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/Abstract: A series of mononuclear tetrahedral Co" com-
plexes with a general molecular formula [CoL,X,] [L=thiour-
ea and X=Cl (1), Br (2) and | (3)] were synthesized and their
structures were characterized by single-crystal X-ray diffrac-
tion. Direct-current (dc) magnetic susceptibility [yyT(T) and
M(H)] and its slow relaxation of magnetization were mea-
sured for all three complexes. The experimental dc magnetic
data are excellently reproduced by fitting both y,T(T) and
M(H) simultaneously with the parameters D=+10.8 cm,
g,=22, g,=22, and g;=24 for 1, D=—187cm ', g, =
2.21 for 2; and D=-19.3 cm ™', g,,,=2.3 for 3. The replace-
ment of chloride in 1 by bromide or iodide (in 2 and 3, re-
spectively) was accompanied by a change in both sign and
magnitude of the magnetic anisotropy D. Field-induced out-
of-phase susceptibility signals observed in 10% diluted sam-

ples of 1-3 imply slow relaxation of magnetization of molec-
ular origin. To better understand the magnetization relaxa-
tion dynamics of complexes 1-3, detailed ab initio CASSCF/
NEVPT2 calculations were performed. The computed spin
Hamiltonian parameters are in good agreement with experi-
mental data. In particular, the calculations unveil the role of
halide ions in switching the sign of D on moving from CI™ to
I~. The large spin-orbit coupling constant associated with
the heavier halide ion and weaker st donation reduces the
ground state-excited state gap, which leads to a larger con-
tribution to negative D for complex 3 compared to complex
1. Further magnetostructural D correlations were developed
to understand the role of structural distortion in 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 mole-
cule. Such compounds are termed single-molecule magnets
(SMM), and if the phenomenon originates from a single metal
ion or monomeric coordination complex, they are known as
single-ion magnets (SIM). Such SMM behavior was first discov-
ered in the {Mn,,0Ac} complex." After this discovery, numer-
ous transition metal complexes®® flooded the literature with
record-breaking ground-state spin (S=83/2 for an Mn,, clus-
ter) reported by Powell and co-workers®™ and effective energy
barrier for the magnetization relaxation (U.s=86 K for an Mng
cluster) by Brechin and co-workers.”) SMMs can be envisaged
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for many potential applications such as high-density informa-
tion storage, spin valves, spintronics, and quantum comput-
ing.”! Over a period of three decades, it has been realized that,
due to the random easy-axis orientations in larger clusters,
overall magnetic anisotropy D becomes small, although com-
plexes were stabilized with relatively large ground-state spin.
There are no parameters available to enhance D and S simulta-
neously in oligomeric complexes, as is also evident in the fact
that the D value is approximately equal to 1/S* of the com-
plex.”” Due to this persistent problem researchers focused their
attention on modulating the D value of mononuclear transition
metal complexes. The majority of the transition metal com-
plexes suffer from small spin-orbit coupling, as the orbital an-
gular momentum is reduced by the ligand field. Restricting the
coordination number around the transition metal is a fruitful
way to gain orbital angular momentum,” and such a synthetic
strategy proved successful in two-coordinate Co" and Fe' com-
plexes with the largest anisotropy barriers of 578.2 and 225K,
respectively, reported to date for any transition metal SMMs by
Gao and co-workers and Long and co-workers, independent-
ly.® In addition, several other approaches have been reported
in the literature to gain orbital angular momentum and maxi-
mize the magnetic anisotropy in mononuclear complexes. For
example, using substituents on the ligand to modulate U (by
means of D),**¥ in-plane and out-of-plane shifts of the metal
ion in five-coordinate Co" complexes,"® changing the halide Ii-
gands in octahedral and certain tetrahedral complexes,™"
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structural distortion around metal centers, and even more intri-
cate measures, such as the significant effect of the secondary
coordination sphere on modulating the D value, which was el-
egantly explained by Neese and co-workers theoretically and
experimentally proven by us recently."” To modulate the sign
of the magnetic anisotropy, we have recently proposed a syn-
thetic strategy employing a ligand with a soft donor atom
(e.g., sulfur) to stabilize easy-axis anisotropy, while a hard
donor favors easy-plane orientation of the magnetization."?

Along these lines, we intended to probe the influence of
other common ligands such as halides in controlling the spin
Hamiltonian parameters of the complexes, apart from the soft-
donor ligand L. For this purpose, we have synthesized a series
of monomeric Co" tetrahedral thiourea complexes and investi-
gated their magnetic properties in detail. The observed
change in spin Hamiltonian (SH) parameters and its slow mag-
netization relaxation behavior of these complexes were ration-
alized by detailed theoretical calculations.

Results and Discussion

Recently, we and others have pointed out that ligands with
soft donor atoms such as sulfur in a tetrahedral Co" environ-
ment stabilize easy-axis magnetic anisotropy."*'¥ This proposal
has been proven by us recently by employing totally different
soft-donor ligands (thiourea and its derivatives)."* To probe
the influence of the other ligating atoms such as halides
beside the soft-donor ligands, we have synthesized a series of
monomeric Co" complexes. Treating one equivalent of an alco-
holic solution of CoX,-xH,0 (X=Cl, Br, I) with two equivalents
of thiourea yielded blue single crystals that were suitable for
single-crystal X-ray diffraction. The structure solution and re-
finement revealed the molecular formula of all three com-
plexes to be [CoX,L,] [L=thiourea; X=Cl (1), Br (2), | (3)]
(Figure 1). Complexes 1-3 crystallized in monoclinic space
groups Cc (1) and P2,/c (2 and 3). The crystallographic parame-
ters for all three complexes are given in Table 1.

In all three complexes the cobalt(ll) ion exists in a distorted
tetrahedral geometry. Two out of four coordination sites are
occupied by the thiourea ligand and the other two by halide
ions. The average Co—S distances are 2.302(10), 2.307(9), and
2.319(10) A for 1-3, respectively. The average Co—X bond
length increases with increasing atomic radius of the halide
ion (2.258(9) A for 1; 2.401(5) A for 2; 2.602(5) A for 3). The in-
creases in Co—X bond lengths are larger than those of the Co—
S bond lengths. The X11-Co1-X12 bond angles in all three
complexes are close to the tetrahedral angle: 107.82(3),
108.40(3), and 107.25(2) for 1-3 respectively. However, drastic
differences are noticed in the S11-Co-S12 bond angles:
96.63(3)° for 1, 101.43(3)° for 2, and 100.32°(4) for 3. Selected
bond lengths and bond angles of 1-3 are given in Table 2. De-
tailed structural analysis of all three complexes revealed hydro-
gen-bonding networks in all directions. In 1-3, the amino pro-
tons of the thiourea ligand are involved in hydrogen bonding
with halide ions and the sulfur atom. Apart from the intermo-
lecular hydrogen bonding, intramolecular hydrogen bonding
also exists in the crystal structure. The atoms involved in both
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Figure 1. Thermal ellipsoid (50 % probability) representation of complexes:
A)1,B)2,and C) 3.
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Table 1. Crystallographic data for complexes 1-3.

