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For q-bit applications based on coordination complexes, invariance in

zero-field splitting parameters upon structural distortions is desired.

Here, by employing ab initio calculations, we have probed the origin

of such resistance observed in four coordinate [FeII(C3S5)2]
2− com-

plexes. While unaltered D parameters are noted for a short range of

structural distortions such as dihedral angle, if a wider range is

chosen, larger variations are prominent in both D and E/D values.

Coordination complexes have longstanding use in the areas of
molecular magnetism, magnetic refrigeration, magnetocaloric
effect (MCE), molecular switches and also in the field of
q-bits.1 Among the Single Ion Magnets (SIMs), low coordinate
complexes are of great interest as they offer attractive SIM
characteristics.2 On the other hand, spin-based q-bits have
application in quantum information processing (QIP),
quantum computing and other quantum simulation oper-
ations.3 To generate quantum logic gate operations from elec-
tronic spin-based q-bits, at least two spin Eigen states are
required in which spin transitions with superposition of states
can be achieved over a long timescale.4

By fine-tuning the axial zero-field splitting parameter D and
rhombic parameter E, one can obtain desirable spin Eigen
states and for this reason zero-field splitting parameters have
considerable importance in the area of spin based q-bits or
multi q-bit systems.4 These two parameters control the energy
of separation between the MS levels, which have been proposed
to behave as quantum bits in nuclear spin-free high spin para-
magnetic species. A multi-level MS system could also serve as a
multi-q-bit or a qudit system as has been proposed recently.5

Particularly for the development of qudit systems proposed
recently, the D parameter is relevant as this accounts for the
splitting between the two q-bits.

For non-Kramers ions the D and E/D parameters are impor-
tant as they dictate the quantum tunnelling of magnetization

(QTM) between spin Eigen states (ΔMS) differing by ±2 which
in turn increases the relaxation for observing forbidden tran-
sitions in EPR spectroscopy.4b,g

While a number of experimental and theoretical studies
focus on ways to fine-tune the D parameter, there are only a
few reports on viable ways to tune the E parameter. Moreover,
both D and E parameters are generally sensitive to small struc-
tural changes and therefore retaining the properties on
surfaces upon adsorption is a challenging task.6 In this regard,
a report of three pseudo-tetrahedral {FeIIS4} complexes – [(18-
Crown-6)K]2[Fe(C3S5)2] (1), (Ph4P)2[Fe(C3S5)2] (2), and
(Bu4N)2[Fe(C3S5)2] (3) assumes importance. The variation in
the counter ion in complexes 1–3 leads to alteration in the di-
hedral angle (θd) between the two ligand planes from 72 to
90°; however the magnitudes of D and E are reported to be
unaltered. The D and E/D parameters are estimated to be
∼5.2 cm−1 and ∼0.1, respectively (see Table 1), from HF-EPR
and magnetic studies.7 The invariance of D and E despite such
a large variation in θd is remarkable; however, the electronic
origin for such resistance has not been clearly understood. In
this study, we aim to study complexes 1–3 and related models
using high-level ab initio methods such as SA-CASSCF/NEVPT2
to underpin the reason behind the resistance observed.

Table 1 Comparison of experimental and theoretical (EPR), Mössbauer,
ZFS and other structural parameters. Values given in parenthesis are for
the molecules with counter ions

Complex

1 2 3

Calc. Expt. Calc. Expt. Calc. Expt.

gmin (gz) 2.00 2.00 2.00 2.00 2.00 2.00
gmid (gy) 2.07 2.02 2.06 2.07 2.05 2.04
gmax (gx) 2.07 2.10 2.09 2.10 2.11 2.08
giso 2.05 2.04 2.05 2.07 2.05 2.11
D (cm−1) 6.12 (6.11) 5.21 6.07 5.35 6.01 5.61
E/D 0.02 (0.03) 0.11 0.11 0.11 0.24 0.10
θd 89.98° 81.38° 72.41°
SHAPE (Td) 2.065 2.073 3.515
δ 0.546 0.680 0.539 0.663 0.542 0.677
ΔEQ (mm s−1) 4.242 4.326 4.162 4.283 4.251 4.330

