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Role of Halide Ions on the Nature of Magnetic Anisotropy in 
Tetrahedral Co(II) Complexes 
Shefali Vaidya,[a] Saurabh Kumar Singh,[a],[b] Pragya Shukla,[a] Kamaluddin Ansari,[a] Gopalan 
Rajaraman*[a] and Maheswaran Shanmugam*[a] 

 

Abstract: A series of mononuclear tetrahedral Co(II) complexes with 
a general molecular formula of [CoL2X2] (where L= thiourea and X = 
Cl (1), Br (2) and I (3)) were synthesized and their structures were 
characterized by single crystal x-ray diffraction. Detailed direct 
current (dc) magnetic susceptibility (χMT(T) and M(H)) and its slow 
relaxation of magnetization measurements were performed on all the 
three complexes. The experimental dc magnetic data is excellently 
reproduced by fitting both χMT(T) and M(H) simultaneously using the 
parameters D = +10.8 cm-1, g1 = 2.2, g2 = 2.2,  and g3 = 2.4 for 1; D 
= -18.7 cm-1, giso = 2.21 for 2; D = -19.3 cm-1, giso = 2.3  for 3. The 
replacement of chloride anion in 1 by bromide or iodide (in 2 and 3 
respectively) accompanied by not only change in sign of magnetic 
anisotropy (D), but also in magnitude. Field induced out-of-phase 
susceptibility signals are observed in 10% diluted sample of 1-3 
implies the slow relaxation of magnetization behavior of molecular 
origin. To better understand the magnetization relaxation dynamics 
of complexes 1-3 detailed ab initio CASSCF/NEVPT2 calculations 
were performed. The computed spin Hamiltonian parameters are in 
good agreement with experimental data. Particularly calculations 
unveil the role of halogen atom in switching the sign of D as we 
move from –Cl- to –I-. Large spin-orbit coupling constant associated 
with the heavier halide ion and weaker π donation reduces the 
ground state-excited state gap leads to larger contribution to 
negative D for the complex 3 compared to complex 1. Further 
magneto-structural D correlations are developed to understand the 
role of structural distortion on the sign and magnitude of D values in 
this family of complexes. 

Introduction 

Slow relaxation of magnetization arises in certain oligomeric 
complexes due to the presence of easy or Ising type magnetic 
anisotropy associated with the overall ground state of a 
molecule. Such phenomenon is termed as Single-molecule-
magnets (SMM), if the phenomenon originates due to a single 
metal ion or monomeric coordination complexes it is known as 
single-ion magnets (SIM). Such SMM property was first 
discovered in {Mn12OAc} complex.[1] After the discovery, 
numerous transition metal complexes[2] were flooded in the 
literature with a record breaking ground state (83/2 for a Mn19 
cluster) reported by Powell and co-workers[3] and an effective 
energy barrier (Ueff, 86 K for Mn6 cluster) for the magnetization 
relaxation by Brechin and co-workers[4] independently, as SMM  

 

 

can be envisaged for many potential applications such as high 
density storage, spin valves, spintronic, Quantum computing 
etc.[5]  Over the period of three decades, it has been realized 
that due to the random easy axis orientations in larger cluster, 
overall magnetic anisotropy (D) becomes small, although 
complexes were stabilized with relatively large ground state. 
Ideally, there are no parameters available to enhance the D and 
S simultaneously in oligomeric complexes which is also evident 
that D is approximately equals to 1/S2 of the complex.[6] Due to 
this persistent problem researchers focused their attention to 
modulate the D value of the mononuclear transition metal 
complexes. The majority of the transition metal complexes suffer 
with low spin-orbit coupling as the orbital angular momentum is 
reduced by the ligand field. Restricting the coordination number 
around the transition metal is found to be a fruitful way to gain 
orbital angular momentum[7] and such synthetic strategy was 
proven successful in a two coordinate Co(II) and Fe(I) complex 
with the largest anisotropic barrier 578.2 K and 225 K 
respectively reported to date for any transition metal SMMs by 
Gao and Co-workers and Long and co-workers independently.[8]  
In addition, several other approaches have been reported in the 
literature to gain orbital angular momentum, to maximize the 
magnetic anisotropy in mononuclear complexes. For examples, 
the substituent on the ligand modulate Ueff (by means of D),[2e, 9] 
in-plane and out-of plane shift of metal ion in a five coordinate 
Co(II) complexes[10], by changing the halides in an octahedral 
and certain tetrahedral complexes,[11] structural distortion around 
metal centers and even more intricate factors such as secondary 
coordination sphere has a significant effect on modulating D-
value which was elegantly explained by Neese and co-workers 
theoretically and  experimentally proven by us recently.[12] To 
modulate the sign of magnetic anisotropy, we have proposed a 
novel synthetic strategy recently i.e. employing a soft donor 
ligand (such as sulfur) stabilizes easy axis anisotropy, while the 
hard donor favours easy plane magnetization orientation.[13]  

In this line of interest, we intend to probe the influence of other 
commonly known ligand such as halides in controlling the spin 
Hamiltonian parameters of the complexes, apart from the soft 
donor “L” ligand. For this purpose, we have synthesized a series 
of monomeric Co(II) tetrahedral thiourea complexes and their 
magnetic properties were investigated in details. The observed 
change in Spin Hamiltonian (SH) parameters and its slow 
magnetization relaxation behavior of these complexes were 
rationalized by detailed theoretical calculations. 

Results and Discussion 

Recently we and others have pointed out that by employing soft 
donor ligand such as sulfur in a tetrahedral Co(II) environment, 
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stabilize easy axis magnetic anisotropy.[13-14] This proposed idea 
has been proven by us recently by employing a totally different 
soft donor (thiourea and its derivatives) ligands.[12c] In order to 
probe the influence of the other ligated atoms such as halides 
apart from the soft donor ligands, we have synthesized a series 
of monomeric Co(II) complexes. When one equivalent of 
alcoholic solution of CoX2.xH2O (where X = Cl or Br or I) is 
treated with two equivalent of thiourea, yields blue color single 
crystal which are suitable for single crystal x-ray diffraction. The 
structure solution and refinement reveals the molecular formulae 
of all the three complexes as [CoX2L2] where L = thiourea 
((NH2)2CS); X = Cl (1) or Br (2) or I (3) (Figure 1). The 
complexes 1-3 were crystallized in a monoclinic Cc (for 1) and 
P21/c (for 2 and 3) space group. The crystallographic 
parameters for all the three complexes are given in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Thermal ellipsoid (50% probability) representation of complexes A) 1 
B) 2 C) 3. 
 
In all the three complexes the divalent cobalt ion exists in a 
distorted tetrahedral geometry. Two out of four coordination sites 
are occupied by thiourea ligand while the other two sites are 
completed by two halide ions in respective complexes. The 
average Co-S bond distance found to be 2.302(10) Å, 2.307(9) 
Å, 2.319(10) Å for complexes 1-3 respectively. While the 
average bond length for Co-X (where X = Cl or Br or I; 2.258(9) 
Å for 1; 2.401(5) Å for 2; 2.602(5) Å for 3) increases upon 
increasing the atomic radii of the halide ion in complex.  But the 
extent of increase in bond lengths of Co-X in all the three 

complexes is larger than the Co-S bond length.  The bond angle 
of ∠X11-Co1-X12 in all the three complexes are close to the 
tetrahedral angle ie. 107.82°(3), 108.40°(3) and 107.25°(2) for 1-
3 respectively. However, drastic change is noticed with the bond 
angle of ∠S11-Co-S12 96.63°(3) (for 1), 101.43°(3) (for 2), and 
100.32°(4) (for 3). Selected bond lengths and bond angles of 
complexes 1-3 are given in Table 2. Detailed structural analysis 
of all the three complexes reveal that there is hydrogen bonding 
network across all the directions. In complexes 1-3, the protons 
on the amino group of thiourea ligand are involved in hydrogen 
bonding with halide ions as well as the sulfur atom. Apart from 
the intermolecular hydrogen bonding, intramolecular hydrogen 
bonding also exists in the crystal structure. The atoms involved 
in both intra and intermolecular hydrogen bonding are listed in 
Tables S1-S3 for all the three complexes. 
 