1 2 3
formula CoC,HgCLN,S, CoC,HgBr,N,S, CoGC,Hgl,N,S,
size [mm] 0.20%x0.16x0.11 0.35%x0.17x0.08 0.58x0.22x0.12
system monoclinic monoclinic monoclinic
space group Cc P2,/c P2,/c
alA] 8.1970(16) 10.163(4) 10.483(3)
bIA] 11.528(2) 6.977(2) 7.3377(17)
c[A] 10.794(2) 14.562(5) 14.813(4)
al’] 90.0000 90.0000 90.0000
B 103.56(3) 93.207(5) 91.344(3)
y [l 90.0000 90.0000 90.0000
VA% 991.5(3) 1030.9(6) 1139.1(5)
V4 4 4 4
Peatca [gEmM 3] 1.890 2.390 271
26, 58.28 58.3 58.34
radiation Mo K, Mo K, Mo K,
ATA] 0.71073 0.71073 0.71073
TIK] 100 100 100
reflns 5985 19068 14607
ind. reflns 2585 2770 3046
reflns with 1>20(]) 2310 2065 2251
R1 0.0242 0.0304 0.0275
wR2 0.0683 0.0478 0.0597

intra- and intermolecular hydrogen bonding are listed in
Tables S1-S3 for all three complexes.

The packing diagram of 1 is distinctly different from those
of 2 and 3 (Figure 2A). Since complexes 2 and 3 have similar
packing arrangements, a representative packing diagram is
shown in Figure 2B. In 1, N—H--S11 (2.624(3) A) is stronger
than N—H---Cl hydrogen bonding (3.093(2) A). Variation in the

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

AP ChemPubSoc
\{* Europe

Table 2. Selected bond lengths [A] and angles [°] for complexes 1-3.

1 2 3

Co1-S11 2.297(10) 2.303(9) 2.308(10)
Co1-521 2.307(10) 2.311(9) 2.330(11)
Col1—-X11 2.249(9) 2.397(6) 2.595(6)

Co1-X12 2.268(9) 2.405(5) 2.608(5)

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-Co1-511 106.96(4) 109.87(3) 116.73(3)
X11-Co1-S21 113.46(4) 110.05(3) 110.45(3)
X12-Co1-521 115.72(4) 115.36(3) 110.07(3)
S11-Co1-521 96.63(3) 101.43(3) 100.32(4)

Figure 2. Packing diagrams of: A) 1, and B) 2. Sky-blue dotted bonds repre-
sent intermolecular hydrogen bonding between sulfur and NH, protons, and
wine-red dotted bonds denote hydrogen bonding between halide and NH,
protons in the crystal lattice. Color code: Magenta=Co", green=X [X=Cl
(1) or Br (2)], blue=N, yellow =S.

hydrogen-bonding strength in 1 is likely due to the short
Co"--Co" distance between two molecules (see Figure 2 for de-
tails). Such supramolecular interaction is likely to play a signifi-
cant role in magnetization relaxation dynamics. In the packing
diagram of complex 1, a layer of molecules along the ¢ axis
are oriented in the same direction, while the adjacent layer is
generated by a c glide. Although the interatomic Co"-+-Co" dis-
tances in 2 (5.853(3) A) and 3 (5.932(2) A) are shorter than that
of 1, the hydrogen-bonding strengths of 2 and 3 are weaker
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than that of 1 (see Tables S1-S3 and Figure S1 of the Support-
ing Information for details).

Direct-current (dc) magnetic susceptibility data of 1-3

Variable-temperature dc magnetic susceptibility measurements
were performed on polycrystalline samples of all three com-
plexes 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) yuT values for complexes 1-3 are 2.40, 2.52,
and 2.63 cm®*Kmol™' respectively, which are significantly higher
than the expected value for a mononuclear Co" (S=3/2) ion
with no  first-order  orbital angular  momentum
(1.875 cm*Kmol™', g=2). The temperature-dependent x,,T(T)
behavior of all three complexes is almost the same, that is,
a gradual decrease in yuT value is found on lowering the tem-
perature from RT to 50 K. The observed temperature depen-
dence in this temperature region (RT to 50 K) for a mononu-
clear Co" complex indicates depopulation of the Kramers state.
The yuT value decreases sharply below 50K and reaches
values of 0.861, 0.900, and 1.240 cm*Kmol™" at 2.0K for 1-3,
respectively. Several factors, such as magnetic anisotropy asso-
ciated with the complex, intermolecular antiferromagnetic in-
teraction, and dipolar interactions, are likely to contribute to
the sharp decrease in y,T value at low temperature.

Field-dependent magnetization measurements were per-
formed at various temperatures (2-10 K) for 1-3 up to 70 kOe.
The magnetic moment gradually increases with increasing ex-
ternal magnetic field, and the magnetic moment tends to satu-
rate around 1.95, 2.01, and 2.04 Nujg at 2.0 K for 1-3 respective-
ly (Figure 3). The fact that 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 complexes. The non-superimposable
nature of the reduced magnetization curve of all three com-
plexes further supports the presence of magnetic anisotropy
(Supporting Information, Figure S2). To extract the spin Hamil-
tonian (SH) parameters of all the three complexes, we fitted
both the y,T(T) and the M(H) data simultaneously using PHI
software.™ The Hamiltonian used for fitting the data is given
in Equation (1).

S(S+1)

H:D{Sﬁ— ) }-&-E(Sf—S;)%—gﬂBHS (1)

To reduce the over parameterization, we fitted the magnetic
data with an isotropic g value for all complexes except 1, and
the obtained parameters are listed in Table 3. An excellent
agreement between the fit and the experimental magnetic
data was obtained with the parameters D=+10.8cm™' (g,,=
22, 9,=22, g,=24; |E/D|=0.11) for 1. The simultaneous
amT(T) and M(H) data fit of 2 and 3 yields D values of
—187 cm™ (g, =221) and —19.3 cm™' (g, =2.3) respectively
(Table 3). The experimental y,,T(T) fit alone is insensitive to the
sign of D, that is, either with positive D or negative D, experi-
mental y,,T(T) data could be modeled. However, the parame-
ters extracted while incorporating negative D for 1 result in un-
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Figure 3. A)-C) Direct-current magnetic susceptibility measurements on polycrystalline samples of 1-3 in the presence of an external magnetic field of 1 kOe.
The open circles represent the simulation of the experimental magnetic data with the SH parameters computed by CASSCF/ NEVPT2 calculations, as de-
scribed in the main text. D)-F) Field-dependent magnetization measurements performed at the indicated temperatures. The solid red lines represent the si-
multaneous fitting of magnetic data [y, T(T) and M(H)] with the parameters listed in in Table 3.

