 
using detailed ab initio theory studies disclose that the 
differences in ligand field strength imposed by the terminal 
ligands result in modifying the single ion anisotropy (D) at the 
metal centre. The present results also demonstrate the presence 
of field induced slow relaxation behaviors in a series of 
tetrahedral CoII complexes. It has been revealed that heavier 
and softer terminal ligands can decrease the anisotropy of 
tetrahedral CoII centres; and thus attaining a quantitative 
magnetostructural correlation.  

Experimental Section 

Materials and Methods 

Magnetic measurements were performed using a Quantum 
Design SQUID-VSM magnetometer. The measured values 
were corrected for the experimentally measured contribution of 
the sample holder, while the derived susceptibilities were 
corrected for the diamagnetic contribution of the sample, 
estimated from Pascal’s tables.23 Elemental analysis was 
performed on Elementar Microvario Cube Elemental Analyzer. 
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IR spectrum was recorded on KBr pellets with a Perkin-Elmer 
spectrometer. Powder X-ray diffraction (PXRD) data was 
collected on a PANalytical EMPYREAN instrument using Cu-
Kα radiation.  

X-ray Crystallography 

Intensity data were collected on a Brüker APEX-II CCD 
diffractometer using a graphite monochromated Mo-Kα 
radiation (α = 0.71073 Å). Data collection was performed using 
φ and ω scan. The structure was solved using direct methods 
followed by full matrix least square refinements against F2 (all 
data HKLF 4 format) using SHELXTL.24 Subsequent difference 
Fourier synthesis and least-square refinement revealed the 
positions of the remaining non-hydrogen atoms. Determinations 
of the crystal system, orientation matrix, and cell dimensions 
were performed according to the established procedures. 
Lorentz polarization and multi–scan absorption correction was 
applied. Non-hydrogen atoms were refined with independent 
anisotropic displacement parameters and hydrogen atoms were 
placed geometrically and refined using the riding model. All 
calculations were carried out using SHELXL 97,25 PLATON 
99,26 and WinGX systemVer-1.64.27 Crystallographic data for 
complexes 1-5 were summarized in Table S1.  

Computational Details 

The four X-ray structures are optimized at the DFT level using 
BP86 functional and TZVP basis set. All structures are verified 
as minima through the computation of vibrational frequencies. 
We have used this computational strategy for a number of 
transition metal systems where good geometric predictions are 
made.28 Ab initio calculations are performed using CASSCF 
multi-configurational method for the computation of zero field 
splitting and d-d transitions. To recover the dynamic 
correlation, NEVPT2 calculations are carried out on top of the 
CASSCF wave function. In all four complexes, we have used 7 
electrons in 5 d-orbitals in the active space. All calculations are 
performed using ORCA 3.0.329a and 4.0.1.29b In the ab initio 
calculations, a def2-TZVPP basis set is used for Co, P, S, O, C, 
Cl, Br, I are treated with def2-TZVP basis set, whereas the C 
and H are described using def2-SV(P) basis set. For the 
complex 4, an all electron Sapporo-DKH3-TZP-2012 basis set 
is used.29c Both geometry optimizations and ZFS calculations 
are carried out with scalar relativistic effects using ZORA 
(except complex 4). Spin-orbit coupling calculations are carried 
out within Quasi-degenerate Perturbation Theory (QDPT) as 
implemented by Ganyushin and Neese.30 For CoII complexes, 
the SOC contribution is very large, whereas the spin-spin 
coupling contribution to ZFS is negligible (less than 2%), thus 
not included in our calculations.  

Synthesis 

Synthesis of ligand 

9,9-dimethylxanthene (1.00 g, 4.76 mmol) was added to 60 ml 
of dry Et2O solution of TMEDA (2.1 ml, 13.3 mmol) and the 
solution was stirred for 1 hr. Then, sec-butyllithium (12.5 ml, 

13.3 mmol) was added to the previous mixture while stirring at 
room temperature. The whole reaction mixture was stirred for 
additional 15 hrs. Then 16 ml hexanes solution of 
chlorodiphenylphosphine (2.6 ml, 13.3 mmol) was added and 
stirred for additional 15 hrs. The solvent was removed and the 
solid was dissolved in CH2Cl2; and then washed with H2O. The 
solvent was removed and the obtained final product was 
washed with hexanes and crystallized from 1-propanol to give 
2.02 g (74 %) of yellow-white powder. 1H NMR (CDCl3): δ 
7.40 (dd), 7.18 (m), 6.96 (t), 6.54 (dd), 1.65 (s). Selected IR 
data (KBr pellet, 4000 − 400 cm−1) ν /cm-1: 3075 (νC−H), 2973 
(νC−H), 1404 (νAr−H), 746 (νC−CH), 694 (νC−CH).  

Synthesis of complex 1  

Ligand (57 mg, 0.1 mmol) was dissolved in 5 ml of CH2Cl2 
then 5 ml methanolic solution of Co(NCS)2 (18 mg, 0.1 mmol) 
was added dropwisely to above solution. The whole reaction 
mixture forms blue color and solution was stirred for additional 
2 hrs. The mixture was filtered and filtrate was kept for slow 
evaporation that gives blue crystals of Co(L)(NCS)2 (1) after 3 
days. The crystals were washed with H2O and Et2O and air-
dried yield (83 %). Anal. Calcd for C41H32CoN2OP2S2: C, 
65.33; H, 4.28; N, 3.72; S, 8.49 %. Found: C, 65.46; H, 4.37; N, 
3.78; S, 8.56 %. Selected IR data (KBr pellet, 4000 − 400 cm−1) 
ν /cm-1: 3062 (νC−H), 2976 (νC−H), 2034 (νNCS), 1410 (νAr−H), 741 
(νC−CH), 698 (νC−CH).  
 
Following the similar synthetic method, complexes 2-4 were 
synthesized using CoCl2, CoBr2 and CoI2 respectively.  
 
Synthesis of complex 2  

Yield 78%. Elemental analysis; Anal. Calcd for 
C39H32Cl2CoOP2: C, 66.10; H, 4.55 %. Found: C, 66.21; H, 
4.63 %. Selected IR data (KBr pellet, 4000 − 400 cm−1) ν /cm-1: 
3057 (νC−H), 2972 (νC−H), 1412 (νAr−H), 738 (νC−CH), 697 (νC−CH).  
 
Synthesis of complex 3  

Yield 70%. Elemental analysis; Anal. Calcd for 
C39H32Br2CoOP2: C, 58.73; H, 4.05 %. Found: C, 58.85; H, 
3.98 %. Selected IR data (KBr pellet, 4000 − 400 cm−1) ν /cm-1: 
3060 (νC−H), 2975 (νC−H), 1415 (νAr−H), 743 (νC−CH), 696 (νC−CH).  
 
Synthesis of complex 4  

Yield 72%. Elemental analysis; Anal. Calcd for 
C42H40Cl2I2CoO5P2: C, 47.11; H, 3.77 %. Found: C, 47.22; H, 
3.87 %. Selected IR data (KBr pellet, 4000 − 400 cm−1) ν /cm-1: 
3056 (νC−H), 2972 (νC−H), 1411 (νAr−H), 740 (νC−CH), 693 (νC−CH).  
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