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fAbstract: Mononuclear four coordinate Co" complexes have
drawn a great deal of attention as they often exhibit excel-
lent single-ion magnet (SIM) properties. Among the reported
complexes, the axial zero-field splitting parameter (D) was
found to vary drastically both in terms of the sign as well as
strength. There are various proposals in this respect such as
structural distortions, heavier atom substitution, metal-
ligand covalency, tuning secondary coordination sphere, etc.
that are expected to control the D values. To assess the im-
portance of structural distortions vs. heavier atom substitu-
tion effect, here we have undertaken detailed theoretical
studies based on the ab initio CASSCF/NEVPT2 method to
estimate zero-field splitting parameters for twelve complexes
reported in the literature. Our test set includes the {Co"X,}
(where X=0, S, Se) core structure where the D value was
found to vary from 419 to —118 cm™'. Based on the struc-
Cural variation, we have classified the complexes into three

types (I-lll) where type | complexes were found to exhibit
the largest negative D value as desired for SIMs. The other
two types (/l and /ll) of complexes have been found to be in-
ferior with respect to type /. The secondary coordination
sphere was also found to influence D, as substitution on the
secondary coordination sphere atom was found to signifi-
cantly alter the magnitude of D values. Particularly, two
structural parameters, namely, the dihedral angle between
the two ligand planes and the /X-Co-X polar angle were
found to heavily influence the sign and strength of D values.
Our analysis clearly reveals that these structural factors are
much more important than the heavier atom substitution, or
metal-ligand covalency. A large variation in the D and E/D
values among these complexes despite possessing a very
close structural similarity offers an exquisite playground for a
chemist to design and develop new-generation Co"-based

SIMs.
J

Introduction

Single molecule magnets (SMM) are a class of molecule based
nanomagnets that considered to be a potential alternative to
the high-dense information storage devices." Recently various
Dy" Single-ion Magnets (SIMs) based on cyclopentadienyl li-
gands have been reported to possess blocking temperature
exceeding liquid nitrogen temperatures, bring the possibility
of storing information in individual molecule closer to the reali-
ty? A good SIM is the one, which yields large barrier height
for magnetisation reversal (U.) and this barrier height arises
due to the magnetic anisotropy embedded in axial zero-field
splitting parameter (D) of the associated M levels. In this
regard, first-row mononuclear transition metal complexes con-
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taining Fe, Co, Ni complexes were found to be promising as
they show high blocking barrier in recent years.” There are
various challenges in obtaining very large Uy values in transi-
tion metal ions based SIMs, (i) the sign of zero-field splitting
which decide whether a largest Mg or smallest being the
ground state has to be negative (i) the magnitude of zero-field
splitting should be ideally of the order of hundreds of wave-
number (iij) as these are quantum systems, there are several
other relaxation processes other than the regular Orbach
mechanism wherein quantum tunnelling between the Mg
(QTM) levels is of utmost important as this control the relaxa-
tion of magnetization at very low temperatures. To circumvent
these problems, Co" complexes are the most popular choice as
it offers very large magnetic anisotropy whose sign can be
modulated using the ligand field. Additionally, as it has Kram-
ers ground state, formally the QTM is forbidden and hence
offer attractive blocking temperatures. Moreover, the coordina-
tion number around the Co" ion can be modulated to enhance
the anisotropy which will eventually lead to very large U
values as seen recently in a two-coordinate Co" SIMs. <<
Despite the fact that the two coordinate Co" complexes ex-
hibit very large U values, these complexes are not air-stable
and hence are difficult to subject them for fabricating devi-
ces.™ Most robust complexes based on Co" belong to four co-
ordinate tetrahedral geometries where various means are pro-
posing to fine tune both the sign and magnitude of the zero-
field splitting parameter. While {CoS,} remains one of the thor-
oughly studied systems and exhibit Uy values as large as
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62 cm',® how the magnitude and the sign of D values vary if
mixed donor ligands are employed has not been explored in
detail.

Ab initio calculations are proven to a powerful tool in this
area wherein methodology based on multi-reference CASSCF/
NEVPT2 methods have been utilized to compute zero-field
splitting parameters of various transition metal SIMs successful-
ly.® Particularly in tetrahedral Co" complexes, this methodolo-
gy has been used to even predict suitable target molecules
possessing very large negative D values.”” Here in this manu-
script, we attempt to undertake a theoretical study based on
ab initio CASSCF methods to understand and predict the ani-
sotropy in twelve Co" complexes containing [CoX,] (X=0, S
and Se) cores which are reported in the literature. The com-
plexes are chosen in such a way that we could address one of
the perennial problems in understanding the magnetic aniso-
tropy in tetrahedral Co" complexes.