Table 3. SH parameters extracted from CASSCF/NEVPT2® calculations
and PHI® fitting""® for complexes 1-3.

[a]

Deued™ Dy |E/D| o Gy s o Gy o2
[em™] [em™]  caled fit
1. 17.4 +10.8 0.25 0.11 2.16, 2.30, 2.41 2.2,22,24
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)

reliable SH parameters (data not shown), while positive D for 2
and 3 yielded poor fits of the M(H) data for these complexes
(see Table S4 and Figure S3 of the Supporting Information).
This evidently suggests that simultaneous fits of y,T(T) and
M(H) magnetic data facilitate reliably extracting the sign and
magnitude of the D value for all of the complexes (Table 3).
Such an approach is fruitful for unambiguous determination of
the sign of D by using dc magnetic data for the majority of
the complexes reported in the literature.['*>'%

The observation of positive D value for 1 is quite different
from our earlier prediction,”*® and we also note that there is
a drastic change in magnitude of the magnetic anisotropy in
all the complexes compared to the series of [CoS,]*~ com-
plexes reported by us recently."* The notable changes ob-
served in the SH parameters of 1-3 are rationalized by detailed
theoretical calculations (see below).

EPR measurements on complexes 1-3

To support the parameters extracted from the magnetic data
fit, we recorded X-band EPR spectra of 1-3 at 5K for both
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solids (100% and diluted samples) and frozen solutions. Com-
plex 1 was EPR-silent above 100K in both solid-state and
frozen-solution spectra, while complexes 2 and 3 show broad
EPR signals at 100 K (see Figures S4-S6 in the Supporting Infor-
mation). This is probably due to the intricate electronic struc-
ture associated with *°Co(ll) ion having a hyperfine spin of /=
7/2 and its associated fast relaxation phenomenon. Further, ac-
curate determination of zero-field splitting (zfs) by low-fre-
quency EPR spectroscopy is extremely difficult, as its micro-
wave quantum is considerably smaller than the zfs observed in
complexes 1-3. At 5.0 K, EPR spectral features of a 100% poly-
crystalline sample of 1 are distinctly different from those of 2
and 3, and this suggests that the electronic structure associat-
ed with these complexes must be different, whereas 2 and 3
show similar EPR spectral features (see Figure 4). A high-spin
Co" complex stabilized with easy-axis anisotropy is expected to
be EPR-silent at 5.0 K under strictly axial conditions due to the
forbidden AM, =4 3 intra-Kramers transition.""™'” However, for
2 and 3, broad EPR transitions arising from the ground Kram-
ers doublets (KDs) observed around 3500 and 9000 G are due
to nonzero rhombicity (E/D=0.32 for 2 and 0.25 for 3) associ-
ated with these complexes, which mixes the pure wave func-
tions of two KDs. Similar EPR spectral features (broad EPR sig-
nals around 3500 and 9000 G) were observed in frozen solu-
tions and magnetically diluted samples of 2 and 3 (see Fig-
ures S5 and S6 of the Supporting Information). Such a scenario
has been witnessed in many high-spin Co" complexes stabi-
lized with easy-axis anisotropy.""™"”

In contrast to complexes 2 and 3, both frozen solution and
2% diluted sample of 1 show well-resolved peaks indicative of
the signal arising from the +1/2 ground Kramers state (AM,=

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. X-band EPR spectra of frozen ethanol/toluene solutions of com-
plexes 1-3 recorded at 5 K. Conditions: microwave power=10(1), 18(2),
20(3) dB [20 mW (1), 3.17 mW (2), 2 mW (3)], modulation amplitude=0.4 (1),
1.45 (2), 0.4 mT (3), microwave frequency =9.37 GHz, T=5K.

+1; see Figure S4 of the Supporting Information). Variable-
temperature EPR spectra recorded on frozen solution evidently
show that the intensity of the all the signals decreases with in-
creasing temperature. As low-frequency EPR cannot capture all
the EPR spectral features of complex 1, we have not attempted
to simulate the EPR spectrum.

Although the performed EPR experiments do not reveal the
magnitude of D accurately, they give strong experimental evi-
dence for the sign of the magnetic anisotropy extracted from
the magnetic data fit of complexes 1-3, that is, complex 1 is
stabilized with easy-plane anisotropy while 2 and 3 have easy-
axis anisotropy. This is further strongly corroborated by ab
initio calculations (vide infra).

Alternating-current (ac) magnetic susceptibility data of com-
plexes 1-3

To probe the magnetization relaxation dynamics of all three
complexes, ac susceptibility measurements were performed on
polycrystalline samples of 1-3 with 3.5 Oe ac oscillating field
with and without external bias field between 1.8 and 8.0 K. For
complex 1, no frequency-dependent out-of-phase susceptibili-
ty signals x'\, were observed in zero applied field. This is not
surprising for a complex (1) that has easy-plane magnetic ani-
sotropy. However, when ac data were collected in the presence
of a 2 kOe dc bias field, we observed '}, signals indicative of
field-induced slow relaxation of magnetization (Figure 5).
Similar behavior has been observed for the majority of tetra-
hedral complexes stabilized with positive anisotropy in the lit-
erature." Ruiz and co-workers elegantly explain the slow re-
laxation of magnetization in a molecule with positive D
value."™ Although complex 1 shows y'i, signals, the maxima
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Figure 5. Frequency-dependent out-of-phase susceptibility (y'},) signal ob-
served for a 100% sample of complex 1 in the presence of an external mag-
netic field of 2 KOe at the indicated frequency.

are observed well below the instrumental limit, which hampers
extracting the barrier for magnetization relaxation. Surprisingly,
although complexes 2 and 3 have negative anisotropy, no fre-
quency-dependent out-of-phase susceptibility signals are ob-
served in ac measurements, both in the presence and absence
of an external magnetic field. The absence of y/}, signals even
in the presence of a dc bias field suggests that quantum tun-
neling of magnetization is much faster compared to the ther-
mal relaxation mechanism (Orbach process). Further, the mag-
netization relaxation can be triggered by the nuclear hyperfine
interaction of Co" and the coordinated halide ions, in addition
to the supramolecular interaction mediated through the hy-
drogen bonding.

