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/Abstract: Understanding the factors that control the magni-
tude and symmetry of magnetic anisotropy should facilitate
the rational design of mononuclear metal complexes in the
quest for single-molecule magnets (SMMs), based on
a single metal ion, with high blocking temperatures and
large energy barriers. The best strategy is to define magne-
tostructural correlations through the investigation of a series
of metal complexes. It has been demonstrated that the main
contribution to the magnetic anisotropy arises from the
spin-orbit coupling (SOC) effect in metal-ion-based systems,
so current studies focus particularly on the use of both li-
gands and metal ions possessing a large SOC. In this con-
text, we report a unique series of halide Co" complexes,
[CoL(X)], with X=Cl, Br, | (CoX) and L=2,2"-(2,2"-bipyridine-
6,6'-diyl)bis(1,1-diphenylethanethiolate), which possess a rare
intermediate S=1 spin ground state. The S=1 Co" com-

plexes are attractive species because they possess a remarka-

bly large axial zero-field splitting (defined by D from the fol-
lowing Hamiltonian: H=DS,?, as well as the halide ligands

-

inducing large SOC constants. The single-crystal X-ray struc-
tures reveal that the CoBr and Col complexes are isostruc-
tural with the previously described CoCl complex. Their co-
ordination sphere displays a distorted pentacoordinated
square pyramidal geometry, with the halide located in the
Co" axial position. Large positive D values of 35, 26, and
18 cm™' are found for CoCl, CoBr, and Col, respectively,
through analysis of the magnetic susceptibility data as
a function of temperature. To rationalize this trend, theoreti-
cal calculations based on both density functional theory
(DFT) and complete active space self-consistent field
(CASSCF) methods are performed successfully. Both the sign
and magnitude of D are predicted remarkably well by these
theoretical approaches. The DFT calculations also show that
the resulting D values originate from a balance of several
contributions, and that many factors, including differences in
their structural properties and in the contribution of the
halide, should be taken into account to explain the trend of
D in this series of complexes.
/

Introduction

A recent strategy to develop single-molecule magnets (SMM:s)
characterized by high blocking temperatures is to focus on
complexes, the magnetic properties of which arise from
a single metal ion in a ligand field. These mononuclear systems
are mainly based on lanthanides that display the highest
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blocking temperatures and energy barriers."’ By contrast, the
number of such systems based on transition metal ions is still
much more limited, but reasonable energy barriers have been
observed, especially for several mononuclear Co" complexes
and also for other 3d ions such as a few mononuclear Mn",
Fe", Fe', Fe!, and Ni' compounds.” This family of systems has
been extended recently to the 5d metal ions in the special
case of mononuclear Re" complexes® On the other hand,
a recent theoretical investigation has shown that Ni' could be
a potentially attractive candidate.” This was later confirmed by
an experimental study, which reports a Ni' complex displaying
field-induced slow magnetic relaxation.”

For the rational design of SMMs based on a single metal ion,
an important aspect of the current research concerns the iden-
tification of the factors governing the sign, symmetry, and
magnitude of the magnetic anisotropy in mononuclear com-
plexes.”® For the establishment of a correlation between the
structure and the zero-field splitting (ZFS) parameters, different
series of complexes have been synthesized and characterized
by magnetic susceptibility measurements and/or spectroscopic
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techniques, with high-field EPR spectroscopy leading to the
most accurate data for the determination of the ZFS parame-
ters.” In parallel, important theoretical efforts have been made
to develop appropriate methodologies to evaluate the ZFS pa-
rameters of a given system by determining the physical origin
of the magnetic anisotropy, and to compare these theoretical
predictions with experimental observations.®! For such investi-
gations, it is necessary to calculate precisely the two contribu-
tions to D, that is, the spin-orbit coupling (Ds,) and the elec-
tron-electron spin-spin coupling interaction (Dss). In line with
this approach, DFT calculations have been applied to predict
both the sign and magnitude of D, but the magnitude is gen-
erally underestimated relative to the experimental data,”” with
the exception of overestimated values in the case of com-
plexes containing heavier halide ligand(s)."” Other methods,
including ab initio approaches, commonly give more satisfacto-
ry predictions of D' but are much more expensive than
DFT calculations. It has been concluded from combined experi-
mental and theoretical investigations reported on various tran-
sition metal ions, including Mn",'2 Mn" 124 Nj' 102131 Fall 141 gy
spin Co"™ and V""" that each case should be treated inde-
pendently, and no general rule can be applied to determine
the most appropriate methodology for the prediction of D.
Therefore, for each metal ion, in different oxidation and spin
states, systematic studies should be undertaken with a series
of benchmark complexes.