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8dt02145g
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The spin-Hamiltonian parameters have been calculated
using the effective Hamiltonian approach (EHA) and this
methodology has a proven record of accomplishment to
reliably estimate such parameters (g, D and E) of transition
metal complexes.8 Here, we have employed the ORCA suite of
programs for our calculations (see the ESI for elaborate discus-
sion on computational details†).9 In addition, we have also
performed DFT calculations to evaluate the Mössbauer para-
meters (isomer shift δ and quadruple splitting ΔEQ) to
compare our values with the available experimental data (see
Table 1).10 Additionally quantum theory of atoms in molecules
(QTAIM) analysis has been performed to probe the nature of
bonding upon structural variation using the B3LYP/TZV setup
employing the AIM2000 package.11 We have performed the
calculations on the X-ray crystal structures of complexes 1–3.
Calculations were performed in the presence and absence of
the counter ion and this yielded a similar set of D values
(see Table 1). This suggests that counter ions do not influence
the D and E values. Also, we have optimized the geometry in
the gas phase where significant structural deformations are
detected leading to variations in the estimated D and E/D para-
meters (see ESI† for details). This suggests that the solid-state
effects are important in dictating the structure and the associ-
ated experimentally observed parameters.

The coordination environment around the FeII centre in 1–3
(see Fig. 1) is an elongated tetrahedron with the SHAPE calcu-
lations revealing the deviation of 2.065, 2.073 and 3.515 for 1–3,
respectively, from an ideal tetrahedral geometry. This suggests
that as we move from complex 1 to 3, the distortion increases
and complex 3 has the largest deviation from tetrahedral geo-
metry (see Table 1 and S1†). The calculated D values in com-
plexes 1–3 are very similar (6.12, 6.07 and 6.01 cm−1for 1–3,
respectively) and all these values match well with the experi-
ments. However, the calculations suggest that the E/D values
increase from 0.02 to 0.11 and to 0.24 as we go from 1 to 3 (see
Table 1). The close similarity among the computed D values in
complexes 1–3 can easily be understood if we analyse the contri-
butions to D utilizing symmetry arguments and also examine

the QTAIM topological parameters (Table S2–S3 for QTAIM
details in the ESI†). Complex 1 has a D2d symmetry and the
major anisotropy axes i.e., Dzz and gzz directions, were along the
principal C2 axis. Therefore, the ground state electronic con-
figuration is (dz2)

2(dx2−y2)
1(dxy)

1(dxz)
1(dyz)

1 where the dxz and dyz
orbitals are very close in energy, with a computed gap of
35 cm−1 (see Fig. 1). Due to this high symmetry the major spin-
allowed contribution to the positive D results from two tran-
sitions, which are dz2(a1) → dyz(e) and dz2(a1) → dxz(e). Besides,
there is also a significant spin–flip transition taking place from
dx2−y2(b1) → dxy(b2) orbitals that contributes to the total D value
(4.9 cm−1, 4.3 cm−1 and 3.5 cm−1 in complexes 1–3, respectively).
Note here that in terms of absolute magnitude, the contributions
arising from spin–flip excitations are much larger than those
from the spin-allowed excitations and hence these transitions
were found to dictate the overall sign of the D values. The tran-
sitions mentioned here are correlated with the point group sym-
metry of the molecule and any alteration in the symmetry is thus
likely to alter the sign/magnitude of D (see the ESI for details†).

As we move from complexes 1–3, the rhombicity clearly
increases and this is attributed to the fact that the energy of
the dxz orbital decreases and the energy of the dyz orbital
increases. As a result, the dxz orbital contribution to D
increases while the contribution arising from the dyz orbital
decreases. As these two factors compete, the overall magnitude
of D remains the same for all the three complexes, despite a
drastic change in the dihedral angles. The energy difference (ΔE)
between the dxz and dyz orbitals can be used to rationalise the
variation in E/D values. These ΔE values are found to increase
from 35 cm−1 to 1146 cm−1 and to 3681 cm−1, as we move from
complexes 1–3 (see Fig. S3 in the ESI†). This gap is correlated
with the increase in the E/D value of 0.02, 0.11 and 0.24 for com-
plexes 1–3, respectively. This increase in the E/D value indicates a
mixing of the ±1 states and consequently this induces spin tun-
nelling between the two states. Although the variation in the E/D
value has not been experimentally observed, this may be due to
the insensitive nature of the transitions to the variation in the
E/D value as noted by the authors.7 To ascertain confidence on
the computed E/D values, we have simulated the available mag-
netic data using the computed parameters and these tend to
reproduce the data very well (see Fig. S4 in the ESI†).