Table 1. Crystallographic data for complexes 1-3. 

 1 2 3 
Formula CoC2H8Cl2N4S2 CoC2H8Br2N4S2 CoC2H8I2N4S2 

Size (mm) 0.20 x 0.16 x 0.11 0.35 x 0.17 x 0.08 0.58 x 0.22 x 0.12 
System Monoclinic Monoclinic Monoclinic 

Space grp. Cc P21/c P21/c 
a [Å] 8.1970(16) 10.163(4) 10.483(3) 
b [Å] 11.528(2) 6.977(2) 7.3377(17) 
c [Å] 10.794(2) 14.562(5) 14.813(4) 
α [°] 90.0000 90.0000 90.0000 
β [°] 103.56(3) 93.207(5) 91.344(3) 
γ [°] 90.0000 90.0000 90.0000 

V [Å3] 991.5(3) 1030.9(6) 1139.1(5) 
Z 4 4 4 

ρcalcd[g/cm-3] 1.890 2.390 2.711 
2ϴmax 58.28 58.3 58.34 

radiation Mo Kα Mo Kα Mo Kα 
λ [Å] 0.71073 0.71073 0.71073 
T [K] 100 100 100 
reflns 5985 19068 14607 

Ind. reflns 2585 2770 3046 
reflns with 

I>2σ(I) 
2310 2065 2251 

R1 0.0242 0.0304 0.0275 
wR2 0.0683 0.0478 0.0597 

 
The packing diagram of 1 is distinctly different from complex 2 or 
3 (Figure 2A). Since complexes 2 and 3 possess a similar 
packing arrangement, a representative packing diagram is 
shown in Figure 2B. In complex 1, hydrogen bonding exists 
between N-H….S11 (2.624(3) Å) is relatively stronger than N-
H….Cl (3.093(2) Å). 

Table 2. Selected bond lengths and bond angles parameter for complexes 1-
3. 

 
Label 

 
1 (Å) 

 
2 (Å) 

 
3 (Å) 

 
Co1-S11  

 
2.297(10) 

 
2.303(9) 

 
2.308(10) 

Co1-S21  2.307(10) 2.311(9) 2.330(11) 
Co1-X11  2.249(9) 2.397(6) 2.595(6) 
Co1-X12  2.268(9) 2.405(5) 2.608(5) 

Bond angle (°) 
 

X11-Co1-X12 
 

107.82(3) 
 

108.40(3) 
 

107.25(2) 
X11-Co1-S11 116.02(4) 111.65(3) 111.86(3) 
X12-Co1-S11 106.96(4) 109.87(3) 116.73(3) 
X11-Co1-S21 113.46(4) 110.05(3) 110.45(3) 
X12-Co1-S21 115.72(4) 115.36(3) 110.07(3) 
S11-Co1-S21 96.63(3) 101.43(3) 100.32(4) 
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Variation in the H-bonding strength in 1 is likely due to the short 
Co(II)….Co(II) distance found between two molecules (see 
Figure 2 for details). Such supramolecular interaction is likely to 
play a significant role in magnetization relaxation dynamics. 
From the packing diagram of complex 1, it is clearly witnessed 
that a layer of molecules along the c-axis are orienting in the  

 

same direction, while the adjacent layer is generated by c-glide. 
Although the interatomic distance of Co(II)….Co(II) found in 2 
(5.853(3) ) and 3 (5.932(2) Å) is shorter than distance found in 1, 
the H-bonding strength observed in complex 2 and 3 is weaker 
than in 1 (see Tables S1-S3 and figure S1 for details). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Packing diagram of complex 1 (panel A) and complex 2 (panel B). Sky blue dotted bonds represent intermolecular H-bonding between sulfur and proton  
(-NH2) and wine red dotted bond denotes H-bonding between halide and proton (-NH2) in the crystal lattice. Colour code: Magenta = Co(II), green = X (X = Cl (for 
1) or Br (for 2)), blue = N, yellow = S. 
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Figure 3. Panels A-C) Direct current magnetic susceptibility measurement performed on polycrystalline sample of complexes 1-3 respectively in the presence of 
an external magnetic field of 1 kOe. The open circle in those panel represents the simulation of the experimental magnetic data using the SH parameters 
computed from CASSCF / NEVPT2 calculations described in main text. Panels D-F) Field dependent magnetization measurements were performed at the 
indicated temperatures. The solid red line in all the panels represents the simultaneous magnetic data (χMT(T) and M(H)) fitting using the parameters described in 
Table 3 (vide infra).  
 
Direct current (dc) magnetic susceptibility data of 
complexes 1-3. 
 
Variable temperature direct current magnetic susceptibility 
measurements were performed on polycrystalline samples of all 
the three complexes in the temperature range of 2.0 - 300 K in 
the presence of an external magnetic field of 1 kOe (Figure 3). 
The room temperature (RT) χMT value for all the three 
complexes 1 – 3 are 2.40, 2.52, 2.63 cm3 K mol-1 respectively 
which are significantly higher than the expected value for a 
mononuclear Co(II) (S = 3/2) ion with no first order orbital 
angular momentum (1.875 cm3Kmol-1, g = 2). The temperature 
dependent χMT(T) behavior of all the three complexes is almost 
similar, i.e. a gradual decrease in χMT value is noticed upon 
lowering the temperature from room temperature (RT) to 50 K. 
The observed temperature dependency in this temperature 
region (RT to 50 K) for a mononuclear Co(II) complex 
designates the depopulation of the Kramers-state. There is a 
sharp decrease in χMT value below 50 K and reaches a value of 
0.861, 0.900, 1.240 cm3 K mol-1 at 2.0 K for complexes 1-3 
respectively. Several factors such as I) magnetic anisotropy 
associated with the complex II) intermolecular antiferromagnetic 
interaction III) dipolar interactions are likely to contribute to the 
sharp decrease in χMT value at low temperature.  

Field dependent magnetization measurements were 
performed at various temperatures (2-10 K) for complexes 1-3 
up to 70 kOe. The magnetic moment gradually increases upon 
increasing the external magnetic field and the magnetic moment 
tend to saturate around 1.95, 2.01, and 2.04 NµB at 2.0 K for 

complexes 1-3 respectively (Figure 3). The observed magnetic 
moment at this temperature is significantly lower than the 
expected value indicates the presence of magnetic anisotropy 
associated with the ground state in all the complexes. The non-
superimposable nature of the reduced magnetization curve of all 
the three complexes further supports the presence of magnetic 
anisotropy (Figure S2). In order to extract the spin Hamiltonian 
(SH) parameters of all the three complexes, we have fitted the 
magnetic data of both χMT(T) and M(H) simultaneously using 
PHI software.[15] The Hamiltonian used for fitting the data is 
given below. 
 
𝐻 = 𝐷 𝑆!! − ! !!!