It has also been demonstrated that Dy is the main contri-
bution to the final D value, so particular attention has been
given to both ligands and metals characterized by large spin-
orbit coupling (SOC). Concerning the ligands, the effect of the
SOC contribution of the halide on the magnetic anisotropy has
been investigated thoroughly, and it has commonly been ob-
served that the magnitude of D increases from the chloride to
the iodide derivatives.!'*'¢

Regarding the metal ion, whereas the magnetic properties
of Co" have received special attention in the last decade,"”
Co" has been remarkably less well studied. It can be found in
three different spin states, the singlet being the most popular.
Diamagnetic Co" is mainly found in octahedral" and tetrahe-
dral geometries,"” or in tri-?® and pentacoordinated®” Co"
complexes. The less usual high spin state is found mainly in all
types of geometry but in a distorted and/or weak-field envi-
ronment."®" Interestingly, the Co" complexes with intermedi-
ate spin S=1 are found mainly in square planar geometry,"'*??
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and are attractive because of their remarkably large D magni-
tudes of up to 145 cm "."*¥ Likewise, a unique distorted trigo-
nal bipyramidal S=1 system displaying a D value of
+107 cm™" has also been reported.”

Recently, we isolated and characterized a pentacoordinated
Co" complex displaying a triplet spin state, that is, the
[Co"L(CN] complex (CoCl) [L*~ =2,2'-(2,2"-bipyridine-6,6'-diyl)-
bis(1,1-diphenylethanethiolate)], containing an axial chloride
ligand.”™ This complex was obtained from the reaction of the
dinuclear [Co",(LSSL)I(PF¢), (C0,S5%%) in the presence of two
equivalents of Et,NCl in CH,Cl, (Scheme 1). In the present
work, following a similar procedure, the corresponding Br and
| derivatives are isolated and characterized: [Co"L(Br)] (CoBr)
and [Co"L()] (Col), respectively. Their magnetic properties are
determined and compared with those of CoCl. As for CoCl,
magnetic measurements also reveal that CoBr and Col are in-
termediate S=1 spin systems. Theoretical calculations based
on both DFT and CASSCF methods are performed successfully
to rationalize the unexpected decrease in D from the chloride
to the iodide derivatives.

Results and Discussion
Synthesis and structures

We have recently reported different synthetic methods for the
synthesis of CoCl, including a procedure that can be general-
ized to potentially allow the synthesis of a series of pentacoor-
dinated mononuclear Co" complexes (Scheme 1). The reaction
of the dinuclear Co0,55** complex in the presence of two
equivalents of Et,NCl leads to CoCl in good yield.” In this re-
action, the coordination of one chloride anion on each Co"
center in Co,SS** leads to the reduction of the disulfide
bridge and the concomitant oxidation of the Co" ions. Follow-
ing the same procedure, the addition of two equivalents of
Et,NBr and Et NI to Co,SS** leads to the formation of
[Co"L(Br)] (CoBr) and [Co"L(I)] (Col), respectively (Scheme 1).
The X-ray structures of complexes CoBr and Col (Figure 1
and Table 1) show that both are isostructural with CoCl. In
CoBr and Col, as in the case of CoCl, the N2S2 coordination
sphere insured by L*~ is completed by the halide anion, lead-
ing to a distorted square pyramidal geometry around the Co"
ion. The two nitrogen and two sulfur atoms of L?~ are located
in the equatorial plane, whereas the halide ion occupies the

Co,S8%*

Scheme 1. Synthesis of CoX (X=Cl, Br, I).
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Figure 1. ORTEP-type views of a) CoBr and b) Col (thermal ellipsoids set at
30% probability, hydrogen atoms removed for clarity).

Table 1. Structural properties of CoX with X=1, Br, Cl.

CoCl® CoBr Col
Co-S1 2.1957(5) 2.1898(10) 2.178(3)
Co-S2 2.2056(5) 2.1984(9) 2.187(3)
Co—N1 1.9915(14) 1.993(3) 1.984(8)
Co—N2 2.0267(14) 2.022(3) 2.016(8)
Co—X 2.3336(5) 2.4888(7) 2.6938(18)
S1-Co-S2 78.427(19) 78.60(4) 78.91(12)
S1-Co-N1 92.57(5) 93.01(9) 93.9(3)
S1-Co-N2 142.15(4) 143.48(9) 145.7(3)
S2-Co-N1 163.72(5) 164.65(9) 165.6(3)
S2-Co-N2 97.73(4) 98.14(8) 98.2(3)
N1-Co-N2 80.99(6) 80.88(11) 80.6(4)
S1-Co-X 118.80(2) 118.34(3) 118.41(10)
S2-Co-X 104.64(2) 103.25(3) 101.86(10)
N1-Co-X 91.57(4) 92.03(8) 92.5(2)
N2-Co-X 98.73(4) 97.93(9) 95.7(3)
[a] Data taken from Ref. [25].

