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The magnetism of a recently synthesized trans-[0s"VCl,(kN; -Hind),] complex (5d*-system), where Hind =
2H-indazole, was studied experimentally and theoretically. Relativistic CASSCF/CASPT2 calculations for
this and model [Os"VClg]>~ complexes were employed to understand the nature of the low-lying multi-
plets. It is found that despite strong metal-ligand covalency they are basically characterized by the total
angular pseudo-momentum J originating from the spin—orbit coupling of the ground-state spin S = 1
with the orbital pseudo-momentum [ =1 of the Os" ion. The strong spin—orbit interaction also preserves
the dominant J = O character of the non-magnetic ground state in the trans-[Os"Cl,(kN;-Hind),]
complex despite significant deviation of the ligand environment of Os'" from octahedral symmetry. At the
same time the spin—orbit admixture of all multiplets arising from the t294 strong-field electronic configur-
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ation is indispensable for the correct description of magnetic properties of Os'" complexes. Moreover,
based on ab initio calculations, we argue that the charge-transfer states play an important role in the
magnetism of the present and probably other 5d complexes, a situation never encountered for 3d and 4f
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1 Introduction

Recently, 4d and 5d metal ions have received growing attention
due to their various properties ranging from anticancer
agents,"” towards catalytic,>* optic® and magnetic properties.®
The interplay between ligand field and spin-orbit coupling
effects has led to exotic quantum phenomena such as spin-
orbit liquid states with high magnetic ordering temperatures
and high-temperature superconductivity.” " From the point of
view of magnetic properties, these metal ions offer two signifi-
cant advantages. First, they possess a strong spin-orbit coup-
ling, much larger than the 3d metals and comparable in
strength with lanthanides and actinides.'” Strong spin-orbit
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coupling in the latter allowed for the observation of blocking
of magnetisation in mononuclear lanthanide™>" and
actinide®®****  complexes, making them single-molecule
magnets (SMM). The necessary condition for the SMM behav-
iour of these mononuclear complexes is the efficient coupling
of the spin momentum to the orbital momentum. The orbital
momentum is usually strongly suppressed in transition metal
complexes.”” It may become unquenched either due to strong
spin-orbit coupling on the metal ion, counteracting the
quenching effect of low-symmetry crystal field or at sufficiently
high symmetry of the complex. As an example of the latter situ-
ation, the SMM behaviour was found in Fe(u) pyrrolide com-
plexes with a geometry close to trigonal symmetry.”® On the
other hand, for the 4d metal ions, the unquenched orbital
momentum can arise in complexes without point group sym-
metry. For example, large deviations of the g factors from
2 have been found for low-symmetry fragments of [Mo(CN),]*~
by ab initio calculations.>” A second advantage of 4d and 5d
metal ions is their larger radii compared to the 3d ions allow-
ing for stronger overlap with the ligand’s orbitals and, there-
fore, for much stronger exchange interaction with neighbour-
ing metal sites in polynuclear compounds.?® This enables the
design of magnetic networks combining strong magnetic an-
isotropy with magnetic ordering at high Curie temperature, as
achieved, e.g., in antiferromagnetically coupled Mo-Mn cyano-
bridged networks based on heptacyanomolybdate.>*" The
combination of two effects, unquenched orbital momentum,
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and strong exchange interaction, was predicted to be a direct
route for the design of efficient SMMs, for which complexes of
4d and 5d metal ions would be most rational building
blocks.*

In this article, we get a new insight into the magnetism of
0s" complexes through the investigation of a recently syn-
thesised trans-{Os™Cl,(kN;-Hind),], where Hind = 2H-inda-
zole,*® along with two model[Os™Cl¢]*~ complexes. Explicitly
correlated ab initio calculations show that the low-lying spin-
orbit multiplets are well described by the total angular pseudo-
momentum J arising from the spin-orbit coupling of the total
spin and orbital pseudo-momentum at the Os(v) ion. In par-
ticular, a strong deviation from the octahedral symmetry of the
ligand environment of osmium ion does not preclude the J = 0
character of the non-magnetic ground state. A crucial role of
spin-orbit admixture of highly excited ligand-field and charge-
transfer states for the magnetic properties of Os(iv) complexes
is inferred.