!
+ 𝐸 𝑆!! − 𝑆!!   +   𝑔µμ!𝐻. 𝑆   (1) 

 
In order to reduce the over parameterization, we have fitted the 
magnetic data using isotropic g-value for all the complexes 
except for complex 1 and the obtained parameters are listed in 
Table 3. An excellent agreement between the fit and the 
experimental magnetic data obtained using the parameters D = 
+10.8 cm-1 (gxx = 2.2, gyy = 2.2, gzz = 2.4; |E/D| = 0.11, for 1. 
While the simultaneous χMT(T) and M(H) data fit of 2 and 3 
yields the D-value of -18.7 cm-1 (giso = 2.21) and -19.3 cm-1 (giso 
= 2.3) respectively (Table 3). Here we would like to point out that, 
the experimental χMT(T) fit alone is insensitive to the sign of D-
value i.e. either with positive D or negative D, experimental  
χMT(T) data could be modeled. However, the parameters 
extracted while incorporating negative D for 1 results in 
unreliable SH parameters (data not shown) while positive D for 2 
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and 3 respectively did yield poor fit for M(H) data for these 
complexes (see Table S4 and Figure S3 of ESI). This evidently 
suggest that simultaneous fit of magnetic data (χMT(T) and 
M(H)) facilitate to reliably extract the sign and magnitude of D 
value for all the complexes (Table 3). Such an approach is 
fruitful for unambiguous determination of sign of D using dc 
magnetic data for majority of the complexes reported in the 
literature.[13a, 16] 
 

 
The observation of positive D-value for 1 is quite different from 
our earlier prediction[13a] and we also notice that there is a drastic 
change in magnitude of magnetic anisotropy in all the 
complexes compared to the series of [CoS4]2- complexes 
reported by us recently.[12c] The notable changes observed in the 
Spin Hamiltonian parameters of complexes 1-3 are rationalized 
by detailed computational calculations (vide infra). 
 
Electron paramagnetic resonance (EPR) measurements of 
complexes 1-3. 
 To support the parameters extracted from the magnetic 
data fit, we have recorded X-band EPR spectra of complexes 1 - 
3 at 5 K both in both solid (100% and diluted sample) and frozen 
solutions. Complex 1 was EPR silent above 100 K both in solid 
and frozen solution spectra recorded, while complexes 2 and 3 
show a broad EPR signals at 100 K (see Figures S4-S6). This is 
probably due to the intricate electronic structure associated with 
59Co(II) ion possessing an hyperfine of I=7/2 and its associated 
fast relaxation phenomenon. Further, we would like to point out 
that accurate determination of zero field splitting (ZFS) is 
extremely difficult using low frequency EPR spectroscopy as its 
microwave quanta is considerably smaller than the ZFS 
observed in complexes 1-3. At 5.0 K, EPR spectral features of 
100% polycrystalline sample of 1 are distinctly different from 
complexes 2 and 3 suggest that the electronic structure 
associated with these complexes must be different, while 
complexes 2 and 3 show similar EPR spectral features (see 
Figure 4). It is very well witnessed in the literature that a high 
spin Co(II) complex stabilized with easy axis anisotropy is 
expected to be EPR silent at 5.0 K under strictly axial condition 
due to the forbidden ΔMs = ±3 intra Kramers transition.[11h, 17] 
However, for 2 and 3, broad EPR transitions arising from ground 
Kramers doublet observed around 3500 G and 9000 G is due to 
non-zero rhombicity (E/D  = 0.32 (for 2) and 0.25 (for 3) ) 
associated with these complexes, which mixes the pure wave 
functions of two Kramers doublet. Similar EPR spectral features 
(broad EPR signals around 3500 G and 9000 G) were observed 
in frozen solution and magnetically diluted samples of 2 and 3 
(see Figures S5-S6). Such scenario have been witnessed in 
many high spin Co(II) complexes stabilized with easy axis 
anisotropy. [11h, 17] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. X-band EPR spectra of frozen ethanol-toluene solution of complexes 
1-3 recorded at 5 K. Condition: microwave power = 10 dB (1), 18 dB(2), 20 
dB(3) (20 mW (1), 3.17 mW (2), 2mW (3)), modulation amplitude = 0.4 mT (1), 
1.45 mT (2), 0.4 mT, microwave frequency = 9.37 GHz, Temp = 5K,  
 

In contrast to complexes 2 and 3, both frozen solution and 
2% diluted sample of 1 shows well resolved peaks indicative of 
the signal arising from ±1/2 ground Kramers state (ΔMs = ±1) 
(see Figure S4). Variable temperature EPR spectra recorded on 
frozen solution spectra evidently shows that the intensity of the 
all the signal decreases upon increasing the temperature. Since 
the entire EPR spectral features of complex 1 are not feasible 
with low frequency EPR instrument, we have not attempted to 
do EPR simulation for 1, which might lead to estimation of 
unreliable spin Hamiltonian parameters.  

Although EPR experiments performed does not facilitate to 
quantify the magnitude of D accurately, it gives strong 
experimental evidence for the sign of magnetic anisotropy 
extracted from the magnetic data fit of complexes 1-3, ie. 
complex 1 stabilized with easy plane anisotropy while 2 and 3 
possess easy axes anisotropy. This is further strongly 
corroborated by ab initio calculations (vide infra).   
 
Alternating current (ac) magnetic susceptibility data of 
complexes 1-3. 
 
To probe the magnetization relaxation dynamics of all the three 
complexes, ac susceptibility measurements were performed on 
polycrystalline sample of 1-3 with 3.5 Oe ac oscillating field with 
and without the external bias field between 1.8 and 8.0 K.  For 
complex 1, no frequency dependent out-of-phase susceptibility 
signals (χM”) were observed under a zero applied field. This is 
not surprising for a complex (1) that possesses easy plane 

Table	  3.	  Spin	  Hamiltonian	  parameters	  extracted	  from	  CASSCF	  
/	  NEVPT2[a]	  calculations	  and	  PHI[b]	  fitting[15]	  for	  the	  complexes	  
1-‐3.	  
 
 Dcal

[a] 

(cm-1) 
Dfit

[b] 

(cm-1) 
|E/D| gxx, gyy, gzz

[a] gxx, gyy, gzz
[b] 

Cal fit 

1. 17.4 +10.8 0.25 0.11 2.16,2.30,2.41 2.2, 2.2, 2.4 

2. ±14.9 -18.7 0.32 - 2.18,2.29,2.42 2.21 (giso) 

3. -18.3 -19.3 0.25 - 2.19,2.29,2.46 2.3 (giso) 
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magnetic anisotropy. However, ac data were collected in the 
presence of 2 kOe dc bias field, we do observe χM” signals 
indicative of field induced slow relaxation of magnetization 
shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Frequency dependent out-of-phase (χM”) susceptibility signal 
observed for 100% sample of complex 1 in the presence of external magnetic 
field of 2 KOe at the indicated frequency. 
 
Similar behavior has been observed for the majority of 
tetrahedral complexes stabilized with positive anisotropy in the 
literature.[18] Ruiz and co-workers elegantly explain the rationale 
for the slow relaxation of magnetization in a molecule with 
positive D value.[19] Although complex 1 shows χM” signals, the 
maxima are observed well below the instrument limit which 
hampers to extract the barrier for the magnetization relaxation. 
To our surprise, although complexes 2 and 3 possess negative 
anisotropy, there are no frequency dependent out-of-phase 
susceptibility signals observed in ac measurement, both in the 
presence and absence of an external magnetic field. The 
absence of χM” even in the presence of dc bias field suggests 
that quantum tunneling of magnetization is extremely fast over 
the thermal relaxation mechanism (Orbach Process). Further, 
the magnetization relaxation can be triggered by the nuclear 
hyperfine interaction of Co(II) and the coordinated halide ions, in 
addition to the supramolecular interaction mediated through the 
hydrogen bonding.  