Particularly the heavier atom effects and its role in influenc-
ing the magnitude and sometimes even sign is highlighted®
and this lead to several proposals that such substitutions are
the way forward to obtain large negative D values. On the
other hand, several such heavier atom containing tetrahedral
Co" found to possess small and positive D values, suggesting
clearly that there are various factors at play and a vanilla
recipe for obtaining large negative D unlikely to yield the de-
sired results. To systematically understand the nature of mag-
netic anisotropy and also to develop magneto-structural maps
that are correlated to the D parameters, herein we have stud-
ied twelve such complexes that possess a variety of coordina-
tion sites and differ in terms of ligand substitutions. The mo-
lecular formula of the twelve complexes that are studied here
are as follows- [Co"{N(OPPh,)(SPPh,)-0,5},] (CCDC 641241) (1),
[Co{PhC(S)-N-P(0)(QiPr),},] (CCDC 225507) (2),"” Co[PhNHC(S)N-
P(0)(OPr-),-0,S],  (CCDC 606359)  (3),"  [ColiPrNHC(S)N-
P(O)(OiPr),},]  (CCDC621219)  (4)"@  [Co{N(SOCNIPr,),},]

(CCDC 715970) (5),"* Co[Ph,P(Se)NP(Se)Ph,], (CCDC 137590)
(6),"" Co[Ph,PSNPSPh,], (CCDC 139529) (7)," [Co{N(SePiPr,),},]
(CCDC 102141) (8),"" [Co{N(SPiPr,),},] (CCDC 102143) (9)®
(CCDC 812004)

Co[Ph,PSCHPSPh,], (10),17
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Co[SPh,PNPPh,NPPh,S], (CCDC 1235748) (11),"® Col[SePh,-
PNPPh,NPPh,Se], (CCDC 1235750) (12).'® The structures are
chosen in such a way that both the donor atoms as well as the
atoms in the secondary coordination sphere vary to assess the
sign and strength of ZFS parameters. For example, the donor
atoms in this list contain, O, S and Se bidentate ligands where
the secondary coordination sphere contain N, C or P offering
rigid ligand framework around the metal centre. A schematic
diagram depicting complexes 1-12 is given in Scheme 1 and
their X-ray structures along with the computed direction of D,,
axis are shown in Figure 1.

Computational Methodology

Ab initio calculations were performed with CASSCF/NEVPT2
methodology as implemented in ORCA 4.0.1 program pack-
age." All the calculations were performed on the crystal struc-
tures reported. Scalar relativistic Hamiltonian was considered
by using ZORA (zeroth-order regular approximation)
method.?? Also, ZORA contracted versions of basis sets ZORA-
def2-TZVP were used for Co, S, Se; ZORA-def2-TZVP(-f) for N
and O; and ZORA-def2-SVP were used for rest of the atoms
throughout the calculations.”” SA-CASSCF (State-average com-
plete active space self-consistent field) calculations were car-
ried out within an active space of seven electrons in five 3d-or-
bitals, i.e., CAS(7,5) and the orbitals are optimised with 10
quartets and 40 doublet roots. The NEVPT2 (N-electron valence
perturbation theory 2nd order) part of the calculation incorpo-
rates the dynamic correlation into account. Spin-orbit coupling
was treated with spin-orbit mean field (SOMF) operator, and
subsequent spin state mixing was obtained with QDPT (quasi-
degenerate perturbation theory) method. Final Spin-Hamiltoni-
an properties were computed with universal EHA (effective
Hamiltonian approach) method.??