axial position. The Co" ion is shifted approximately by 0.485 A,

0.464 A, and 0.435 A from the mean equatorial plane (formed
by N25S2) toward the axial halide ligand in CoCl, CoBr, and Col,
respectively. The equatorial Co—N and Co—S bond lengths are
not sensitive to the nature of the halide (less than 3.5 pm dif-
ference), whereas the Co—X distance increases significantly
from CoCl to Col (2.3336(5) A, 2.4888(7) A, and 2.6938(18) A,

Chem. Eur. J. 2016, 22, 925-933 www.chemeurj.org
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respectively). The Co—S and Co—N bond lengths in all the com-
plexes are slightly shorter than those in Co,5S**, which is con-
sistent with the difference in the ionic radii of Co" and Co".
The valence angles of the equatorial plane evidence noticeable
distortions in the plane, as attested by the S1-Co-N2 and S2-
Co-N1 angles of 142.15(4)° and 163.72(5)° in CoCl, 143.48(9)°
and 164.65(9)° in CoBr, and 145.7(3)° and 165.6(3)° in Col.
From these two angles, the index of the degree of trigonali-
ty of a pentacoordinated geometry can be determined: 7;=
(B—a)/60, in which a and 8 are the greatest two basal angles
and a < f. For a perfectly tetragonal pyramidal geometry, 75 is
equal to zero, whereas it becomes equal to one for a perfectly
trigonal-bipyramidal geometry.”® The 7, values are 0.360,
0.353, and 0.332 for CoCl, CoBr, and Col, respectively, in agree-
ment with a distorted square pyramidal geometry in all cases.

Electronic absorption properties

The UV/Vis absorption spectra of the three complexes record-
ed in CH,CI, display three main transitions in the ranges 477-
493 nm (1), 675-718 nm (2), and 804-857 nm (3) (Figure 2 and
Table 2). Both the energy and intensity of these features are
sensitive to the nature of the axial halide in a similar manner.
Whereas their intensity increases from the chloride to the
iodide derivative, their respective energy decreases. In particu-

10000 -
8000+
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4000 -

e(M".cm™)

2000+

T
400

Figure 2. UV/Vis spectra of CoBr (solid line) and Col (dashed line), compared
with that of CoCl (dotted line). (0.19 mm solutions in CH,Cl,, 1 cm path
length, 20°C, aerobic conditions).

Table 2. Experimental (left) and TD-DFT calculated (right) UV/Vis absorp-
tion properties of CoX with X=I, Br, Cl in CH,Cl..

}'expﬂ [nm] /lcalcd [nm]
(eexptl [Mq Cmiw]) (fcalcd)
CoCl® 477 675 804 472 690 760
(5318)<  (1250)®  (875))  (0.056)  (0.026)  (0.009)
CoBr 486 688 814 489 710 798
(6400) (1860) (1135) (0.050)  (0.034)  (0.004)
Col 493 718 857 508 741 862
(6800) (2250) (1140 (0.024)  (0.019)  (0.008)

[a] Data taken from Ref. [25].
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lar, the energies of transitions (2) and (3) are noticeably more
affected by the nature of the halide than that of (1). TD-DFT
calculations were performed to determine the nature of these
transitions. A good agreement between the calculated and ex-
perimental data was found, and the observed tendencies were
reproduced well. The two high-energy transitions (1 and 2) are
attributed to ligand-to-metal charge transfer (LMCT) transi-
tions, whereas the lower-energy features (3) are associated
with a mixed d-d/intraligand charge transfer (ILCT) transition.
These latter results clearly show the strong influence of the
halide ligand on transition (3), with a larger contribution for
the iodide with respect to the chloride or bromide (see Sup-
porting Information).

Magnetic properties

The magnetic susceptibility of CoBr and Col was measured as
a function of temperature (1.8-300 K). The temperature de-
pendence of the yT product for the two complexes is shown
in Figure 3, together with that of CoCl for comparison. The
room-temperature xT values for the three complexes are con-
sistent with the expected values for S=1 species (Table 3). The

xT (cm3 K mol)

0 40 80 120 160 200 240 280 320
T(K)

Figure 3. Temperature dependence of the yT product (y is the molar mag-
netic susceptibility equal to M/H per cobalt complex) measured at 0.1 T for
CoCl (0), CoBr (o) and Col (o). The solid lines are the best fits of the experi-
mental data to the models described in the text. Inset: Expansion of the
low-temperature region (T < 100 K).
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magnetic susceptibility for all complexes remains constant
down to approximately 30-50 K, consistent with magnetically
isolated Co" centers. At lower temperatures, the T values dis-
play a notable decrease, explained by the presence of large
ZFS. Considering the clear separation of the Co" complexes in
the crystal structure, and thus, the absence of obvious inter-
molecular magnetic interactions, a simple spin Hamiltonian in-
cluding D and the isotropic Zeeman interaction (g) is consid-
ered to fit the experimental data with Equation (1) (Table 3).