In 1-3 both intra- and intermolecular hydrogen bonding
spread in all directions. Often, such supramolecular interactions
lead to faster magnetization relaxation, or the observed slow
relaxation phenomenon could be due to magnetic ordering.
To understand the role of dipolar interaction and to identify
whether the slow relaxation of magnetization is of single-mo-
lecular origin or not, we performed ac relaxation dynamics
studies on magnetically diluted samples of all complexes (see
Experimental Section for details). For all the diluted samples,
we observed frequency-dependent out-of-phase susceptibility
signals in the presence of an optimum external magnetic field,
and this suggests that the slow relaxation of magnetization in
1-3 is of single-molecule origin rather a magnetic ordering
phenomenon.

To gain more insight into the magnetization relaxation phe-
nomenon, the ac data of all complexes were analyzed in detail.
The frequency-dependent out-of-phase susceptibility data of
diluted complex 1 are shown in Figure 6, recorded at an opti-
mum field of 5.5 kOe (see Figure S7 of the Supporting Informa-
tion).

From Figure 6 A (also see Figure S8A of the Supporting Infor-
mation) it is evident that there are two kinds of relaxation, that
is, the majority fraction undergoes faster relaxation and a non-
negligible fraction exhibits a slow relaxation process. The fast
relaxation (major relaxation) and slow relaxation phenomenon
observed in 1 are well witnessed in the Cole-Cole plot of the
complex, particularly at lower temperature (see Figure 6B). The

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. The ac measurements for 10% diluted sample of complex 1.

A) Frequency-dependent out-of-phase susceptibility signals at the indicated
optimum dc magnetic field. B) Cole-Cole plots at the indicated tempera-
tures. C) Arrhenius plot of complex 1. The solid red line represents the fit of
the data.

Cole-Cole plot of 1 was fitted by considering two relaxation
processes in the generalized Debye model [Eq. (2)].

Ay, + Ay,
1+ (7)) 1+ (iwz,) ")

Anc(w) = As,ot T (2)

The a, value ranges from 0.21 to 0.06 and o, from 0.07 to
0.6 between 1.8 and 2.4 K (see Table S5 of the Supporting In-
formation). The relaxation times 7, and 7, extracted from Cole-
Cole fitting were employed to construct the Arrhenius plot
(Figure 6 C). The linear fit of these data considering only the
Orbach process results in effective energy barriers of 13.5K
(t,=1.37%1077s) and 8.15 K (7,=2.2X107*5s).

Contrary to 1 (diluted sample), complex 2 (10% diluted
sample) indeed shows well-resolved frequency-dependent '},
signals in the presence of an optimum external magnetic field
of 2 kOe (Figure 7 and Figure S7 of the Supporting Informa-
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Figure 7. The ac measurements 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 plots at the indicated tempera-
tures. C) Arrhenius plot of complex 2. The solid red line represents the fit of
the data.

tion). The presence of a single major relaxation is firmly corro-
borated by the Cole-Cole plot of 2 (Figure 7B and Figure S8B
of the Supporting Information). The Cole-Cole plot was fitted
by considering a single relaxation process and using the gener-
alized Debye equation [Eq. (3)], and the extracted parameters
are listed in Table S6 of the Supporting Information.

Anc(®) = xs + % (3)

The a values range between 0.09 and 0.15 in the tempera-
ture range of 3.6-1.8 K. This suggests the presence of a narrow
distribution of relaxation times. Using the 7 values obtained
from the Cole—Cole fit, we constructed the Arrhenius plot (Fig-
ure 7C). Below 3.5 K, apart from the Orbach process, other re-
laxation processes (e.g., direct, quantum tunneling of magneti-
zation (QTM), and Raman processes) appear to be operative.
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The data were fitted according to Equation (4), which takes
into account various relaxation processes.

11
T Tawm

1 -U,
2 n o eff
+ AH'T +CT +Toexp<kBT> (4)

where 1/7qn represents relaxation by QTM, AH’T the direct
process, CT" the Raman process, and the last term describes
the relaxation by the Orbach process.

It is not necessary to use all the relaxation processes to fit
the Arrhenius plot of 2. By considering only Orbach (28.6 K,
7,=1.66x10""s), QTM (0.0088 s), and Raman (C=0.065s"'K®
and n=6) processes, an excellent fit to the experimental data
was obtained.

In line with the magnetization relaxation behavior of 2, com-
plex 3 (10% diluted sample) also exhibits similar relaxation be-
havior (Figure 8), but a slightly higher dc bias field (Hy=
5.5 kOe, Figure S7 of the Supporting Information) is required
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Figure 8. The ac measurements 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 plots at the indicated
temperatures. C) Arrhenius plot of complex 3. The solid red line represents
the fit of the data.
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to observe the frequency-dependent out-of-phase susceptibili-
ty signals of 3 compared to 2 (Hy. =2 kOe). The 7 value extract-
ed from Cole-Cole fitting data was employed to construct the
Arrhenius plot (see Table S7 of the Supporting Information).
The experimental data were fitted by considering multiple re-
laxations [Eq. (4)]. A reasonably good fit was obtained by
taking into account only Orbach (9 K, 7,=4.06x 10~*s), Raman
(C=0.034s"K> n=6), and QTM (0.007 s) processes (see Fig-
ure 8C).

To fully understand the magnetization relaxation dynamics
observed in all three complexes, the trends in the estimated
magnetic anisotropy, and to unequivocally establish the role of
halide ions in modulating the D and E values, ab initio calcula-
tions were performed on complexes 1-3.

Computational studies on complexes 1-3

CASSCF and NEVPT2 calculations were performed on com-
plexes 1-3 to understand the origin of positive (1) and nega-
tive (2 and 3) zfs parameters in these complexes (see Experi-
mental Section). We also attempted to shed light on the role
of structural distortions in the magnetic anisotropy of these
complexes. The computed SH parameters (D, E, and g values)
for all three complexes are listed in Table 3. The simulation of
experimental magnetic susceptibility data with the computed
SH parameters is in good agreement (Figure 3), which reflects
the reliability of the computed parameters. It is evident from
Table 3 that ab initio calculated |E/D| values are quite large for
all three complexes.