As pointed out earlier, in all the complexes (1-3) both intra 
and intermolecular hydrogen bonding spread across all direction. 
Often such supramolecular interaction leads to faster 
magnetization relaxation or the observed slow relaxation 
phenomenon could be due to magnetic ordering. In order to 
understand the role of dipolar interaction and to identify the slow 
relaxation magnetization behavior is single molecular origin or 
not, we have performed ac relaxation dynamics studies on the 
magnetically diluted sample of all the complexes (see 
experimental section for details). In all the diluted samples, we 
do observe frequency dependent out-of-phase susceptibility 
signals in the presence of optimum external magnetic field 
suggests that the slow relaxation of magnetization behavior in 
the complexes 1-3 is of single-molecule origin rather magnetic 
ordering phenomenon. 

To gain more insight into the magnetization relaxation 
phenomenon, the ac data of all the complexes were analyzed in 
details. The frequency dependent out-of-phase susceptibility 
data of diluted complex 1 is shown in Figure 6 carried out at an 
optimum field of 5.5 kOe (see Figure S7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Ac measurement for 10% diluted sample of complex 1. A) 
Frequency dependent dependent out-of-phase susceptibility signals at the 
indicated optimum dc magnetic field B) Cole-Cole plot at the indicated 
temperatures C) Arrhenius plot of complex 1. The solid red line represents the 
fit of the data. 
 
 From figure 6A (also see Figure S8A) it is evident that there are 
two kinds of relaxation i.e. majority of the fraction undergo faster 
relaxation and a non-negligible fraction follows a slow relaxation 
process. The fast relaxation (major relaxation) and slow 
relaxation phenomenon observed in 1 is very well witnessed in 
Cole-Cole plot of the complex, particularly at lower temperature 
(see Figure 6C). The Cole-Cole plot of 1 was fitted considering 
two relaxation processes using generalized Debye model 
(equation 2) given below.  
 

𝝌𝑨𝑪   𝝎 =   𝝌𝑺,𝒕𝒐𝒕 +   
𝜟𝝌𝟏

𝟏!  (𝒊𝝎𝝉𝟏)(𝟏!𝜶𝟏)
+    𝜟𝝌𝟐

𝟏!  (𝒊𝝎𝝉𝟐)(𝟏!𝜶𝟐)
 … (2) 
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The α1 values ranges from 0.21 to 0.06 and α2 ranges from 0.07 
to 0.6 between 1.8 K – 2.4 K temperature ranges (see Table S5). 
The relaxation time extracted (τ1 and τ2) from Cole-Cole fitting is 
employed to construct the Arrhenius plot (Figure 6C). The linear 
fit of this data considering only the Orbach process results in the 
effective energy barrier of 13.5 K (τ0 = 1.37 x 10-7 s) and 8.15 K 
(τ0 = 2.2 x 10-4 s). 
 On the contrary to 1 (diluted sample), complex 2 (10% 
diluted sample) indeed shows a well resolved frequency 
dependent χM” signals in the presence of optimum external 
magnetic field of 2 kOe (Figure 7 and Figure S7). The presence 
one single major relaxation is firmly corroborated by the Cole-
Cole plot of 2 (Figure 7B and Figure S8B). The Cole-Cole plot 
was fitted by considering a single relaxation process using the 
generalized Debye equation (equation 3) and the extracted 
parameters are shown in Table S6.  
 
𝜒!" 𝜔 =   𝜒! +   

!!!  !!
!!  (!"#)(!!!)

                                         (3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Ac measurement for 10% diluted sample of complex 2. A) 
Frequency dependent out-of-phase susceptibility signals at the indicated 
optimum dc magnetic field B) Cole-Cole plot at the indicated temperatures C) 
Arrhenius plot of complex 2. The solid red line represents the fit of the data. 
 

The α values are ranging between 0.09 and 0.15 in the 
temperature range of 3.6 K to 1.8 K. This suggests the presence 
of narrow distribution of relaxation times. Using the τ values 
obtained from the Cole-Cole fit, we have constructed the 
Arrhenius plot (Figure 7C). Below 3.5 K, apart from Orbach 
process, other relaxation processes (such as direct, QTM and 
Raman processes) appears to be operative. The data was fitted 
according to equation 4, which takes into account of various 
relaxation processes. 
 
!
!
=    !

!!"#
+ 𝐴𝐻!𝑇 + 𝐶𝑇! +    !

!!
exp(

!!!""
!!!

)                           (4)                                                

 

Where 𝟏 𝝉𝑸𝑻𝑴  represents relaxation via QTM, 𝑨𝑯𝟐𝑻 
represents direct process, 𝑪𝑻𝒏 is for Raman process and the 
last terms describes the relaxation via Orbach process.  
 
It is not necessary to use all the relaxation process to fit the 
Arrhenius plot of 2. By considering only Orbach (28.6 K (τ0 = 
1.66 x 10-7 s)), QTM (0.0088 s) and Raman (C = 0.065 s-1K-3 and 
n = 6), excellent fit to the experimental data obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Ac measurement for 10% diluted sample of complex 3. A) 
Frequency dependent dependent out-of-phase susceptibility signals at the 
indicated optimum dc magnetic field B) Cole-Cole plot at the indicated 
temperatures C) Arrhenius plot of complex 3. The solid red line represents the 
fit of the data. 
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In line with the magnetization relaxation behavior of 2, complex 
3 (10% diluted sample) also exhibit a similar relaxation behavior 
(Figure 8), however, slightly higher dc-bias field (Hdc = 5.5 kOe, 
Figure S7) is required to observe the frequency dependent out-
of-phase susceptibility signals in 3 compared to 2 (Hdc = 2 kOe). 
The τ value extracted from Cole-Cole fit data employed to 
construct the Arrhenius plot. The experimental data were fitted 
considering multiple relaxations (equation 4). Reasonably good 
fit were obtained by taking into account of only Orbach (9 K, τ0 = 
4.06 x 10-4 s), Raman (C = 0.034 s-1K-3 and n = 6 value) and 
QTM (0.007 s) processes (see Figure 8C).    
 
To fully understand the magnetization relaxation dynamics 
observed in all the three complexes, trend found in the 
estimated magnetic anisotropy and to unequivocally establish 
the role of halide ions in modulating the D and E values, ab initio 
calculations were performed on complexes 1-3. 
 
 
Computational studies of complexes 1-3. 
 
CASSCF and NEVPT2 calculations have been performed on 
complexes 1-3 to understand the reason behind the origin of 
positive (for 1) and negative (for 2 and 3) zero field splitting (zfs) 
parameters in these complexes ( 
see computational details). We have also attempted to shed light 
on the role of structural distortions on the magnetic anisotropy of 
these complexes. The computed Spin-Hamiltonian (SH) 
parameters (D, E and g values) for all the three complexes are 
listed in Table 3. The simulation of experimental magnetic 
susceptibility data using the computed SH parameters is in good 
agreement (see Figure 3), which reflects the reliability of the 
computed parameters. It is evident from table 3 that for all the 
three complexes, ab initio calculated |E/D| values are quite large. 
Particularly for complex 2, the |E/D| value is found to be 
significantly large and is close to the rhombic limit (|E/D|~0.3), 
therefore the sign of D in complex 2 cannot be predicted 
unambiguously by calculation. Although single crystal X-ray 
diffraction studies reveal that all the three complexes possess 
distorted Td geometry, in reality they have only C2v symmetry. 
Thus, lowering of symmetry allows rigorous mixing between the 
ground and the excited states, leading to a large zfs in these 
complexes. The tetrahedral Co(II) ligand field terms are 4T2(F), 
4T1(F) and 4T1(P) which further splits in to [(4A2+4B1+4B2), 
(4A1+4B1+4B2) and (4A2+4B1+4B2) states respectively in C2v 
symmetry, thus total nine spin-allowed transitions are possible. 
The computed spin allowed d-d transitions are listed in Tables 
S8-S11 (also see Figure S9). The d-d transitions belong to the 
single excitation 4A2→