Results and Discussion

We have classified the twelve complexes into three types
based on structural distortions present in their first coordina-

(l"Pr)2
o- ==
\: ~c “N

<
I

/
)

s
2-4 R N(J'Pr}2
R = Ph (2), NH(Ph) (3), NH(iPs) (4)
R R Ph Ph Ph BN
Y oy
Cd ‘:N (}‘@< }

i
! \ o /

WA

X =8 (7and9), Sc (6 and 8) R="Ph (6 and 7). iPr (8 and 9)

X =8 (11), Se (12)

Scheme 1. Two dimensional structural representation of complexes 1-12 based on X-ray geometries. The ligands are symmetric around the Co" centre. The
substitution groups include, Ph=Phenyl, iPr=isopropyl and. Type /- orange box, type /- green box and type /lI- blue box.
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Figure 1. Ball and stick representation of X-ray structures along with computed D,, orientations for all the complexes. Hydrogen atoms were removed for
clarity. Colour code: Grey =C; Blue=N; Red =0; Orange =P; Yellowish green=S; Golden yellow = Se.

tion sphere: type | comprises complexes which have {Co0,S,}  ference among 1-5 arises in the substituents present in the
core and the complexes 1-5 belong to this category. The dif- chelate ring at the phosphorous/carbon centres from the
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second coordination sphere (Scheme 1). The substitution at
the phosphorous atom includes -phenyl, N-(di-isopropoxy) and
O-(di-isopropoxy) groups whereas the substituted groups at
the carbon centre are -phenyl, -phenyl amine and -isopropyl
amine groups. The type Il set comprise complexes 6-10 which
have {CoX,} core (X=S or Se) where the donor atoms are con-
nected by a six-membered ring while type /il set contains com-
plexes 11 and 12 with the same core as in type /I but the
donor atoms are connected by an eight-membered chelate
ring (see Scheme 1 and Figure 1).

All twelve complexes have oxygen/ sulphur/selenium donors
exhibiting a distorted tetrahedral geometry. Some selected
structural parameters are noted in Table 1; elongation of the
metal-ligand bond length transpires due to the increase in co-
valent radii of the donor site as we move from oxygen to sele-
nium. The average Co—O bond length is in the range of
1.940 A (as found in 2)-2.002 A (as found in 5). The Co—S bond
length ranges from 2.202 A (in 5) to 2.331 A (in 1) whereas for
Co-Se varies from 2.415 A (in 6) to 2.444 A (in 12). The average
/O-Co-P angles range are found to be 122.3° (in 4) to 128.1°
(in 3). The /S-Co-P angle however found to be significantly
smaller in the range of 97.2° (in 1) to 103.8° (in 11) and the
/Se-Co-P angle also found to be smaller (99.1° (in 6) to 101.5°
(in 12)) because of the difference in the hybridization of the
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chalcogenide atomic orbitals. The two chelate rings present in
complexes 1-12 are perpendicular to each other and the angle
between the two planes formed by the bidentate ligand as de-
picted in Figure 2 is found to be 75.2° (in 4), 77.4° (in 10) and
89.6° (in 7) and are found to be very similar in other com-
plexes (see Table 1).

The computed D and E/D and g-factors for complexes 1-12
are given in Table 1. Experimentally the magnetic properties
are measured only for complexes 1 and 4 and susceptibility
data has been fit to obtain D value for complex 1 as |11.9]
cm™' (for complex 4 the D parameter has not been extracted
earlier) where the sign of D could not be determined unambig-
uously.” We attempt to simulate the susceptibility data using
PHI® software for both complexes using all the computed pa-
rameters and this yield a good fit to the experimental data.
This suggests that the computed ZFS parameters are reliable
(see Figure ST in ESI). Furthermore, we have also surveyed ear-
lier reported ZFS parameter of four coordinate Co" to compare
and contrast the NEVPT2 estimated D and E/D values to the ex-
perimental values and this list is given in Table S1 in ESI. There
are 37 complexes listed and in all cases, the computed values
are in very good agreement with experiments offering confi-
dence on the sign and strength D and E/D estimated here.

Within the types /-lll proposed, there are some structural

similarities and difference, and this is nicely reflected
in the estimated ZFS parameters (See Table 1). The