H=DS,’ + gusuoHS (1)

Together with g factors significantly larger than 2 [2.27(5),
2.17(5), and 2.28(5)], large positive D values of 35(1) cm™,
26(1) cm™', and 18(1) cm™" are found for CoCl, CoBr, and Col
respectively. The decrease in D values from the chloride to the
iodide derivative is unexpected, and theoretical calculations
were performed to rationalize this observation (vide infra). The
large g values found for CoCl, CoBr, and Col evidence impor-
tant spin-orbit contributions to the spin-only value, consistent
with the notable magnetic anisotropy in the complexes.

The magnetic properties of the complexes were also studied
in solution. The 'H NMR spectra of both CoBr and Col are con-
sistent with paramagnetic species (Supporting Information).
The effective magnetic moments determined in DMF solutions
by the Evans method show that the triplet state is conserved
in solution for both complexes (Table 3). This also confirms
that the mononuclear structures of CoBr and Col are retained
in solution as for CoCl.

Quantum chemical calculations

Calculations were performed on optimized structures initiated
from the respective X-ray data of the three complexes (Sup-
porting Information). The optimized structures are very close
to the experimental ones, with a maximum difference of 5 pm
in the metal-ligand bond lengths.

Prediction of the spin state

DFT calculations were performed to determine the ground spin
state of the complexes, as well as the stability of the first excit-

Table 4. Calculated Gibbs free energies for the singlet, triplet, and quin-
tet stat f CoX with X=1, Br, Cl at 0 K.
Table 3. Experimental determination of the spin states for CoX with X=I, et states of LoR Wi oSE
Br, Cl. Spin E Stability Favored
Eh kcalmol™ i
Cocl?! CoBr Col state [Eh] [kcalmol™'] species
Powder S=0 —4213.839378 +13.7
CoCl S=1 —4213.861225 0 §=1>5=2>5=0
3 -1
;;T[cm Kmol™'] 1.35 1,18 :.31 s> _4213.847693 485
Solution S=0 —6328.885087 +14.0
=1 —6328.90742 =1 =2 =
e (1) at 20°C 244 263 294 CoBr 5 6328.907428 0 $=1>5=2>5=0
T [cm*Kmol '] 0.74 0.86 1.07 5=2 6328890987 +103
)SC 1' 1' 1' S=0 —10675.294858 +85
Col S=1 —10675.308411 0 S=1>5=0>5=2
[a] Data from Ref. [25]. §5=2 —10675.290705 +11.1
Chem. Eur. J. 2016, 22, 925-933 www.chemeurj.org 928 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ed spin states with respect to the ground state (Table 4). In all
the complexes, a triplet ground spin state is predicted, in
agreement with the experimental data. In the cases of CoCl
and CoBr, the first excited spin state is S=2 with the energy
gap from the triplet state increasing from 8.5 to 10.3 kcal
mol~', respectively. Conversely, for Col, the first excited spin
state is S=0, with an energy gap of 8.5 kcalmol™' with respect
to the S=1 ground state. The nature of the halide ligand thus
notably affects the spin state energy spectrum with expected
consequences on the ZFS (vide infra).

Electronic structure

Before calculation of the ZFS parameters, the electronic struc-
tures of the three complexes were investigated to help ration-
alize the results. This study was based on the set of quasi-re-
stricted orbitals (QROs), as this approach has been previously
applied with success (Figure 4).°%'?#27 |n particular, we defined

3dx2-y?

Figure 4. Graphical representation of the five 3d orbitals of CoX with X=Cl.

the energy diagram of the five 3d metal-based MOs of the
three complexes. These square pyramidal complexes present
the typical scheme of a pseudo C,, symmetry, which corre-
sponds to the loss of an axial ligand if starting from the O,
symmetry. In an octahedral coordination geometry, the two d,.
and d,._,. orbitals (e, block) are degenerate and higher in
energy than the set of d,, d,, and d,, orbitals (t,, block). Al-
though going from O, to C,, symmetry does not affect the
energy of d._,. and d,, orbitals, it leads to a strong stabiliza-
tion of the d., d,, and d, orbitals, consistently with the
energy diagram shown in Figure 5. With respect to the d,._,
orbital, the unoccupied virtual molecular orbital (VMO), the

Chem. Eur. J. 2016, 22, 925-933 www.chemeurj.org
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Figure 5. Energy diagram of the five 3d-orbitals of CoX with X=1, Br, Cl.

other four 3d metal-based orbitals are close in energy in CoCl,
whereas in Col the two singly occupied molecular orbitals
(SOMOs), d,. and d,, are well separated from the two doubly
occupied molecular orbitals (DOMOs), d,, and d,,. The much
larger energy splitting between the DOMOs and the VMO in
Col than in CoCl (4.222 vs. 2.397 eV, Figure 5) disfavors transi-
tions to S=2 excited states. This is in coherence with a singlet
as the first excited spin state for Col (large energy gap) and
a quintet for CoCl (smaller energy gap).