Particularly for complex 2, the [E/D| value is significantly
large and is close to the rhombic limit (| £/D|~0.3); therefore,
the sign of D in complex 2 cannot be predicted unambiguous-
ly by calculation. Although single-crystal X-ray diffraction stud-
ies reveal that all three complexes have distorted T, geometry,
in reality they have only C,, symmetry. Thus, lowering of sym-
metry allows rigorous mixing between the ground and the ex-
cited states, which leads to a large zfs in these complexes. The
tetrahedral Co" ligand field terms are “T,(F), “T,(F), and “T,(P),
which further split into (*A,+*B,+“B,), (*A,+*B,+B,), and (A, +
B, +"B,) states, respectively, in C,, symmetry, and thus a total
of nine spin-allowed transitions is possible. The computed
spin-allowed d-d transitions are listed in Tables S8-5S11 of the
Supporting Information (see also Figure S9). The d-d transi-
tions belonging to the single excitations *A,—*T,(F) and *A,—
“T,(F) are found below 10000 cm™' (see Table 4 for details),
and this explains why the UV/Vis absorption spectra recorded
for all three complexes did not capture these transitions. On
the other hand, the transition that arise from the double exci-
tations *A,—"T,(P) are captured in the UV/Vis absorption spec-
trum. Three distinct peaks are observed for all three complexes
(features of low symmetry) in the range of 525-825 nm (see
Figure 9) The d-d transitions computed at the CAS (7,5 and
13,8) level of theory (see Computational Methods section for
the details of the active space) are overestimated compared to
experiment, and this is likely due to the lack of dynamic corre-
lation. However, inclusion of the dynamic correlations by using
the NEVPT2 method yields slightly better results. The calculat-
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Table 4. CASSCF (7,5)+NEVPT2 computed SH parameters (g, D, |E/D|)
and state-by-state contributions to the D values [cm~'].
State 1 2 3
CASSCF  NEVPT2  CASSCF  NEVPT2  CASSCF  NEVPT2
“T,(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
°G 5.084 5.322 5.409 5.454 4.829 4.853
1.054 1.089 —1.375 —1.391 —1.848 —1.813
Dot 21.69 17.38 18.84 1489 2468 —1831
|E/D| 0.26 0.25 0.33 0.31 0.23 0.25
T 22172 2.1596 2.2663 2.1878 2.2856 2.1941
9y 24125 2.3001 2421 2.2983 24238 2.2936
9z 2.5539 24101 25774 24154 2.6644 2.4675
[a] Dy,;=The summation of contribution from the entire 10 quartet and
40 doublet states, thus it might vary from the summation of the listed
major contributions.
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Figure 9. UV/Vis absorption spectra of 1-3 in ethyl acetate solution in the
range of 450-900 nm. Colored sticks represent the computed absorption
bands for “A,—"T,(P) transitions at the CAS(13,8) level of theory.

ed absorption spectra for all complexes 1-3 along with experi-
mental observations are provided in the Supporting Informa-
tion (see Figure S9). Despite the high-level theory employed to
reproduce the UV/Vis spectra, apparent deviations from experi-
ments are still noted. This is attributed to the fact that the cal-
culations performed include only selected electrons in the ref-
erence space; while this is generally sufficient for magnetic ani-
sotropy, a very large reference space including that of the li-
gands is required to reproduce the exact positions of the ab-
sorption spectra. This has been witnessed earlier in several
mononuclear complexes.'*? Both experimental and comput-
ed d-d transitions show a redshift on moving from Cl to | in
complexes 1-3, and this is essentially due to the fact that the
iodide ligand provides smaller crystal-field splitting and low in-
terelectronic repulsion, which result in low-lying excited states.
For all complexes 1-3, the ground-state wave function is heav-
ily mixed with other excited states. For 1, the ground state has
48% of (d, ,»)*(d,)*(d,)'(d,)"(d,)' composition and 26% of
(de,2)'(d2)*(d,)*(d,)'(d,)" composition.

The mixing is even more rigorous for the Br and | analogues
(see Supporting Information for details). Not only the single-ex-

Chem. Eur. J. 2017, 23, 9546 — 9559 www.chemeurj.org

9553

CHEMISTRY

A European Journal

Full Paper

citations, but also the states arising from the double excita-
tions are found to be strongly mixed with the ground-state
wave function. This highlights the need for a genuine multi-
reference method to compute the spectroscopic properties of
these systems.”” To understand the origin of magnetic aniso-
tropy in this class of complexes, we 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 1-3 is detailed in Table 4. From Table 4, it is evident
that the largest contribution to the D value arises from the
“T,(F) excited state (assuming a T, environment), while other
quartet states marginally contribute to the D value. Among
these three transitions, two transitions make positive contribu-
tions to the D value, whereas the third transition always con-
tributes to the negative D value.

This is due to the different nature of the transition dipole
moments (see below). Apart from the quartet “T, state, we also
noted some contribution from the low-lying °G 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 complex 3 (see Figure 10). The observed splitting pattern is
in line with previous studies on low-symmetry Co" complexes.
We analyzed CAS (7,5) orbitals to rationalize these different
contributions to the D value. The energy ordering of the CAS
(7,5) orbitals is provided in Figure 11, and is accordance with

— "A:
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Figure 10. The splitting pattern of the few low-lying quartet and doublet
states (“T,(F), *T,(F), “T,(P) and *G) for complex 3.
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Figure 11. A) CASSCF computed energies of metal-based d-orbitals of com-
plex 3. B) Color code: Co (green); S (light yellow); | (turquoise); N (blue);
C(gray); H (white).
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ligand-field paradigm for C,, symmetry. The three different ex-
citations corresponding to “T, can be assigned as excitation
from the (d,. .)’—t, subshell [(d,)'(d,)"(d,)']. The negative
contribution to the D value is due to spin-conserved excitation
of (dxz,yz)2—>(dxy)1 orbitals, as both orbital belong to the same
[m,| level. The other two excitations (d,. ,2)*—(d,,)'/(d,,)" lead
to a positive zfs contribution (see Table 4 for details).!"”

The small contributions from the low-lying doublet T, (*G)
states are due to the intra-SOMO transitions within the t, sub-
shell. Inclusion of the dynamic correlations slightly decreases
the magnitude of the D value, but its sign 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 an increase in the energy gap between
the ground and excited quartet state, which eventually de-
creases the magnitude of the D value. On the other hand, dou-
blet states are strongly affected by the dynamic correlation,
but transitions of similar magnitude and opposite sign cancel
each other out, and this leads to a negligible contribution to
the total D value. The orientation of the D tensor for com-
plexes 1-3 is shown in Figure 12.

Figure 12. NEVPT2 calculated orientation of the main magnetic axes (D
tensor) for: A) 1, B) 2, and C) 3. Color code Co (green); S (yellow); Cl (light
green); Br (brown); | (turquoise); N (blue); C (gray); H (white).

The negative contribution to the D value increases on
moving from Cl to |, and this may be due to the fact that the
large spin-orbit coupling constant associated with the heavier
halide brings the excited states closer to the ground state, and
hence the magnitude of the D value increases (see Table 4 for
details).”? To cross-check whether it is an effect of heavier
halide or local structural distortion (S-Co-S 96(1) and 100(3)°),
we performed additional calculations on a model complex of 3
in which the | ligand is substituted by Cl, without altering the
Co—Cl bond length (3a). Calculations on model complex 3a
yielded a D value of +17.4cm™" and |E/D| value of 0.19, very
similar to those of complex 1 (see Figures S10 and S11 in the
Supporting Information). This clearly highlights that the zfs of
the Co" ion in complexes 1-3 is influenced more strongly by
the presence of a heavier ligand such as iodide in the first co-
ordination sphere than by the local structural distortions.