type | complexes have similar core structure and
Table 1. Selected structural parameters, including 26 and 64 and NEVPT2 calculated yp ) P . .
ZFS parameters for complexes 1-12. show maximum negative D values while type /I com-
plexes have the same donor atoms (S or Se) and
. -1 .
Complexes zse“do D'thra' A"9|~ POL)ar Dlem™1 [E/D] 9u 9y 9 possess moderate negative D values. The type /Il
mmetry angle angle 20 [° o . .
Y Y [9?] 9 0 complexes exhibit the largest distortion from D,
d .
symmetry among the complexes studied and can be
typel 1 T, 86.3 108.2 —-19.1 0.08 222,225,246 o
(o) classified as compressed tetrahedron geometry
2 Dy 85.6 101.2 _465 004 213,218,270 while complexes 1-10 can be considered as an elon-
3 Dy 83.6 99.8 —69.6 0.03  2.10,2.16,2.92 gated tetrahedron. Due to these distortions present
4 Dy 752 101.5 —-268 028 211,230,252 in complexes 11 and 12, they exhibit smaller (posi-
5 Dy 86.5 955 -nz8 002 191,202 329 tive/negative) D value. The ab initio computed D,
typell 6 D, 89.2 137 ~168 002 223,224,244 €/neg : 0 comp 2
7 Dy 89.6 1135 —122 0.01 2.23,2.24,2.39 axis for complexes 1-12 are shown in Flgure 1. This
8 Dy 88.6 112.0 —257 002 223,224,254 axis passes through the highest order (or pseudo)
9 Dy 90.0 110.5 —288 000 221,221,255 symmetry axis present in the molecule.
10 DyorGC, 774 111.5 18.1 022 240,231,215 We have assianed the point aroun svmmetry of
typelll 11 G, 83.6 116.0 10.8 025 235,229,220 ) 9 P group sy y.
12 G, 88.8 1136 _97 020 224 229,238 the electronic states of these complexes according
to D,y symmetry, although none of them possesses a
* experimental D reported from fitting the susceptibility data. 24 3Y Y 9 P

perfect D,, point group (see Table S2-513 in ESI). A

Figure 2. A schematic diagram representing the interplanar dihedral angle (6,) and polar angle (26) of the complexes 4 (left) and 5 (right). Dihedral angles
have been shown in thick stick representation and polar angles have been shown in ball and stick representation of molecules.

Chem. Asian J. 2019, 14, 4696 — 4704 www.chemasianj.org

4699

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemasianj.org

C:

Editorial Society

perfect D,, symmetric complex will have a dihedral interplanar
angle () of 90° with a polar angle (20) of 90° and degenerate
d,~d,, set of orbitals and minimum d,-d,”>,> orbital energy
gap. This type of complexes is ideal for showing enormous
negative D value in d’ electronic configuration.”??¥ This corre-
lation is valid only when the donor atoms are kept constant,
which is O and S donor in the complexes 1-5 as the change in
donor atom results in a drastic change in these parameters.”
The estimated D value increases from complexes 1 to 5. The
NEVPT2 computed ligand field d-orbital splitting diagram of
type | complexes has been shown in Figure 3. It is noticeable

Co o
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Figure 3. NEVPT2-LFT splitting of the d-orbitals of complexes 1-5. Showing
only the spin-down B-orbitals and their corresponding energies.

from Figure 3, that the splitting pattern changes from distorted
tetrahedral C,, geometry in complex 1 to pseudo D,; geometry
in complex 5. Complex 4 deviates from D,, as the interplanar
dihedral angle here is 75° making it closer to rhombic symme-
try, and the 26 value is 101.5° adopting distorted square
planar arrangement. It is to be noted here that we have not
considered another important torsional angle parameter of X-
Co-X-Y (w) as the ligands here are bidentate in nature and
therefore w does not vary much across the structures. It is ob-
served that the axial and rhombic anisotropies (D and E/D)
strongly depend on angle 20 and dihedral angle 6,.7¢%"%]
Furthermore, wavefunction analysis reveals a multi-configu-
rational character of the ground state wavefunction for com-
plex 1 and this is due to weaker ligand field splitting compared
to complexes 2-5 that allows the ground state to mix with the
other excited states. By looking at the d-orbital splitting pat-
tern, one can easily point out the large and small D values esti-
mated are correlated to the d,>,*-d,, energy gap or ‘B,—"B,
transition. This is found to be the first excited state for all com-
plexes studied and found to control the D value in all cases by
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contributing a large negative D to the overall ZFS parameter
(see Table S2-S6 in ESI). Thus except in complex 4, this “B,—"B,
gap decreases in the order 2844, 1567, 1050 and 418 cm™' and
their contribution towards D increases in the order as —41,
—67, —92 and —138cm™' for complexes 1-5, respectively.
There are other minor positive contributions from the coupling
of *B, state with “E, state and *E, state which mainly arises due
to d,’/d,>,’—d,, and or d,,/d,’,>—d,, electronic excitation. A
perfect D,; symmetry will have degenerate “E, and 4Ey level,
however, if the geometry deviates from this symmetry, the cor-
responding E level splits. A large rhombic ZFS, i.e., E/D is pres-
ent (0.28) in complex 4, which arises due to the significant de-
viation observed in the planar angle indicating a significant de-
parture from ideal D,, symmetry. The same is also causing the
D value to be small compared to other complexes.