4T2(F) and 4A2→
4T1(F) are found below 

<10000 cm-1 (see table 4 for details) and this explains why the 
UV-VIS absorption spectrum recorded for all the three 
complexes did not capture these transitions. On the other hand, 
the transition which arises from the double excitations 4A2→
4T1(P) are captured in the UV-vis absorption spectrum. Three 
distinct peaks are observed for all the three complexes (features 
of low-symmetry) in the range of 525 to 825 nm (see Figure 9) 
The d-d transitions computed at CAS (7,5 and 13,8) level of 
theory are overestimated compared to experiment and this is 
likely due to the lack of dynamic correlation. However, inclusion 
of the dynamic correlations using NEVPT2 method yield slightly 

better results. The calculated absorption spectrum for all 
complexes 1-3 along with experimental observations are 
provided in the ESI (see Figure S9). Despite the high-level 
theory employed to reproduce the UV-vis spectra, apparent 
deviations from experiments are still noted. This is attributed to 
the fact that the calculations performed includes only selected 
electrons in the reference space, while this is generally sufficient 
for magnetic anisotropy, very large reference space including 
that of ligands are required to reproduce the exact positions of 
the absorption spectra. This has been witnessed earlier in 
several mononuclear complexes.[12a, 20] Both experimental and 
computed d-d transitions show a red shift as we move from –Cl 
to –I in complexes 1-3 and this is essentially due to the fact that, 
iodide ligand offers smaller crystal field splitting and small inter-
electronic repulsion which results into low-lying excited states. 
For all the complexes 1-3, the ground state wavefunction heavily 
mixed with other excited states. For complex 1, the ground state 
has 48% of (dx

2
-y

2)2 (dz
2)2 (dxy)1 (dxz)1 (dyz)1 composition while 

26% of (dx
2

-y
2)1 (dz

2)2 (dxy)2 (dxz)1 (dyz)1 composition. 
 

 

 

 

 

 
 
 
 
Figure 9. UV-Vis absorption spectroscopy for complexes 1-3 were performed 
in ethylacetate solution in the range of 450-900 nm. Colored sticks represent 
the computed absorption bands for 4A2→

4T1(P) transitions with CAS(13,8) 
level of theory. 
 
The mixing is even more rigorous for –Br and –I analogues (see 
ESI for details). Not only the single-excitations, but also the 
states arising from the double excitations are found to be 
strongly mixed with the ground state wavefunction. This 
highlights the need for a genuine multi-reference method to 
compute the spectroscopic properties of these systems.[21] To 
understand the origin of magnetic anisotropy in these class of 
complexes, we have first analyzed the state-by-state 
contributions and then correlated these transitions with the 
orbital ordering. The state-by-state contribution to the D value for 
all the complexes 1-3 is detailed in table 4. From table 4, it is 
evident that the largest contribution to the D value arises from 
the 4T2(F) excited state (assuming Td environment), while other 
quartet states marginally contribute to D value. Among these 
three transitions, two transitions offer positive contribution to the 
D value, while third transition always contributes to the negative 
D value.  
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Table	   4.	   CASSCF	   (7,5)+NEVPT2	   computed	   Spin-‐Hamiltonian	   parameter	   (g,	   D,	   |E/D|)	   along	   with	   listed	   state-‐by-‐state	  
contribution	  to	  the	  D	  values.	  
 

States 1 2 3 
 CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2 
 Contribution to D (cm-1) Contribution to D (cm-1) Contribution to D (cm-1) 
 

   
4T2(F) 26.46 18.99 27.46 19.03 12.22 7.74 

 16.14 10.94 16.64 11.05 12.75 8.09 

 -19.52 -13.48 - 25.04 -16.67 -59.81 -40.01 

 -2.909 -2.949 -2.747 -2.760 -2.289 -2.277 

2G 5.084 5.322 5.409 5.454 4.829 4.853 
 1.054 1.089 -1.375 -1.391 -1.848 -1.813 

Dtol 21.69 17.38 18.84 14.89 -24.68 -18.31 

|E/D| 0.26 0.25 0.33 0.31 0.23 0.25 

gxx 2.2172 2.1596 2.2663 2.1878 2.2856 2.1941 

gyy 2.4125 2.3001 2.4211 2.2983 2.4238 2.2936 

gzz 2.5539 2.4101 2.5774 2.4154 2.6644 2.4675 

 
 

This is due to the different nature of transition dipole moments 
(vide infra). Apart from the quartet 4T2 state, we have also 
noticed some contribution from the low-lying 2G state; however, 
it has little effect on the overall zfs parameter. Here, we have 
provided the splitting pattern of the low-lying excited states for 
the complex 3 (see figure 10). The observed splitting pattern are 
in line with the previous studies on the low-symmetric Co(II) 
complexes.  Here, we have analyzed CAS (7,5) orbitals to 
rationalize these different contributions to the D value. The 
energy ordering of the CAS (7,5) orbitals are in provided in 
figure 11, which is accordance with ligand field paradigm of the 
C2v symmetry. The three different excitations corresponding to 
the 4T2 can be assigned as excitation from the (dx

2-y
2)2→t2 

subshell ((dxy)1 (dxz)1 (dyz)1). The negative contribution to the D 
value is due to spin-conserved excitation between (dx

2-
y
2)2→(dxy)1 orbitals as both orbital belong to same |ml| level. The 

other two excitations (dx
2-y

2)2→(dyz)1/(dxz)1 leading to a positive 
zfs contribution (see table 4 for details).[19]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. The splitting pattern of the of few low-lying quartet and doublet 
states (4T2(F), 4T1(F), 4T1(P) and 2G) for complex 3. 
 
The small contributions from the low-lying doublet 2T2 (2G) states 
arises due to the intra singly occupied molecular orbital 

transitions within t2-subshell. Inclusion of the dynamic 
correlations slightly decreases the magnitude of the D value; 
however, the sign of the D value remains unchanged. This is 
due to the fact that the dynamic correlation strongly stabilizes 
the ground state compared to the excited quartet state, and this 
led to the increase in the energy gap between the ground and 
excited quartet state, which eventually decreases the magnitude 
of the D value. On the other hand, doublet states are strongly 
affected by the dynamic correlation, however, transitions of 
similar magnitude and opposite sign cancels out each other 
leading to a negligible contribution to the total D value. The 
orientation of the D-tensor for complexes 1-3 are provided in the 
figure 12.  
The negative contribution to the D value increases as we move 
down from –Cl to –I, and this might be due to the fact that large 
spin-orbit coupling constant associated with the heavier halide, 
brings the excited states closer to the ground state, and hence 
the increase in the magnitude of the D value (see table 4 for 
details). [22] To cross-check, whether it is an effect of heavier 
halide or local structural distortion (∠S-Co-S angle 96°(1) and 
100°(3)), we have performed additional calculations on a model 
complex of 3 where –I ligand is substituted by –Cl, without 
altering the Co-Cl bond distance (named as 3a). Calculations on 
model complex 3a yields a D value of +17.4 cm-1 and |E/D| value 
of 0.19, very similar to the complex 1 (see Figure S10 and 
Figure S11). This clearly highlights that the zfs of Co(II) ion in 
complexes 1-3 are influenced strongly by the presence of 
heavier ligand like iodide in the first coordination sphere than the 
local structural distortions.  
This is in line with previous observations on pseudo-tetrahedral 
Co(II) complexes, where the sign of the D values is found to be 
sensitive to the nature of metal-ligand interaction (negative D for 
soft ligands).[12-14]  The rhombic zero-field splitting E arises due 
to difference between the DXX and DYY components; the larger 
the difference, large is the E value. The difference in the DXX and 
DYY components can be rooted back to the different strength of 
the single-electron excitation from the e-subshell to dxz and dyz 
orbitals of t2-subshell. We have observed a significant splitting 
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between the dxz and dyz orbitals, this eventually led to large 
difference between the DXX and DYY components; hence the 
large |E/D| values. The large splitting between the dxz and dyz 
orbitals are due to the presence of two different donor atoms 
possessing varying σ/π-donor abilities. The dxz orbital is found to 
interact with the sulphur, while the dyz orbital interacts with -X  
ion leading to a large splitting between these two orbitals in all 
three complexes. On the other hand, the presence of four 
sulphur atoms would results in a nearly degenerate dxz/dyz 
orbitals, thus a lower |E/D| values as observed earlier by our 
group on [CoS4]2+ SMMs.[12c] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. A) CASSCF computed energies of metal based d-orbitals of 
complex 3. B) Colour Code.  Color Code Co (green); S (light yellow); I 
(turquoise); N (blue); C(grey) and H (white). 
 