From Figure 5, it is also clear that the energy splitting be-
tween the SOMOs and DOMOs is dictated mainly by the vary-
ing degrees of stabilization of the DOMOs. Consistently with
the structural properties of the complexes, the more distorted
the square pyramidal geometry, the less stabilized are the d,,
and d,, orbitals (r;=0.360, 0.353, and 0.332, and metal shift
out of the mean equatorial plane of 0.485, 0.464, and 0.435 A
for CoCl, CoBr, and Col, respectively). Besides, it can be ob-
served that both DOMOs have a main metal character in Col,
whereas they become notably delocalized over the halide
ligand in CoBr and to a greater extent in CoCl (Supporting In-
formation). The larger delocalization of the electronic density
on the chloride observed for the DOMOs in CoCl with respect
to Col suggests that the covalency of the Co—halide bond de-
pends on the nature of the halide, with Co—Cl more covalent
than Co—l. This is fully supported by the Mdlliken analysis,
which shows an increase in the spin population found at the
metal ion on going from the chloride (1.89) to the iodide (1.93)
derivative.

Prediction of the ZFS

To the best of our knowledge, theoretical determination of the
magnetic anisotropy of a clearly identified intermediate S=
1 Co" ion has never been reported. Calculations have only

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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been performed in the case of a square planar S=1 cobalt
complex containing two aromatic dithiolate ligands, as report-
ed by the group of Wieghardt, and for which the authors
cannot discriminate between a Co" and a Co'-radical spe-
cies.”® In the present case, the (+Ill) oxidation state of the
cobalt ion could not be called into question, as evidenced by
the above Mulliken analysis. The difference between the com-
pounds arises from the nature of the thiolate ligands, that is,
alkyl versus aromatic. Aromatic thiolate radical-based species
can be strongly stabilized, whereas this is not the case for alkyl
thiolates. With the present alkyl dithiolate L ligand and deriva-
tives, Ni complexes have been isolated and characterized from
the (+1ll) to (+1) oxidation states.”” Conversely, it has been
shown recently with Ni' complexes containing one aromatic
and one alkyl thiolate ligand that the one-electron reduction
and oxidation processes occur mainly on the aromatic thiolate
ligand, showing the difference in reactivity between these
types of ligands.®”

The ZFS parameters of the present three Co" halide com-
plexes have been predicted within the DFT framework, and

Table 5. Experimental versus DFT- and CASSCF-calculated D values and
their individual contributions for CoX with X=1, Br, Cl.

CoCl CoBr Col CoCl()®

Experimental
g 2.27(5)% 2.17(5) 2.28(5)
Doyt [cm™] +35(1) +26(1) +18(1)
DFT calculated
Diyeq [cm™] +32.49 +27.23 +17.17 +24.62
Dssc [em™'] +0.94 +0.75 +0.63 +0.91
Dsoc [cm™] +31.56 +26.48 +16.50 +23.79
Dgoc (a) [em™] +11.63 +4.01 —0.30 +3.69
Dsoc (BP) [cm™] +21.80 +10.38 —429 +10.86
Dsoc (af)) [em™] —3.01 +1263 +21.37 +9.04
Dsoc (Bar) [em™ +1.15 —0.53 —0.27 +0.17
CASSCF calculated

Deaiea [em™] +31.64 +21.98 +16.27
Desc [em™ +0.59 —0.72 +2.21
Dgoc [cm™] +31.37 +21.98 +13.93
Ds_y [em™] +33.94 +13.70 —2.49
Ds_ [em™] —257 +828 +16.42
[a] Data issued from Ref.[22]. [b] CoCl(l) is a theoretical complex corre-
sponding to the optimized structure of Col, in which the iodide has been
replaced by chloride.

the results are reported in Table 5 and Figure 6. The agreement
between the experimental and theoretical data is remarkable
for DFT in both the sign and magnitude of D for all the com-
plexes. The contribution of the spin—spin dipolar interaction is
rather small (below 5% of the total contribution) and is ap-
proximately the same magnitude in all complexes (in the
range 0.63-0.94 cm ). Regarding the different contributions to
Dsoc, three main types of transitions are involved, that is, the
two types of spin-conserving excitations from i) the DOMOs to
the SOMOs (Bp) and ii) the SOMOs to the VMO (aa), as well as
i) the spin-flip excitations between the two SOMOs (af). The
values of each of these contributions to Dy, evolve steadily as
a function of the nature of the halide anion from the chloride

Chem. Eur. J. 2016, 22, 925-933 www.chemeurj.org
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Figure 6. Individual contributions to the DFT-calculated ZFS parameters of
CoX with X=1, Br, Cl.

to the iodide, with inverse trends for the spin-flip aff (e.g.
DY —p < D¥a—P < D'a—pP) and spin-conserving BB (e.g.
DYB—P > D*B—P > D'B—P) and to a lesser extent a.o excita-
tions. Therefore, whereas the af} transitions are a main contri-
bution to Dgoc in Col, they become negligible for CoCl, for
which the main contributions to D arise from both spin-con-
serving excitations. The CoBr complex represents an intermedi-
ate case.