To further probe the nature of the Fe–S bonding and its
influence on the D and E parameters, we have performed
QTAIM analysis. For complexes 1–3, the electron density ρ(r) at
the BCP between Fe and S atoms (0.0642 au < ρ(r) < 0.0663 au)
and ∇2

ρðrÞ (0.0393 au < ∇2
ρðrÞ < 0.0426 au) is found to be small

and positive. This indicates a closed shell character of the
coordination bonds.12 The |V(r)|/G(r) < 1.0 to 1.28 found for
these complexes suggests a mixed (largely ionic with a signifi-
cant covalent component) character of these coordination
bonds.12b The ρ(r) values are found to increase, as we move
from 1 to 3 and this corresponds to the increase in both the
covalency and bond strength of Fe–S bonds.

It is important to note here that among complexes 1–3, the
largest deviation in the structural parameter is observed in the
dihedral angle (θd), though smaller variations are also seen in

Fig. 1 X-ray structure of 1 along with the computed ZFS directions
(right). Computed d-based orbital diagram showing prominent spin-
allowed (dotted red) and spin-forbidden (dotted green) contributions to
ZFS.
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other structural parameters. To fully comprehend the influ-
ence of the θd parameter on D and E, we have developed a
correlation for the crystal structure of complex 1 by varying
only the θd parameter. The computed results are shown in
Fig. 2. The D and E parameters computed when the θd para-
meters are 80° and 69.9° are similar to the values obtained
with the X-ray structures of 2 and 3.

This affirms that the parameter D indeed does not alter
upon variation in the θd parameter. Although the variation in
the magnitude of D is not seen for θd in the range of 70–90°,
D is found to be altered significantly for lower θd values.
Particularly, at 64.7° of θd, the sign of D is found to switch to a
negative value and here the E/D value is also very high. Here
the positive contributions arising from spin–flip excitation dis-
appear and this leads to a switch in the sign of D. At this
point, the DZZ and gZZ orientations are also found to be
switched and lie perpendicular to earlier axes. At lower di-
hedral angle, the geometry approaches towards square-planar
and hence the direction of the anisotropy axis changes with
the expected orbital ordering. At this point, the major contri-
butions to the negative D correspond to the spin allowed tran-
sition from the dx2−y2 → dxy orbital. As we move towards lower
θd values, the sign of D is found to be switched. This happens
when we reach the value of θd = 40° and at this point E/D is
also found to be very large. Lowering θd further takes the struc-
ture closer to a square planar arrangement with a large posi-
tive D obtained at a θd value of 30.7° (D= + 16 cm−1). Here, the
beta electron resides in the dz2 orbital leading to two positive
spin-allowed transitions i.e., dz2(a1) → dyz(e) and dz2(a1) →
dxz(e) and hence a positive D value. This trend continues till a
θd value of ∼0°, with the D reaching up to ∼20 cm−1 for a
perfect square planar geometry (Fig. 3). The soft and weaker
donor abilities of the S2− ligand ensure a high-spin S =
2 ground state even for the square planar geometry.13

Next we turn to analyse the transverse anisotropy or
E values, here up to a θd of 70°; the major contributions arise
from the energy difference between the dxz and dyz orbitals as
discussed above. Interestingly, below 70° of θd, the spin

allowed contribution drastically decreases and a significant
contribution from spin-forbidden transitions arises from
dz2(a1) → dxz/dyz(e) transitions (see equations in the ESI†).