To understand the impact of metal-ligand covalency on the zfs 
parameter, it is of prime importance to extend the active space 
by incorporating some ligand orbitals which strongly mix with 
metal based orbitals, i.e. ligand orbitals with sizable tails on the 
metal center.  
For the tetrahedral Co(II) complexes, here, we have considered 
the three σ bonding orbitals (dxz+L, dyz+L and dxy+L (where L = 
ligand orbitals)) in the active space to describe the metal-ligand 
covalency. Incorporation of these three σ bonding orbitals offers 
a way to analyze the effect of ligand to metal charge transfer on 
magnetic anisotropy. One can also incorporate the π-orbitals in 
active space, however, σ-bonds offers a better picture of metal-
ligand covalency as the σ-overlaps are more pronounced that π-
overlaps. With an extended active space of CAS(13,8), we have 
computed all the ten quartets and forty doublets in the 
configuration interaction module for all the three complexes. The 
computed D (|E/D|) values are found to be +19.2 (0.27) for 1, 
±16.9(0.33) for 2 and -22.4 (0.21) for complex 3 The computed 
|E/D| values are in line with previous calculations with minimal 
active space of CAS(7,5) i.e. seven Co(II) based electrons in five 
Co(II) based orbitals. However, the computed D values with 
CAS(13,8) are marginally (~2-4 cm-1) higher than that computed 

with the minimal active space of CAS(7,5). Interestingly, the 
increment in the D value is found to be largest for the complex 3 
and smallest for the complex 1. To correlate these changes in 
the D values with the metal-ligand covalency, we have analyzed 
the eigenvalue plots of complex 1-3. If we look at the figure 13, 
we notice two important features, (i) splitting of the d-manifold 
falls in the narrow region as we move towards the heavier 
halides, (ii) the σ bonding orbitals are much closer in energy to 
the metal-based d-orbitals for complex 3 followed by complex 2 
and 1 (Figure 13). 
The first feature is essentially due to the weak ligand field 
offered by the heavier halides, which results into a smaller 
crystal field splitting. The second feature highlights the increase 
in the metal-ligand covalency, where gap between the metal and 
ligand based orbitals decreases as we move towards the 
heavier halide. The decrease in the gap between these orbitals 
led to strong overlap which is directly proportional to the degree 
of covalency (see the coefficients in figure 13) [23]. Thus, the 
near degeneracy between the ligand and metal-based orbitals 
explains the important contribution of the ligand to metal charge 
transfer excitations in the ground state wavefunction. Not only 
the D value, incorporation of such non-dynamic correlations by 
extending the active space shows pronounced effect on the 
absorption spectrum (see Table S11). Furthermore, 
incorporation of double shell which increases the radial electron 
correlation may further improvise the obtained spectroscopic 
properties.[24] Finally, our method suggests that the extended 
active space calculations offer a clear picture of metal-ligand 
covalency and its effect on the magnetic anisotropy. Our 
calculations demonstrate that, presence of large spin-orbit 
coupling associated with heavier halide is not only the sole 
factor for increase in the zfs of transition metal complexes, as 
metal-ligand covalency drastically affects the nature of 
excitations and thus the zfs. [25] 

Magneto-Structural D-correlation 

To further understand the influence of structural parameters on 
the sign and magnitude of D value in Co(II) tetrahedral 
complexes, we have developed a magneto-structural correlation 
on complex 3. Here, we have systematically varied the ∠S-Co-S 
and ∠I-Co-I bond angles to generate the tetragonally 
compressed and elongated structures.[24]  In complex 3, the ∠S-
Co-S and ∠I-Co-I bond angles are found to be 100° and 107° 
respectively, which suggests that complex 3 possess an 
elongated tetrahedral geometry. Here, we have defined a 
parameter called δ (δ = 2Td-(α+β)) (where Td represent the angle 
of 109.5°, while α represents the ∠S-Co-S bond angle while β 
represents the ∠I-Co-I bond angle) and developed a correlation 
based on the variation in the δ value. The negative value of δ 
represents the flattening of tetrahedral geometry while positive 
value of δ represents tetragonal elongation geometry (see figure 
14 for details). It is evident from the figure 14, that with the 
increase in the δ value, the D value increases linearly and for 
the largest δ value of 50°, the D value raised as high as -86 cm-1. 
Thus, we observed the fourfold increase in the D value 
compared to the parent complex 3 (δ = 11.4). 
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Figure 12. NEVPT2 calculated orientation of the main magnetic axes (D-tensor) for complexes A) 1, B) 2 and C) 3. Color Code Co (green); S (yellow); Cl (light 
green);Br (brown); I (turquoise); N (blue); C (grey) and H (white). 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. CASSCF computed orbital energies for complex 1-3. The thick 
black lines represent the σ-bonding orbital while the red lines represent the d-
orbital splitting 

Besides, the |E/D| value also decreases as the δ increases. 
Here, we have plotted the variation of the D and |E/D| values 
with change δ value along with variation of the first three excited 
state E1, E2 and E3 (which belong to the 4T2(F) in Td symmetry,) 
and ground state with δ value. The gradual increase in the D 
value with the increase in δ value is due to the lowering of the 
first excited state (E1) close to the ground state. However, the 
other two excited states E2 and E3 show an antagonizing 
behavior, moving away from the ground state, as the δ value 
increases.  The splitting pattern of the first three excited state for 
the structures corresponding to the large δ values show a typical 
splitting pattern associated with D2d symmetry (where 4A2 
ground state transforms into 4B2 state and the first excited state 
4T2) splits into 4B1 and 4E state). 
The close proximity of the 4B1 state to the 4B2 ground state is the 
key behind the giant zfs associated with Co(II) complexes in D2d 
point group.[12, 26] On the other hand, the non-degenerate nature 
of second and third excited states (4E for D2d symmetry) is due 
to the asymmetry in the bond angle and difference in the donor 
strength of ligands. In the other half of the magneto-structural 