This is in line with previous observations on pseudo-tetrahe-
dral Co" complexes, for which the sign of the D value was
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found to be sensitive to the nature of the metal-ligand inter-
action (negative D for soft ligands).">'¥ The rhombic zero-field
splitting E arises due to the difference between the D,y and Dy,
components; the larger the difference, the larger the E value.
The difference in the Dy, and D,, components can be traced
back to the different strengths of the single-electron excitation
from the e subshell to d,, and d,, orbitals of the t, subshell. We
have observed a significant splitting between the d,, and d,,
orbitals, and this eventually led to a large difference between
the Dy and D,, components; hence, the large |E/D| values.
The large splitting between the d,, and d,, orbitals is due to
the presence of two different donor atoms having different o/
mt-donor abilities. The d,, orbital interacts with a sulfur atom,
and the d,, orbital interacts with an X~ ion, and this leads to
a large splitting between these two orbitals in all three com-
plexes. On the other hand, the presence of four sulfur atoms
would result in nearly degenerate d,/d,, orbitals and thus
lower |E/D| values, as observed earlier by us for [CoS,]*"
SMMs.[1%

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 that strongly mix
with metal-based orbitals, that is, ligand orbitals with sizable
tails on the metal center. For the tetrahedral Co" complexes
here, we considered the three o-bonding orbitals (d,,+L, d,,+
L and d,,+L, where L=ligand orbitals) in the active space to
describe the metal-ligand covalency. Incorporation of these
three o-bonding orbitals offers a way to analyze the effect of
ligand-to-metal charge transfer on magnetic anisotropy. One
can also incorporate the m orbitals in the active space, but
o bonds offer a better picture of metal-ligand covalency, as
o overlaps are more pronounced than wt overlaps. With an ex-
tended active space of CAS(13,8), we computed all ten quar-
tets and forty doublets in the configuration interaction module
for all the three complexes. The computed D (| E/D|) values are
+19.2 (0.27) for 1, £16.9(0.33) for 2 and —22.4 (0.21) for com-
plex 3 The computed |E/D| values are in line with previous cal-
culations with minimal active space of CAS(7,5), that is, seven
Co'-based electrons in five Co'-based orbitals. However, the
computed D values with CAS(13,8) are marginally (~2-4cm™)
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 3 and smallest for 1. To correlate these changes
in the D values with the metal-ligand covalency, we analyzed
the eigenvalue plots of complexes 1-3. Figure 13 shows two
important features: 1) splitting of the d manifold lies in
a narrow region on moving toward the heavier halides and
2) the o-bonding orbitals are much closer in energy to the
metal-based d orbitals for complex 3 than for 2 and
1 (Figure 13).

The first feature is essentially due to the weak ligand field
offered by the heavier halido ligands, which results in a smaller
crystal-field splitting. The second feature highlights the in-
crease in the metal-ligand covalency, whereby the gap be-
tween the metal- and ligand-based orbitals decreases on
moving to the heavier halide. The decrease in the gap be-
tween these orbitals leads to strong overlap, which is directly
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Figure 13. CASSCF computed orbital energies for complex 1-3. The thick
black lines represent the o-bonding orbital, and the red lines the d-orbital
splitting.

proportional to the degree of covalency (see the coefficients in
Figure 13).2 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 wave function. Not only the D value, but also the
absorption spectrum have significantly improved by extending
the active space (see Table S11 in the Supporting Information).
Furthermore, incorporation of a double shell that increases the
radial electron correlation may further improve the obtained
spectroscopic properties.”” Finally, our study suggests that the
extended active space calculations offer a clear picture of
metal-ligand covalency and its effect on the magnetic aniso-
tropy. Our calculations demonstrate that the presence of large
spin-orbit coupling associated with heavier halides is not the
sole factor increasing the zfs of transition metal complexes, as
metal-ligand covalency drastically affects the nature of excita-
tions and thus the zfs.*

Magnetostructural D correlation

To further understand the influence of structural parameters
on the sign and magnitude of the D value in tetrahedral Co"
complexes, we developed a magnetostructural correlation for
3. We systematically varied the S-Co-S and I-Co-l bond angles
to generate tetragonally compressed and elongated struc-
tures.” In complex 3, the S-Co-S and I-Co-l bond angles are
100 and 107° respectively, which suggests that 3 has an elon-
gated tetrahedral geometry. We defined a 6 parameter [0=
2T,—(a+p), where T, is the tetrahedral angle of 109.5°, a the
S-Co-S bond angle, and S the I-Co-l bond angle] and devel-
oped a correlation based on the variation in the ¢ value. A
negative value of J represents flattening of the tetrahedral ge-
ometry, while a positive value represents a tetragonally elon-
gated geometry (see Figure 14 for details). With increasing o
value, the D value increases linearly, and for the largest 0 value
of 50°, the D value was as high as —86 cm™'. Thus, we ob-
served a fourfold increase in the D value compared to parent
complex 3 (0=11.4).

Besides, the |E/D| value also decreases with increasing o.
We plotted the variation of the D and |E/D| values with o
value along with variation of the first three excited state E,, E,,
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Figure 14. A) Variation of the D and |E/D| values with changing ¢ 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 on basis of the ¢ value of the respective complexes.
B) Energy variation of the ground and first three excited states originating
from “T with respect to the change in the ¢ value. The graphs constructed
here are based on the values computed at the NEVPT2 level of theory. The
experimentally obtained SH parameters of complexes 1-3 are mapped on
the developed magneto-structural correlation.

and E;, which belong to *T,(F) in T, symmetry, and the ground
state with the 0 value. The gradual increase in the D value
with increasing ¢ value is due to the lowering of the first excit-
ed state (E;) close to the ground state. However, the other two
excited states E, and E; show an antagonizing behavior,
moving away from the ground state, as the 6 value increases.
The splitting pattern of the first three excited states for the
structures corresponding to the large ¢ values show a typical
splitting pattern associated with D,; symmetry, whereby the
“A, ground state transforms into a “B, state and the first excit-
ed state “T, splits into B, and “E states.

The close proximity of the “B, state to the “B, ground state
is the key to the giant zfs associated with Co" complexes in D,,
point group.'”* On the other hand, the nondegenerate
nature of second and third excited states (*E for D,; symmetry)
is due to the asymmetry in the bond angle and difference in
the donor strength of ligands. In the other half of the magne-
tostructural correlations, decreasing 0 value slowly decreases
the D value at a d value of +3.45 (close to tetrahedral), but we
did not notice a change in the sign of the D value.