Type Il and lll (complexes 6-12) are homoleptic complexes
where the coordination around the Co" are either S or Se.
However, complexes 6-10 possess pseudo D,; geometry with
six-membered ring ligand chelation similar to that of com-
plexes 1-5. The NEVPT2-LFT (ligand field theory) computed d-
orbital diagram for complexes6, 7 and 10 are shown in
Figure 4 (see below). A noticeable decrease in energy level
splitting can be observed on these three complexes compared
to complexes 1-5, as donor strength decreases in the order
Co0,S, > CoS, > CoSe,. Additionally, within these three com-
plexes, S has a stronger ligand field than Se, therefore the
AE(d,2,2d,,) is larger in complex 7 compared to that 6 leading
to smaller D value in 7.

The 6y is close to 90° in complexes 6-9 which keep the E/D
as minimum as possible, but sizeable 26 of >110° found in
five complexes lowers the magnitude of D value compared to
complexes 1-5. In contrast to complexes 6-9, complex 10 has
smaller 64 value (77.4°) because of which the sign of D
changes to positive and this result is consistent with the pre-
diction made earlier.” A smaller 6, alters the splitting pattern

6 7 10
SC {-.. b..
»
‘\ S .
5000 - r‘c .a. d & .I
) = - ™ Xy — ‘J
d B 4 N
40004 v —— e
e T ‘.
xz % Xz N dv — Q P
%, £ ARl =
g weq ﬁ e d. ]
= ! % C
B .® 53 b 4 A «
E 20004 AE:: . AEg g F i o
< s
w \ $ Y &
wonf a4t B, 0, @ €
Y 4 ..-_ d“ _‘+ b.,.“
04 d7;4— 8 dt_, "‘*j d+, FQ“

e

D=18.1cm
E/D=022

D=-16.8cm?! D=-122cm’!
E/D=0.02 E/D=0.01

Figure 4. NEVPT2-LFT d-orbital diagram of complexes 6, 7 and 10 along
with their ZFS parameters written below.
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and pushes it towards square planar geometry. These structur-
al parameters destabilise the dxz_y2 orbital significantly while d,,
orbital is stabilised. This alters the whole splitting pattern as
shown in Figure 4 (splitting pattern of 8 and 9 are considered
to be similar to 6 and 7). Unlike in complexes 6-9 where the
major contributing transition for the negative D value is d’
,/—d,, which has same M, level.”® However, alteration in the
splitting pattern in complex 10 led to a dominant contribution
to D arise from dyz—>dx2,y2 transition and hence the sign of D is
positive (different M, level transition).

Furthermore, to analyse the effect of bulkier phenyl groups
at the second coordination sphere atom, complexes which are
analogues to 6 and 7 are identified. Complexes 8 and 9 are
thus similar to complexes 6 and 7, respectively, except for the
substitution of phenyl groups by isopropyl groups. The calcu-
lated ZFS parameters of complex 8 are D=—25.7 cm™' with an
E/D of 0.02 where the 6, is 88.6° and the 20 angle is 112.02°.
For complex 9, the D value is estimated to be —28.8 cm™" with
an E/D of 0.00. The 64 is 90° and 26 value is 110.5°. The 04
value is almost similar for 6-9; however, there are some varia-
tions in the 26 values. In addition to this effect, there is also
the electronic effects of the substituents that are expected to
influence the donor capabilities. To assess which factor has a
dominant control on the magnitude of D value, we have mod-
elled complexes 6 and 7 where the peripheral phenyl groups
are substituted by methyl group (See Figure S3 in ESI) and
these models (6a and 7a) yield the D value of —17.5cm™,
—13.4 cm™" with the E/D value of 0.03 and 0.02 respectively.
These values have only minor perturbations compared to com-
plexes 6 and 7 and suggest that the electronic effects have
lesser influence over the structural factors. We would like to
note here that the only difference between complex 6 vs. 8
and 7 vs. 9 are 1.5° and 3° difference in 26 values, respectively.
This small change in the 26 values enhances the magnitude of
D values significantly in complexes 7 and 9 unveiling the influ-
ential role of the polar the angles in controlling the magnitude
of D values in this set of complexes.