correlations, decrease in the δ value slowly decreases the D 
value at δ value of +3.45 (close to tetrahedron), however, we 
have not noticed a change in the sign of the D value.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. A) Variation of the D and |E/D| values with change in the δ value 
along with the corresponding parameters observed for complexes 1-3; The D-
value observed for complexes 1-3 is mapped (open circle symbol) in the 
correlation developed based on the δ-value in respective complexes. B) 
Energy variation of the ground and first three excited states originating from 4T 
with respect to the change in the δ value. The graphs constructed here, are 
based on the values computed at NEVPT2 level of theory. The SH parameters 
of the complexes 1-3 is mapped in left panel. 
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The sign of D cannot be determined unambiguously for this 
structure as the |E/D| reaches as high as 0.3 at this δ value 
(+3.45). The decrease in the magnitude of the D value can be 
directly correlated with energy of the first excited state, which 
becomes higher in the energy for complexes with small δ values. 
Unlike the scenario observed in tetragonal elongation correlation, 
the D-value does not change abruptly in tetragonal compressed 
Co(II) geometry. The developed correlations highlight the 
importance of tetragonal compression and elongation, which 
directly correlates to the sign, and magnitude of D-value of 
{CoL2X2} type of complexes.  
Finally, to shed the light on SMM characteristic of these 
complexes, we have first analyzed the wavefunction of the 
ground state KD for all the complexes. In all the three complexes, 
the ground state KD are not well isolated, they found to be 
strongly mixed with other excited state KD. For complex 3, the 
ground state KD (represented as |S,±Ms〉 ) is comprised of 80% 
|3/2,±3/2〉  and 18% |3/2,±1/2〉  components, which is in principle 
restricted for a Kramers ion. As for the Kramers ion, these two 
states must be orthogonal in zero field, and therefore QTM 
effects are expected. However, the large E term allows the 
mixing between the ground and excited KDs. This mixing of the 
state and the apparent splitting of these states by, the large 
hyperfine spin of the Co(II) triggers the QTM, even in  zero field. 
This could be one of the possible reasons behind the absence of 
zero field SMM characteristic in the complex 3. This has been 
witnessed earlier in other mononuclear Co(II) complexes (see 
Table S12).[19] Interestingly, for complex 1, we have observed 
the out-of-phase signal in the presence of applied magnetic 
field.[18, 27] To understand this scenario, we have first analyzed 
decomposition of ground state wavefunction and for complex 1, 
the ground state KD is comprised of 70% |3/2,±1/2〉  and 22% 
|3/2,±3/2〉  Such strong mixing between the ground and excited 
KD occurs due to the presence of large E/D term (E/D ~ 0.24). 
In principle, for Ms =1/2, there no preferred easy axis for 
magnetization in presence of pure axial symmetry. However, 
presence of large E term ((Dxx-Dyy)/2), creates a preferred easy 
axis of orientation within the –xy plane. The relaxation enabled 
via –x(-y) to +x(+y) direction depending on the sign of the E term. 
However, for the Ms =1/2 as the ground state, the QTM is strong 
leading to faster relaxation. On the other hand, if one applies the 
static d.c field, the QTM gets suppressed and a slow relaxation 
can be observed In literature, there are several examples, where 
Co(II) complexes show field induced SMM characteristics, even 
with positive zfs.[19]  In such cases, the barrier height can be 
assigned as 2|E| (Dxx -Dyy) rather than 2|D|. The computed 
energy barrier for complex 1 is found to be (~2|E| = 6.09 K), 
which is good agreement with Ueff of complex 1 (Ueff = 13.5 and 
8.15 K for major and minor relaxation respectively). The 
presence of field induced SIM characteristic in complex 1, is due 
to the presence of positive zfs with remarkably large |E/D| value. 
Interestingly, the large |E/D| terms offers a key for molecules to 
show slow relaxation of magnetization with positive D values. 
 
Conclusions 
 
To conclude, we have isolated a series of tetrahedral Co(II) 
complexes with the general molecular formula [CoL2X2] ( X = Cl 
(1) or Br (2) or I (3)) which are structurally characterized by the 
single crystal X-ray diffraction. Direct current magnetic 
susceptibility measurements performed on the polycrystalline 

sample of all the complexes indicates the presence of magnetic 
anisotropy associated with the complexes. The parameters 
extracted from magnetic data fitting (simultaneous fitting of 
χMT(T) and M(H)) of all the complexes are in excellent 
agreement with the experimental magnetic data, suggest the 
reliability of the parameters extracted. The magnetic data fitting 
evidently shows that complex 1 stabilizes easy plane magnetic 
anisotropy while 2 and 3 found to possess easy axis magnetic 
anisotropy. This is qualitatively supported by EPR 
measurements on these complexes. Alternating current 
magnetic susceptibly measurements performed on all 
complexes, but none of the complexes show frequency 
dependent out-of-phase susceptibility (χM”) in the absence of 
external magnetic field. On the other hand, ac measurements on 
10% diluted sample of 1-3 apparently show χM” signals in the 
presence of optimum external magnetic field suggests that the 
slow relaxation phenomenon is originates from single molecule, 
which also signifies the influence of dipolar interaction on 
magnetization relaxation dynamics. The nature of the spin-
Hamiltonian parameters extracted and observed magnetization 
relaxation behavior was rationalized by the electronic structure 
calculations. Calculations suggests that, the large negative D 
value for complex 3, as compared to 1 and 2 is due to the larger 
metal-ligand covalency of Co-I bond compared to Co-Cl and Co-
Br bonds in 1 and 2 respectively. The increase in the metal-
ligand covalency has positive impact on the stabilizing easy 
axes of anisotropy in Co(II) complexes. Also, we rationalize for 
the absence of slow magnetic relaxation behavior in 1 - 3 is due 
to the lack of pure ground state in all complexes, further the 
large |E/D| value triggers the QTM effectively rather thermally 
assisted Orbach process.[2l, 28] The lack of isolated ground state 
and the large |E/D| is correlated and routed back to the structural 
distortion present in all the complexes. In addition, the hyperfine 
interaction is likely to have non-negligible contribution to the 
QTM behaviour observed in all the complexes. Overall, the 
present study reveals that not only, the soft donors such as 
sulfur modulate the sign and magnitude of D (which is the case 
for some of the recent reports) but also other ligands such as 
halides holds the key to alter the magnitude and sign of D-value 
of complexes. Further, the study reveals that heavier ligated 
atoms with large spin-orbit coupling enhances the metal ligand 
covalency which tend to stabilize easy axis magnetic anisotropy 
in tetrahedral Co(II)  complexes. To generalize further, if a 
tetrahedral Co(II) ion surrounded by similar π/σ strength soft 
donor ligand ought to  stabilize easy axis anisotropy with small 
⏐E/D⏐ ratio is which is an useful finding, particularly for synthetic 
chemist involved in revealing new generation of single ion 
magnets.  

Experimental Section 

All the chemicals were purchased from commercially available sources 
(Alfa Aesar and Sigma-Aldrich). All the reactions were performed under 
aerobic conditions. A Perkin-Elmer FT-IR spectrometer (in 400 to 4000 
cm-1 range) was used to collect the infrared spectra for the polycrystalline 
samples using KBr pellets. Magnetic susceptibility measurements were 
performed using a MPMS SQUID magnetometer equipped with 7 Tesla 
magnet in 300–2.0 K. The single crystal X-ray data were collected in 
Rigaku-Saturn CCD diffractometer. Details of data collection and 
structure solution methods were reported elsewhere.[12c] Elemental 
analysis was carried out on a Thermo Finnigan model. The powder XRD 
data was collected on a Panalytical MRD System. The absorption profile 
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for all the complexes were collected on a Jasco V-530 UV/Vis 
spectrophotometer. Electron paramagnetic resonance spectra were 
recorded on a broker EMX-plus X-band (9.37 GHz). 