To check the reliability of the above results, we performed
ab initio calculations using the CASSCF approach (Table 5). The
CASSCF-computed parameters compare well with those ob-
tained by DFT. Indeed, both the CASSCF-calculated triplet
(Ds_,) and singlet (Ds_,) contributions, which are related to the
spin-conserving and spin-flip excitations, respectively, are con-
sistent with the DFT calculation results. In the case of CoCl, the
main contribution to Dsoc arises from the triplet states, where-
as for Col it originates from the singlet states. Consequently, it
can be concluded that both CASSCF and DFT methods are ap-
propriate for predicting the ZFS parameters of these intermedi-
ate spin Co" halide complexes.

In an attempt to rationalize further the origin of the discrep-
ancy in D between the three complexes, especially the impact
of structural effects on Dso with respect to the nature of the
halide, we performed DFT calculations on a theoretical com-
plex. This corresponds to the optimized structure of Col, in
which the iodide ligand is replaced by chloride without any
further optimization procedure. The resulting D value (D"
of +2463cm™' is between D_." and D' (+32.49 and
+17.17 cm™, respectively), with all contributions to D follow-
ing the same tendency (Table 5). The increase from D, " to
D~ implies the intrinsic effect of the structure on the Dsoc
contribution, whereas the increase from D,/ to D" shows
that of the nature of the halide.
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Conclusion

A series of mononuclear pentacoordinated halide Co" com-

plexes displaying an intermediate S=1 spin state has been in-
vestigated. It has been shown experimentally that the magnet-
ic anisotropy of these complexes is sensitive to the nature of
the halide, but in an unexpected way: the largest D value was
measured for the chloride compound and the smallest for the
iodide one. To the best of our knowledge, examples of such re-
ported behavior are still limited to: 1) two S=2 pseudo-tetra-
hedral Co' complexes, in which the D value decreases from
+6.00 to +3.89 cm™' from the chloride to the bromide deriva-
tive;"® 2) an S=2 Mn" iodide complex that displays an unex-
pected small positive D value of 4-0.604 cm™' in an elongated
octahedral environment;®" and 3) a series of S=1 pseudo-tet-
rahedral Ni' complexes, in which D goes from +39 to
—228cm ' from the chloride to the iodide derivative.!%'3"
Conversely, in most previous studies, it has been observed that
the magnitude of D increases from the chloride to the iodide
metal complexes."?*'? This previously reported trend was ten-
tatively correlated with the magnitude of the SOC contribution
of the halide, which can override the SOC contribution of the
metal ion center. However, using theoretical Mn"!"*' and
Fe",®4 models, it was also demonstrated that the main contri-
bution to the final D values results from a balance between
the metal ion and halide SOC contributions, which are propor-
tional to the &,&x product, (&y.x is the metal ion/ligand SOC
constant). Therefore, depending on the metal ion and the
halide, the SOC contribution of the heavier ligand and the
metal ion can compensate each other, leading to an inverse
tendency, as found in the present case.

At a further level of analysis, we have been able to define
a magnetostructural correlation. CoCl displays the more dis-
torted square pyramidal geometry within the series (higher 7
parameter and larger metal displacement out of the equatorial
plane), leading to destabilization of the DOMOs and a smaller
energy gap with the VMOs, which explains the accessibility of
a quintet as the first excited state. Coherently, in the more dis-
torted CoCl complex, the SOMOs-DOMOs energy gap be-
comes smaller, favoring the spin-conserving excitations that
contribute mainly to the ZFS parameters of CoCl. In contrast,
Col presents the least distorted geometry and the most ener-
getically stabilized DOMOs, such that the main contribution to
Do arises from spin-flip excitations (af}) and the first excited
spin state is a singlet. In any case, other contributing factors to
D should be taken into account, including the SOC contribu-
tion of the ligands and the covalency of the Co—halide bond.
However, it is difficult to identify the weight of each of these
factors; the overall data demonstrate that all of them affect
the final D values in a balanced manner.

Finally, this investigation shows that both DFT and CASSCF
are powerful tools for the prediction of both the sign and
magnitude of D for S=1 Co" complexes. However, it should
be noted that DFT is the most appropriate method for deter-
mining the different contributions to D, which is particularly
useful for obtaining structure-property relationships. It also re-
mains clear that no general rule can be extrapolated from the

Chem. Eur. J. 2016, 22, 925-933 www.chemeurj.org

931

CHEMISTRY

A European Journal

Full Paper

present case: for each metal ion, at each oxidation and spin
state, benchmark investigations are required to define magne-
tostructural correlations and to establish the most appropriate
theoretical method to predict the ZFS parameters, rendering
the rational synthesis of SMMs based on a single metal ion still
very challenging.