Moving to the type /ll, complexes 11 and 12 have 8-mem-
bered chelate rings compared to 6-membered rings in previ-
ous examples. These two complexes have the largest deviation
of both 20 angle and 6, value from 90° (see Table 1). As the 0,
values are significantly different here (only other complex to
have such large 6,4 value is complex 10), this is reflected in the
computed D,, orientation of the molecules (see Figure 2) with
their deviation from the proper C, axis of D,, symmetry. The
drastic change in the D,, orientation also associated with the
compressed tetrahedron geometry that is observed for these
two complexes. The d-orbital splitting of the last two com-
plexes has been shown in Figure S4 in ESI. Among the two
complexes, complex 11 found to show the strongest deviation
in both 6, and 26 values and this lead to a very large E/D of
0.25 with a positive D. Also at lower 64 (approaching 60°) and
higher polar angle (approaching 120°) the geometry departs
from ideal D,;, symmetry and approaches square planar or
compressed tetrahedron arrangement accompanied by a large
E/D value which switches the sign of D as reported earlier by
us.” Complex 12, on the other hand, has a lesser deviation
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from 90° for both 64 and 26 values compare to complex 11.
Furthermore, the d-orbital splitting also decreases here due to
the presence of Se as donor atoms compared to S (see Fig-
ure S4 in ESI). These combined effect yields a negative D in
complex 12 (—9.7 cm™") with a significant E/D value (0.2). Addi-
tionally, for all the complexes 10-12, calculations yield signifi-
cant mixing of the ground state wavefunction with other excit-
ed states and to assess this mixing, we have estimated to the
ab initio ligand field (AILFT) matrix eigenvalues for the five d-
orbitals and these are given in ESI where a strong mixing
among the d-orbital is visible. Also, the magnitude of D values
in all complexes are strongly correlated to the ground-first ex-
cited state gap and this is found to have a linear correlation
with the D values with smaller gap yielding a larger negative D
value (shown in Figure 5).
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Figure 5. Variation of D values of all the twelve complexes with the energy
gap between the ground state and first excited state. Linear fit obtained
with a slope 0.04 and intercept —115 and the fit has R-value of 0.90. Red
squares indicate the energy gaps obtained from Table S2-513.

Magneto-structural Maps

In order to understand the relationship between the two struc-
tural parameters that are discussed with D and E/D values, we
have developed a three-dimensional graph wherein X-ray
structural parameters of complexes 1-12 along with its com-
puted D and E/D values are utilized (See Figure 6). From the
plots, it is evident that the D value tends to be highly positive
at very high 26 and lower 6,4 angles. Rhombic parameter E/D is
also high at low 64 and higher 20 values. In this regard, E/D is
primarily affected by 64 parameter more than 26 parameter,
hence E/D shows a very high value at lower 0 irrespective of
20 values. On the other hand, at the higher 6, (or close to 90°)
and lower 26 values (or close to 90°), the D becomes as nega-
tive as high as —120cm™' with a minimum E/D value. This
trend also supports previously reported experimental results.”"”
In case of type I, the graph is smooth up to the higher polar
angle of 108°, contrary to the entire correlation where there is
a downward slope that has been observed at higher dihedral
and polar angle ~110°. This indicates the ability of heavier
atom substitution by S/Se with oxygen that switches the sign
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Figure 6. Three dimensional structural correlation map of 6 vs. 26 vs. D (left) and 6, vs. 26 vs. E/D (right) for complexes 1-12.

of D from positive to negative. From the plot is very clear that
D values are primarily controlled by 26 parameter and E/D
values are influenced significantly by 64 parameter. Thus to
have an efficient SIMs, one has to have 6, value close to 90°
and 26 of less than 96°.