Computational Details 

All the quantum-chemical calculations were performed on the X-ray 
structures using ORCA[21b, 29] suite of code. To compute the nature of 
low-lying excited states and zero-field splitting parameters, we have 
opted the multi-reference ab initio calculations. State-average complete 
active space self-consistent field (CASSCF) calculations along with N-
electron valence perturbation theory (NEVPT2) were performed on 
complexes 1-3. NEVPT2 calculations have been performed on top of the 
converged CASSCF wavefunction to recover the dynamic correlation.[30]  
Scalar relativistic effects are treated using second-order Douglas-Kroll-
Hess (DKH) method.[31] All these procedures were carried out with all 
electron segmented basis set def2-TZVP for all the atoms. The resolution 
of identity (RI) approximation has been used with the corresponding 
auxiliary basis sets in order to speed up the calculations.[32] Two set of 
calculations have been performed, where we have chosen two different 
active spaces. The first active space is the minimal active space which 
comprised of seven active d-electron in the five Co(II) based d-orbitals 
(CAS(7,5)). Here, we have computed all the 10 quartet and 40 doublet 
states. To understand the effect of the ligands, especially the nature of 
metal-ligand covalency, we have extended an active space by 
incorporating three σ bonding orbitals in the active space. Hence, the 
new active space comprises CAS(13,8); 6 electrons of the 3 σ bonding 
orbitals along with seven d-electrons in the five active Co(II) based d-
orbitals. The 10 quartet and 40 doublets are computed with CAS(13,8) 
active space. Apart from computing the Spin-Hamiltonian parameters, we 
have also done survey for the fitting of magnetization and susceptibility 
data to check the quality of fit.  

Synthetic procedure for the isolation of complexes 1-3 

Complex [Co(L)2Cl2] (1) 

To warm (35-40°C) ethanol, solid CoCl2.6H2O (1.55g, 6.5 mmol) was 
added. Into this solution L (1g, 13.2 mmol) was added and the reaction 
mixture was heated under reflux for 12 hours. The ethanol solvent was 
removed under reduced pressure (roto vap) after cooling the reaction 
mixture. The complex of interest was extracted from acetonitrile.  Needle 
shaped blue colour single crystals were grown from filtrate by diffusion of 
diethylether into acetonitrile solution after one week at room temperature. 
Yield: 1.2 g (32.4%) Elemental analysis: Calc: C, 8.5%; H, 2.8%; N, 
19.8%; S, 22.7% Found: C, 8.42%; H, 2.3%; N, 19.6%; S, 22.1%. IR 
(KBr): 3329 and 3391 cm-1 (ν-NH2) and 1620 cm-1 (ν-C=S). 

Complex [Co(L)2Br2] (2) 

A similar synthetic procedure was followed as in 1, CoBr2 (1.43g, 0.0065 
mol) was used in place of CoCl2.6H2O. Further, the product of interest 
was extracted from ethylacetate rather than acetonitrile. Unlike in 1, 
single crystals were obtained by slow evaporation of ethylacetate solution. 
X-ray quality blue colour single crystals were grown from filtrate within a 
week at room temperature. Yield: 1.7g (35.4%) Calc: C, 6.5%; H, 2.17%; 
N, 15.1%; S, 17.3% Found: C, 6.38%; H, 2.5%; N, 14.84%; S, 17.5%.  IR 
(KBr):- 3313 and 3391 cm-1 (ν-NH2) and 1634 cm-1 (ν-C=S). 

Complex [Co(L)2I2] (3) 

A similar synthetic procedure was followed as in 2, CoI2 (2.05g, 0.0065 
mol) was used in place of CoBr2. Yield 0.7g (11.4%). Calc: C, 5.2%; H, 
1.7%; N, 12.1%; S, 13.8% Found: C, 5.16%; H, 2.1%; N, 11.75%; S, 
13.1%. IR (KBr):- 3300 and 3417 cm-1 (ν-NH2) and 1606 cm-1 (ν-C=S). 

The bulk samples phase purity (complexes 1-3) was confirmed by 
powder x-ray diffraction. The experimental data is in well agreement with 
simulated data (see Figure S12).   

Complex [Zn(L)2Cl2] (1-Zn) 

Similar synthetic procedure was followed as for 1, ZnCl2 (0.895g, 6.57 
mmol) was used in place of CoCl2.6H2O. Yield 0.9g (42.4%). Calc: C, 
8.33%; H, 2.79%; N, 19.42%; S, 22.23% Found: C, 8.5%; H, 2.6%; N, 
19.3%; S, 22.4%. IR (KBr):- 3312 and 3386 cm-1 (ν-NH2) and 1591 cm-1 
(ν-C=S). 

Complex [Zn(L)2Br2] (2-Zn) 

Similar synthetic procedure was followed as for 2, ZnBr2 (1.48g, 6.57 
mmol) was used in place of CoBr2. Yield 0.59g (34.7%). Calc: C, 6.36%; 
H, 2.14%; N, 14.7%; S, 17.2% Found: C, 6.3%; H, 2.22%; N, 14.7%; S, 
17.2%. IR (KBr):- 3342 and 3401 cm-1 (ν-NH2) and 1618 cm-1 (ν-C=S). 

Complex [Zn(L)2I2] (3-Zn) 

Similar synthetic procedure was followed as for 3, ZnI2 (2.1g, 6.57 mmol) 
was used in place of CoI2. Yield 0.62g (41%). Calc: C, 5.10%; H, 1.71%; 
N, 11.88%; S, 13.6% Found: C, 5.17%; H, 1.65%; N, 11.96%; S, 13.42%. 
IR (KBr):- 3285 and 3362 cm-1 (ν-NH2) and 1584 cm-1 (ν-C=S). 

The unit cell was checked for the single crystals obtained for 1-Zn, 2-Zn 
and 3-Zn and the unit cell of all the complexes is in excellent agreement 
with unit cell of the corresponding parent Co(II) complexes. This implies 
that 1-Zn, 2-Zn and 3-Zn possess similar packing diagram of 1, 2 and 3 
respectively. To further give concrete evidence, we have recorded 
powder x-ray diffraction pattern for 1-Zn, 2-Zn and 3-Zn which is in 
excellent agreement with the simulated data derived from their parent 
Co(II) single crystal data. (see Figure S13). 

Preparation of 10% diluted sample of 1. 

To warm (35-40°C) ethanol, solid CoCl2.6H2O (0.156g, 0.657 mmol) and 
ZnCl2 (0.807g, 5.92 mmol) was added. Into this solution L (1g, 13.2 
mmol) was added and the reaction mixture was heated under reflux for 
12 hours. The ethanol solvent was removed under reduced pressure 
(roto vap) after cooling the reaction mixture. The complex of interest was 
extracted from acetonitrile.  Needle shaped light blue single crystals were 
grown from filtrate by diffusion of diethylether into acetonitrile solution 
after one week at room temperature. 

Preparation of 10% diluted sample of 2. 

To warm (35-40°C) ethanol, solid CoBr2 (0.144g, 0.657 mmol) and ZnBr2 
(0.666 g, 5.92 mmol) was added. Into this solution L (1g, 13.2 mmol) was 
added and the reaction mixture was heated under reflux for 12 hours. 
Further, the product of interest was extracted from ethylacetate rather 
than acetonitrile. Light blue single crystals were obtained by slow 
evaporation of ethylacetate solution. 

Preparation of 10% diluted sample of 3. 

To warm (35-40°C) ethanol, solid CoI2 (0.206g, 0.657 mmol) and ZnI2 
(1.88g, 5.92 mmol) was added. Into this solution L (1g, 13.2 mmol) was 
added and the reaction mixture was heated under reflux for 12 hours. 
Further, the product of interest was extracted from ethylacetate rather 
than acetonitrile. Light blue single crystals were obtained by slow 
evaporation of ethylacetate solution. 
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We report a family of tetrahedral Co(II) single-ion magnets with general molecular 
formula of [Co(L1)2X2] where L1 = thiourea and X = Cl (1), Br (2) and I (3). Effect of 
halide ion in modulating the sign as well as magnitude of D in these complexes 
been studied in detail and the observed experimental results firmly supported by 
theoretical calculations. 
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