Experimental Section

C0,55** was prepared according to a reported procedure.” All re-
agents and solvents were used as received. '"H NMR spectra were
recorded on a Bruker Avance Ill 400 MHz spectrometer using stan-
dard Bruker pulse sequences. Chemical shifts are reported in ppm
referenced to residual solvent protons (d,-DMF). The infrared spec-
tra were recorded on a Magna-IR TM 550 Nicolet spectrometer as
KBr pellets. The electronic absorption spectra were recorded on
a Varian Cary 300 absorption spectrophotometer in quartz cells
(optical path length: 1cm). The ESI-MS experiments were per-
formed with a Bruker Esquire 3000 Plus ion trap spectrometer
equipped with an electrospray ion (ESI) source. The samples were
analyzed in positive and negative ionization mode by direct perfu-
sion in the ESI-MS interface (ESI capillary voltage=2 kV, sampling
cone voltage=40V).

Synthesis of [Co"L(X)I(CoX, X=Br or I)

Solid tetrabutylammonium bromide (303 mg, 0.940 mmol) or tetra-
butylammonium iodide (347 mg, 0.940 mmol) was added to a solu-
tion of Co,SS(PFs), (96 mg, 0.060 mmol) in CH,Cl, (10 mL). After
stirring for 15 min, the solvent was removed under vacuum. The
dark brown residue was washed with acetonitrile (3x 10 mL), dried,
and collected.

CoBr (60 mg, 0.084 mmol, 70% yield). IR: ¥=3052 (m), 3027 (w),
1958 (w), 1890 (w), 1809 (w), 1602 (s), 1570 (m), 1488 (s), 1469 (m),
1443 (s), 1266 (w), 1184 (w), 1157 (w), 1126 (m), 1084 (m), 1060 (m),
1034 (m), 793 (m), 754 (m), 747 (m), 697 (vs), 534 (m), 522 cm™"
(m); "H NMR (400 MHz, CD,Cl,): 6=—16.20, —11.36, —10.66, —4.19,
7.39, 7.55, 11.91, 12.12, 12.36, 26.13, 28.27 ppm; ESI-MS (5x 107> m,
CH,CN, m/z, 1%): 637.2, 77 [Coll"; 757.1, 56 [CoLBr-MeCN]"; 1355.2,
100 [Co,L,Br1™ 1473.1, 90 [Co,L,Br,MeCN]* (positive ion mode);
797.1, 37 [ColLBr,]7; 1513.4, 100 [Co,L,Br;]” (negative ion mode);
absorption spectrum in CH,Cl,: A,.. (€)=822 (~1100), 683
(~21900), 475 (~6400), 380 nm (~6900 M~'cm™").

Col (77 mg, 0.101 mmol, 84%). IR: ¥=3052 (m), 3027 (w), 1958 (w),
1890 (w), 1809 (w), 1602 (s), 1570 (m), 1488 (s), 1469 (m), 1443 (s),
1266 (w), 1184 (w), 1157 (w), 1126 (m), 1084 (m), 1060 (m), 1034
(vs), 793 (m), 754 (m), 747 (m), 697 cm™' (vs); 'H NMR (400 MHz,
CD,Cl,): 6=-22.51, —16.21, —11.35, —4.20, —3.72, 7.37, 7.55, 11.90,
12.11, 12.36, 22.88, 26.12, 28.25 ppm; ESI-MS (5x107>m, CH5CN,
m/z, 1%): 637.2, 100 [Col]*; 1401.2, 50 [Co,L,l]* (positive ion
mode); 891.0, 16 [CoLl,]"; 1655.2, 100 [Co,L,l;]” (negative ion
mode); absorption spectrum in CH,Cl,: 4, (¢) =859 (~1200), 726
(~2200), 490 (~6800), 377 nm (~8200 M 'cm™").

X-ray-suitable dark brown single crystals of CoX (X=Br, I) were ob-
tained by slow evaporation of a solution of the corresponding
complex in toluene/CH,Cl, (1:1).