The sign of D cannot be determined unambiguously for this
structure, as |E/D| reaches as high as 0.3 at this 0 value (+
3.45). The decrease in the magnitude of the D value can be di-
rectly correlated with energy of the first excited state, which is
higher for complexes with small ¢ values. Unlike the scenario
observed for tetragonal elongation, the D value does not
change abruptly in tetragonally compressed Co" geometry. The
developed correlations highlight the importance of tetragonal
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compression and elongation, which are directly correlated with
the sign and magnitude of the D value of {ColL,X,}-type com-
plexes.

Finally, to shed light on the SMM characteristics of these
complexes, we first analyzed the wave function of the ground-
state KD. In all three complexes, the ground-state KD is not
well isolated, and is strongly mixed with other, excited-state
KDs. For complex 3, the ground state KD (represented as
|S,£M,) is composed of 80% [3/2,£3/2) and 18%
|3/2,£1/2) components, which is in principle forbidden for
a Kramers ion. For the Kramers ion, these two states must be
orthogonal in zero field, and therefore QTM effects are expect-
ed to be absent. However, the large E term allows mixing be-
tween the ground and excited KDs. This mixing of the state
and the apparent splitting of these states by the large hyper-
fine spin of Co" triggers QTM, even in zero field. This could be
one of the possible reasons behind the absence of zero-field
SMM characteristic in complex 3. This has been witnessed earli-
er in other mononuclear Co" complexes (see Table S12 in the
Supporting Information)."” Interestingly, for complex 1, we ob-
served an out-of-phase signal in the presence of applied mag-
netic field."®*" To understand this scenario, we first analyzed
decomposition of the ground-state wave function, and for
complex 1 the ground-state KD is composed of 70%
|3/2,£1/2) and 22% |3/2,43/2). Such strong mixing between
the ground and excited KDs occurs due to the presence of
a large E/D term (E/D=0.24). In principle, for M;=1/2, there is
no preferred easy axis for magnetization in the presence of
purely axial symmetry. However, the presence of a large E term
[(Dx—D,,)/2] creates a preferred easy axis of orientation in the
xy plane. The relaxation is enabled in the —x(—y) to +x(+y) di-
rection depending on the sign of the E term. However, for
M,=1/2 as the ground state, the strong QTM leads to faster re-
laxation. On the other hand, if one applies a static dc field, the
QTM is suppressed and a slow relaxation can be observed. In
the literature, there are several examples in which Co" com-
plexes show field-induced SMM characteristics, even with posi-
tive zfs." In such cases, the barrier height can be assigned as
2|E| (D,,—D,,) rather than 2 | D|. The computed energy barrier
for complex 1 is approximately 2 |E|=6.09 K, which is good
agreement with Uy of complex 1 (Ugk=13.5 and 8.15K for
major and minor relaxation, respectively). The presence of
field-induced SIM behavior 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

We have isolated a series of tetrahedral Co" complexes with
the general molecular formula [CoL,X,] [X=CI (1), Br (2), | (3)1,
which were structurally characterized by single-crystal X-ray
diffraction. Direct-current magnetic susceptibility measure-
ments performed on polycrystalline samples of all complexes
indicate the presence of magnetic anisotropy. The parameters
extracted from magnetic data fitting [simultaneous fitting of
amT(T) and M(H)] of all the complexes are in excellent agree-
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ment with the experimental magnetic data, and suggest relia-
bility of the extracted parameters. The magnetic data fitting
evidently shows that complex 1 stabilizes easy-plane magnetic
anisotropy, while 2 and 3 have easy-axis magnetic anisotropy.
This is qualitatively supported by EPR measurements on these
complexes. Alternating-current magnetic susceptibly measure-
ments were performed on all complexes, but none of them
shows frequency-dependent out-of-phase susceptibility x',, in
the absence of an external magnetic field. On the other hand,
ac measurements on 10% diluted samples of 1-3 apparently
showing y/}, signals in the presence of an optimum external
magnetic field suggest that the slow relaxation phenomenon
originates from single molecules, which also signifies the influ-
ence of dipolar interaction on magnetization relaxation dynam-
ics. The nature of the extracted SH parameters and observed
magnetization relaxation behavior was rationalized by elec-
tronic-structure calculations. Calculations suggest that the
large negative D value for complex 3 compared to 1 and 2 is
due to the higher metal-ligand covalency of the Co—I bond
compared to the Co—Cl and Co—Br bonds in 1 and 2 respec-
tively. The increase in the metal-ligand covalency has a positive
impact on stabilizing easy axes of anisotropy in Co" complexes.
Also, we rationalize that the absence of slow magnetic relaxa-
tion behavior in 1-3 is due to the lack of a pure ground state
in all complexes, and further the large |E/D| value effectively
triggers QTM rather than a thermally assisted Orbach pro-
cess.?? The lack of an isolated ground state and the large
|E/D| value are correlated and were traced back to the struc-
tural distortion present in all complexes. In addition, the hyper-
fine interaction is likely to make a non-negligible contribution
to the QTM behavior observed in all complexes. Overall, the
present study reveals that not only soft donors such as sulfur
modulate the sign and magnitude of D (which is the case in
some of the recent reports), but also other ligands such as hal-
ides holds the key to altering the magnitude and sign of the D
value of complexes. Further, the study reveals that heavier li-
gating atoms with large spin-orbit coupling enhance the
metal-ligand covalency, which tends to stabilize easy-axis mag-
netic anisotropy in tetrahedral Co" complexes. To generalize
further, surrounding a tetrahedral Co" ion by soft-donor ligands
of similar st/ strength ought to stabilize easy-axis anisotropy
with small |E/D| ratio. This is an useful finding, particularly for
synthetic chemists involved in discovering a new generation of
SIMs.

Experimental Section

All chemicals were purchased from commercial sources (Alfa Aesar
and Sigma-Aldrich). All reactions were performed under aerobic
conditions. A PerkinElmer FTIR spectrometer (400-4000 cm™') was
used to collect the IR spectra for polycrystalline samples by using
KBr pellets. Magnetic susceptibility measurements were performed
with an MPMS-XL SQUID magnetometer equipped with 7T
magnet in the range 300-2.0 K. The single-crystal X-ray data were
collected with a Rigaku-Saturn CCD diffractometer. Details of data
collection and structure solution methods were reported else-
where.' Elemental analysis was carried out with a Thermo Finni-
gan device. The powder XRD data were collected with a Panalytical
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MRD System. The absorption profile for all the complexes were re-
corded with a Jasco V-530 UV/Vis spectrophotometer. EPR spectra
were recorded on a Bruker EMX-plus X-band spectrometer
(9.37 GHz).