In all the models with the θd variation, the Fe–S BCPs
suggest that closed-shell interactions continue and the relation
|V(r)|/G(r) < 1.0 also reveals partly covalent Fe–S interactions.
As θd varies, the variation in ρ(r) is also seen with ρ(r) in the
range of 0.0662–0.0645 yielding negative D values. The ρ(r)
values beyond this range are found to yield positive D values.
Besides this, the Laplacian ∇2

ρðrÞ value is found to decrease
with a decrease in the θd value, suggesting a greater charge
concentration in the Fe–S region for the square planar arrange-
ment and this also indicates that the bonds are becoming
covalent as we reach the square planar geometry. A particularly
relevant parameter in the QTAIM analysis is the local density
energy H(r), which tends to saturate for θd values of 0–30° and
65–90°; both ranges have a positive D. For θd in the range of
30–65°, significant variations are seen and these points corres-
pond to a negative D value. Moreover, the ellipticity values (ε)
computed at Fe–S BCP for models possessing θd values in the
range of 0.15–0.05 are small and this correlates well with the
observation of negative D values. For the same models, the
valence shell charge concentration (VSCC) zone of the S atom
is more diffused towards the Fe atom compared to that in
other models and this indicates that there is a larger charge
transfer from the S atom to the Fe atom.

Now that the role of the θd parameter on D and E values is
established, we turn to investigate the effect of the Fe–S bond
length on the anisotropy parameters. To understand how both
θd and Fe–S bond lengths are correlated with each other, we
have developed another magneto-structural correlation where
both Fe–S bond lengths and θd parameters are simultaneously
varied. This three-dimensional correlation developed is shown
in Fig. 3. This graph shows two plateaus, one at higher θd
values (blue plateau), which is also insensitive to variations in
the Fe–S bond lengths and another at lower θd values (green

Fig. 3 Three-dimensional magneto-structural correlation developed by
varying simultaneously θd and average Fe–S bond lengths. Here pink-
stars represent complexes 1–3.

Fig. 2 Variation of d-orbital energies with respect to the dihedral angle.
The values written above the diagrams are computed D and E/D values.
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plateau), which is sensitive to Fe–S bond lengths shorter than
2.35 Å. In general, we observed that the alteration in the bond
length significantly influences the magnitude of the D para-
meter. Particularly, an increase in the Fe–S bond length is
found to increase the |D| values and the same is also true for
very short Fe–S bond lengths. For very short Fe–S bond lengths
of 2.25 Å, the magnitude of D tends to increase phenomenally at
lower θd values reaching D= +100 cm−1 at square planar geome-
try (see the ESI for details†). At these geometries, the triplet
states are found to be the ground state and they contribute
significantly to the D value. A previous report suggests that the
presence of hard donor ligand atoms at this bond length stabil-
ises the triplet state leading to a spin-crossover phenomenon.14

For geometries possessing longer Fe–S bond lengths, as the
Fe–S interactions are weakened, the metal dxz/dyz orbital ener-
gies are lowered and consequently the D value increases. Here,
dominant contributions are found to arise only from the
quintet states. This is also found to be supported by the
QTAIM topological parameters such as ρ(r), ∇2

ρðrÞ and |V(r)|/
G(r) and ε values at the BCP between Fe and the S atoms,
which are found to decrease linearly with increasing Fe–S
bond lengths. Clearly, a stronger dependence of D on Fe–S
bond lengths and θd is visible in Fig. 3 where a variation of D
from −18 to +103 cm−1 has been observed. A similar corre-
lation for the E value suggests that the switching of the sign of
D is always found to pass through a higher E (or E/D) value.
Particularly, larger dihedral values are found to yield E/D ∼
0.3 more often than lower dihedral structures.

To this end, here we have employed ab initio calculations
and bonding analysis to probe the variation of D and E/D
values in complexes 1–3, which are reported to resist changes
in these parameters. While calculations reaffirm that the
D values are unaltered for the reported structures, E values are
found to vary. Additional calculations performed on model
complexes suggest that the D value significantly varies if a
wider window of θd parameters is considered; however, two
clear platonic regions are noted. Particularly both the sign and
magnitude of D are found to vary significantly if minor altera-
tions in the Fe–S bond length are noted. As the bond length of
the molecule is likely to be altered upon adsorption of the
molecule on the surfaces6,15and this parameter is found to
significantly influence the anisotropy here, it is important to
target structures which possess a very strong metal–ligand
bond strength for potential q-bit applications.
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