Magnetic measurements

The magnetic susceptibility measurements performed on pow-
dered samples were obtained with an MPMS-XL Quantum Design
SQUID magnetometer. This magnetometer works between 1.8 and
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400 K for dc applied fields ranging from —7 to 7 T. Measurements
were performed on polycrystalline samples of 10.8 and 15.6 mg for
CoBr and Col, respectively, introduced in a polyethylene bag (3 x
0.5%0.02 cm; ~30 mg) and covered with mineral oil (typically 8-
10 mg). The ac susceptibility measurements were measured with
an oscillating ac field of 3 Oe with a frequency between 1 and
1500 Hz. It is worth noting that no out-of-phase ac susceptibility
signal was detected above 1.8 K in zero dc field. The magnetic
data were corrected for the sample holder (plastic bag) and the di-
amagnetic contribution. Magnetic susceptibility measurements on
solution samples were performed following Evans’ method®* using
precision-made coaxial tubes. Cyclohexane (5% by volume) was
used as the internal standard in CD,Cl,. Molar susceptibilities were
calculated according to Equation (2), in which y, is the mass sus-
ceptibility of the pure solvent (cgs units), Av is the paramagnetic
shift (Hz), v, is the operating RF frequency of the spectrometer
(Hz), c is the concentration (molL™") of the paramagnetic molecule,
and M is its molecular weight.

2~ M (x, + 3000Av/4mvecM) (2)

The values were corrected for the ligand diamagnetic susceptibility
derived from Pascal’s constants, giving x“". The magnetic mo-
ments (u.¢) were then calculated according to Equation (3).

ter = (8 x xT)'2, in which T = 293K 3)

Computational details

All theoretical calculations were performed with the ORCA pro-
gram package.® Full geometry optimizations were undertaken for
all complexes using the GGA functional BP86"* in combination
with the TZV/P®¥ basis set for all atoms, and by taking advantage
of the resolution of the identity (RI) approximation in the Split-RI-J
variant® with the appropriate Coulomb fitting sets.*® Increased
integration grids (Grid4 in ORCA convention) and tight SCF conver-
gence criteria were used. Additional corrections including disper-
sion, solvation, and relativistic effects were also considered in
benchmark calculations. In all cases, the optimized geometries re-
sulted in structures with similar deviations from the experimental
data (see Supporting Information). Electronic structures and Molec-
ular Orbital diagrams were obtained from relativistic single-point
calculations using the hybrid functional B3LYP®? together with the
TZV/P¥ basis set. Scalar relativistic effects were included by using
the scalar relativistic zero-order regular approximation (ZORA)"”
and the scalar relativistically recontracted (SARC)*" version of the
def2-TZVP(-f) basis set“? together with the decontracted def2-
TZVP/) Coulomb fitting basis sets for all atoms. Increased integra-
tion grids (Grid4 and GridX4 in ORCA convention) and tight SCF
convergence criteria were used in the calculations. The relative en-
ergies were computed from the gas-phase optimized structures as
a sum of electronic energy, relativistic and thermal corrections to
the free energy. Optical properties were predicted from additional
single-point calculations using the hybrid functional B3LYP®? to-
gether with the TZV/P®¥ basis set. For that purpose, solvent effects
were accounted and we used the CH,Cl, (¢=9.08) solvent within
the framework of the conductor-like screening (COSMO) dielectric
continuum approach.”® Electronic transition energies and dipole
moments for all models were calculated using time-dependent

Chem. Eur. J. 2016, 22, 925-933 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

DFT (TD-DFT)®¥ within the Tamm-Dancoff approximation.”*” To in-
crease computational efficiency, the Rl approximation® was used
in calculating the Coulomb term, and at least 30 excited states
were calculated in each case. For each transition, difference density
plots were generated using the orca plot utility program and were
visualized with the Chemcraft program."*” Zero Field Splitting (ZFS)
parameters were obtained from relativistic single-point calculations
using the hybrid functional B3LYP®? and the scalar relativistic zero-
order regular approximation (ZORA).“? Direct spin-spin (SSC) and
spin-orbit couplings (SOC) were taken into account. For the estima-
tion of the SOC effects, the mean-field approximation (SOMF), in-
cluding both the spin-own-orbit and spin-other-orbit interactions
in the exchange term, as well as the coupled-perturbed (CP) ap-
proach, was used. The spin-spin contribution to the ZFS was calcu-
lated from the equation of McWeeny and Mizuno,*® in which the
spin density matrix is obtained on the basis of the spin-unrestrict-
ed natural orbital (UNO) determinant.*” ZFS parameters were alter-
natively obtained from ab initio calculations based on the com-
plete active space self-consistent field (CASSCF) approach. The
spin-orbit coupling was calculated within a quasi-degenerate per-
turbation theory formalism, in which the SOC operator is diagonal-
ized in a basis of multiconfigurational wavefunctions obtained
from a full configuration interaction (Cl) calculation in a limited set
of active electrons and orbitals obtained from a preceding CASSCF
calculation.” The active space was chosen to consist of six active
electrons occupying the five 3d-based molecular orbitals CAS(6,5).
The SOC matrix was diagonalized on the basis of all possible triplet
(35) and singlet (45) states. The spin-spin (SSC) contribution to the
ZFS was calculated on the basis of the single root CASSCF (12,7)
wavefunction.®”
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