Computational methods

All quantum chemical calculations were performed on the X-ray
structures with ORCA?™™?% code. To compute the nature of low-
lying excited states and zero-field splitting parameters, we used
multireference ab initio calculations. CASSCF calculations with N-
electron valence perturbation theory (NEVPT2) were performed on
complexes 1-3. NEVPT2 calculations were performed on top of the
converged CASSCF wave function to recover the dynamic correla-
tion.*? Scalar relativistic effects were treated by using a second-
order Douglas—Kroll-Hess (DKH) method.®" All these procedures
were carried out with all electron segmented def2-TZVP basis set
for all atoms. The resolution of identity (RI) approximation was
used with the corresponding auxiliary basis sets to speed up the
calculations.?” Two sets of calculations were performed with two
different active spaces. The first active space was the minimal
active space comprising seven active d electrons in the five Co'-
based d orbitals [CAS(7,5)]. Herewith, we computed all ten quartet
and 40 doublet states. To understand the effect of the ligands, es-
pecially the nature of metal-ligand covalency, we extended the
active space by incorporating three o-bonding orbitals. Hence, the
new active space is CAS(13,8): six electrons of the 3 o-bonding or-
bitals and seven d electrons in the five active Co"-based d-orbitals.
The ten quartets and 40 doublets were computed with CAS(13,8)
active space. Apart from computing the SH parameters, we also
performed surveys for fitting of magnetization and susceptibility
data to check the quality of fit.

Synthesis of [Co(L),Cl,] (1)

Solid CoCl,-6H,0 (1.55 g, 6.5 mmol) was added to ethanol at 35—
40°C. Ligand L (1 g, 13.2 mmol) was added and the reaction mix-
ture was heated under reflux for 12 h. The solvent was removed
under reduced pressure (rotovap) after cooling the reaction mix-
ture. The complex of interest was extracted with acetonitrile.
Needle-shaped, blue single crystals were grown by diffusion of di-
ethyl ether into the acetonitrile solution for one week at room
temperature. Yield: 1.2 g (32.4%). Elemental analysis calcd (%): C
8.5, H 2.8, N 19.8, S 22.7; found: C 842, H 2.3, N 19.6, S 22.1; IR
(KB): 3329, 3391 (vyy,), 1620 cm™" (vc_s).

Synthesis of [Co(L),Br,] (2)

A similar synthetic procedure was followed as for 1, but CoBr,
(1.43 g, 0.0065 mol) was used in place of CoCl,:6H,0, and the
product was extracted with ethyl acetate rather than acetonitrile.
Single crystals were obtained by slow evaporation of the ethyl ace-
tate solution. X-ray-quality blue single crystals grew from the fil-
trate over a week at room temperature. Yield: 1.7 g (35.4%). Ele-
mental analysis calcd (%): C 6.5, H 2.17, N 15.1, S 17.3; found: C
6.38, H 25, N 1484, S 17.5; IR (KBr): 7=3313, 3391 (vy,),
1634 cm ™" (V).

Synthesis of [Co(L),l,] (3)

A similar synthetic procedure was followed as for 2, except that
Col, (2.05 g, 0.0065 mol) was used in place of CoBr,. Yield: 0.7 g
(11.4%). Elemental analysis calcd (%): C 5.2, H 1.7, N 12.1, S 13.8;
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found: C 5.16, H 2.1, N 11.75, S 13.1; IR (KBr): 7#=3300, 3417 (v\,),
1606 cm™" (V).

The phase purity of bulk samples of complexes 1-3 was confirmed
by powder X-ray diffraction. The experimental data were in good
agreement with simulated data (see Figure S12 of the Supporting
Information).

Synthesis of [Zn(L),Cl,] (1-Zn)

A similar synthetic procedure was followed as for 1, except that
ZnCl, (0.895 g, 6.57 mmol) was used in place of CoCl,-6 H,0. Yield:
0.9 g (42.4%). Elemental analysis calcd (%): C 8.33, H 2.79, N 19.42,
S 22.23; found: C 85, H 2.6, N 19.3, S 22.4; IR (KBr): #=3312,
3386 cm™! (Vyy,), 1591 cm™' (veo).

Synthesis of [Zn(L),Br,] (2-Zn)

A similar synthetic procedure was followed as for 2, except that
ZnBr, (1.48 g, 6.57 mmol) was used in place of CoBr,. Yield 0.59 g
(34.7 %). Elemental analysis calcd (%): 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, 3401 (vy,),
1618 cm ™' (V).

Synthesis of [Zn(L),l,] (3-Zn)

A similar synthetic procedure was followed as for 3, except that
Znl, (2.1 g, 6.57 mmol) was used in place of Col,. Yield: 0.62 g
(41%). Elemental analysis calcd (%): 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, 3362
(Viw,), 1584 cm™ (vey).

The unit cells were determined for single crystals of 1-Zn, 2-Zn,
and 3-Zn and were in excellent agreement with those of the corre-
sponding Co" complexes. This implies that 1-Zn, 2-Zn, and 3-Zn
have similar packing diagrams to 1, 2, and 3, respectively. To
obtain further concrete evidence, we recorded powder X-ray dif-
fraction patterns for 1-Zn, 2-Zn, and 3-Zn, which were in excellent
agreement with the simulated data derived from single-crystal
data for their Co" analogues (see Figure S13 of the Supporting In-
formation).

Preparation of 10% diluted sample of 1

Solid CoCl,,6H,0 (0.156g, 0.657 mmol) and ZnCl, (0.807 g,
5.92 mmol) were added to ethanol at 35-40°C. To this solution L
(19, 13.2 mmol) was added and the reaction mixture was heated
under reflux for 12 h. The ethanol solvent was removed under re-
duced pressure (rotovap) after cooling the reaction mixture. The
product was extracted with acetonitrile. Needle-shaped, light blue
single crystals were grown by diffusion of diethyl ether into the
acetonitrile solution for one week at room temperature.

Preparation of 10% diluted sample of 2

Solid CoBr, (0.144 g, 0.657 mmol) and ZnBr, (0.666 g, 5.92 mmol)
were added ethanol at 35-40°C. To this solution L (1 g, 13.2 mmol)
was added and the reaction mixture was heated under reflux for
12 h. The product was extracted with ethyl acetate. Light blue
single crystals were obtained by slow evaporation of the ethyl ace-
tate solution.

Preparation of 10% diluted sample of 3

Solid Col, (0.206 g, 0.657 mmol) and Znl, (1.88 g, 5.92 mmol) were
added to ethanol at 35-40°C. To this solution L (1 g, 13.2 mmol)
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was added and the reaction mixture was heated under reflux for
12 h. The product was extracted with ethyl acetate. Light green
single crystals were obtained by slow evaporation of the ethyl ace-
tate solution.

CCDC 1504900 (1), 1504901 (2), and 1504902 (3) contain the sup-
plementary crystallographic data for this paper. These data are pro-
vided free of charge by The Cambridge Crystallographic Data
Centre.
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