Furthermore, we have also computed the ab initio ligand
field parameters (AILFT) and effective spin-orbit coupling con-
stant (£) considering ten quartet roots in all the complexes.””!
It is established that a decrease in Racah parameter (or the so-
called electron-electron repulsion parameter) and SOC con-
stant (§) on complexation gives an idea of covalency in the
metal-ligand complexes compared to the free ion. Therefore,
we have computed both the nephelauxetic reduction in Racah
parameter (B) and effective SOC constant for all the com-
plexes 1-12 and compared the values to the free Co" ion value
(By,) and analysed in all the complexes (see Figure 7). A reduc-
tion in the B parameter was introduced by calculating [(1-B/B,)
X 100%] and reduction in SOC constant was computed as [(1-
£/8o) x 100%] for all complexes. It has been noticed that type /
complexes are more ionic compared to the type /I and type /Il
complexes. It is expected that S and Se donor complexes will
have orbitals that are more diffused and hence offer strongly
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metal-ligand covalency. The reduction in B and ¢ support this
point. Additionally, the strong st-donor phenyl rings present in
complexes 1, 6-7 and 10-12 in the third coordination sphere
shows a stronger nephelauxetic reduction in B(>9.5%) com-
pared to complexes 2-5 (<7 %), 8-9 (~9%) and this indicates
that bulky st-donor groups are not suitable for obtaining large
negative D value. In case of a nephelauxetic reduction of ¢ pa-
rameter, complexes 6, 8 and 12 shows largest reduction (>
5.5%) as these two complexes contain Se donor atoms in the
first coordination sphere and therefore have larger covalency
on the Co'-ligand bonding. Here also type | complexes show a
smaller reduction in { compared to type Il and /Il complexes. A
direct correlation between these two parameters and ZFS pa-
rameters cannot be drawn as structural parameters have a
larger influence in determining the sign and strength of ZFS in
four coordinated Co" complexes.

Conclusions

We have studied twelve structurally different Co"X, complexes
using state-of-the-art ab initio calculations, and the following
conclusions have been derived from this work.
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Figure 7. Variation of nephelauxetic reduction of Racah Parameter B (left) and effective spin-orbit coupling constant ¢ (right) among the twelve complexes.
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) The twelve complexes studied have been classified into  Acknowledgements

three types /-lll based on the presence of donor atoms O/

Se/Se and the structural arrangement in the first and  AS. would like to acknowledge CSIR for SRF fellowship. G.R.

second coordination sphere. The type /| complexes were  would like to thank SERB (CRG/2018/000430) and UGC-UKEIRI
found to exhibit the largest axial D values among the stud-  (Grant number 184-4/2018(1C)) for funding.

ied complexes and can be considered as potential single-
ion magnets. The variation among the magnitude of D is

found to correlate to the structural parameters, particularly Conflict of interest

the dihedral angle (64) and polar angle (26). Among the

five complexes studied in this type, complex 5 was found  The authors declare no conflict of interest.

to possess a very large negative D value (—118 cm™) with

a small £/D value and therefore predicted to possess the  Keywords: ab initio calculations - magneto-structural

best SIM characteristics among the complexes tested. Ad- " correlation - NEVPT2 methods - single-ion magnets - zero-field
ditionally, the {C00,5,} core tested here has zero nuclear  gpjitting

spins on the donor atoms which may help further to
reduce the possibility of electro-nuclear coupling mecha-
nism and hence the QTM behaviour.

i) Moving to the type Il systems where oxygen donor atoms
are substituted by S/Se donors was found not to improve
the magnitude of ZFS parameters. This suggests that struc-
tural parameters are critical in realising a large negative D
value than heavier atom substitution. Additionally, substi-
tution on the secondary coordination sphere atoms was
found to also influence the magnitude of D. For example,
larger or bulkier phenyl groups present in complexes 1
and 6-7 and 10-12 lead to structural distortions. These
distortions result in a significant departure from D,, geom-
etry for these molecules and hence smaller D values. Sup-
port for these conclusions are derived from complexes 8
and 9 which are structural analogues to complexes 6 and
7, except the bulky phenyl groups are replaced by isopro-
pyl groups. The enhancement in the D value in these two
structures are also accompanied by an alteration in the 6,
and 26 values.

iiij For type lll complexes which have similar first coordination
sphere to type Il systems, however, a different second co-
ordination sphere arrangement is present. This lead to a
large variation in both the 64 and 26 values leading to pos-
itive and negative D with a very large E/D value. A magne-
to-structural map that is developed using all the twelve
complexes clearly reveals that to obtain large negative D,
one has to have larger 64 and smaller 26 parameters. Be-
tween these two parameters, 26 was found to control the
sign and magnitude of D significantly while 4 was found
to play a critical role in determining E/D values. To have a
large negative D and close to zero E/D value, one has to
strike a balance between these two parameters, and 04
close to 90° and 26 less than 95° are predicted to yield ex-
cellent SIM behaviour.

To this end, we have studied twelve Co" four coordinate
complexes, which show D values in the range of +19cm™ to
—118 cm™, despite possessing very similar structural motifs.
This offers the chemist a viable playground in the design and
development of novel single-ion magnets.
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