Computational details

Ab initio single-point calculations were performed on the
crystal structure of the trans[Os"Cl(kN;-Hind),] neutral
complex.”® Fig. 1 shows the structure of the calculated mole-
cule. No computational optimisation of the experimental geo-
metry was performed. All ab initio multiconfigurational calcu-
lations were performed with the MOLCAS 8.2 program
package.**> All energies were calculated by a multi-state
second-order perturbation approach (MS-CASPT2) based on a
multiconfigurational reference wave function (CASSCF).**?”
Basis functions describing all atoms were atomic natural orbi-
tals with relativistic core correction (ANO-RCC) type,*®
able by default in the MOLCAS package.

Three types of basis set contractions denoted A (small), B
(medium), and C (large) were employed in order to test the
influence of the size of the basis set on our results. The con-
tractions of the employed basis sets are given in Table S1.1 For
the sake of brevity, only the results obtained with the largest
basis set C are shown in the text, while the results obtained
with basis sets A and B are given in the ESL

The Cholesky decomposition®® of two-electron integrals was
not employed, given the relatively small dimension of the com-
pound. Since the accuracy of the multiconfigurational
methods relies strongly on the choice of the active space, two

avail-

Fig. 1 Structure of the calculated trans-[0s"VCl,(kN;-Hind),] complex.>®
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reasonably large and computationally affordable active spaces
were employed. The first active space denoted AS1 (8 electrons
in 12 orbitals) included five 5d orbitals (t,, and e,) orbitals of
the osmium together with their “double shell” and two doubly
occupied molecular ligand type orbitals. The included ligand-
type orbitals have a dominant contribution from the 3p orbi-
tals of the chlorine (x70%) hybridised strongly with the 5d
orbitals of the Os(wv).*® This active space already includes most
of the static correlation. However, for an accurate description
of charge-transfer states, it is not sufficient. The enlarged
active space, AS2 (14 electrons in 13 orbitals), was based on
the AS1 modified as follows: three doubly occupied ligand type
orbitals were added to the active space, while the “double
shell” of the e, shell (two orbitals of mainly 6d’ character) was
removed, in order to ensure computational feasibility. The
removal of the second shell for the e, orbitals is supposed to
have only a minor effect on the computed low-lying electronic
states since in most of these states (triplet and singlet), the e,
shell is not populated. The three ligand type orbitals of the
AS2, included in addition to AS1 have the dominant 3p charac-
ter of the chlorine atoms, while the Os(wv) character is smaller
(*1-10%). This active space included all orbitals which have
more than 1% Os 5d character.

All CASSCF wave functions and energies were obtained in
state-average calculations. Since the optimisation of the wave
function is strongly dependent on the number of excited states
optimized for each symmetry and spin multiplicity, we have
optimized onlythe roots arising from the lowest “octahedral”
terms: °E, Ty, 'T;, 'E and 'A. The dynamical electron corre-
lation was added by the complete active space second-order
perturbation method - CASPT2. In all CASPT2 calculations,
the following orbitals were correlated: 4f, 5s, 5p of Os, 3s, 3p of
Cl, 2s, 2p of C, and N. An imaginary shift of 0.1 Ha was added
in order to exclude any possible “intruder state” problems.
Relativistic effects are known to be highly important for heavy
elements, and osmium is not an exception. In MOLCAS, relati-
vistic effects are treated in two steps, based on the decompo-
sition of the Douglas-Kroll Hamiltonian*'™** in two parts:
scalar relativistic effects and the spin-orbit coupling. Scalar
relativistic effects are taken into account at the CASSCF level,
provided that the relativistic correction of the core electrons is
included in the basis set generation. The employed ANO-RCC
basis sets already contain scalar relativistic correction.*® The
second step includes the spin-orbit coupling, which is done in
MOLCAS by the restricted active space state interaction (RASSI)
program,®”"** which uses CASSCF functions (and CASPT2 ener-
gies, if available) as input states.’”*> In all calculations, the
spin-orbit coupling was computed on the basis of all states
available from CASSCF/CASPT2 calculations. Temperature
dependence of the magnetic susceptibility and the g tensors of
different Kramers doublets were computed within the
SINGLE-ANISO module,*® implemented recently in MOLCAS
8.2. The same computational approach was applied to investi-
gate two model octahedral complexes [OsCls]*~ whose struc-
tural details are given in the ESL.T The time-dependent density
functional theory (TD-DFT) calculations were performed with
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the ORCA 4.2 program.*” All atoms were described by Split-
Valence with Polarization (SVP) basis sets developed in the
ORCA group.*®

Magnetic measurements

Details about the synthesis of the investigated compound are
given in the ESI.f Magnetic data were obtained with a Quantum
Design MPMS SQUID susceptometer. Magnetic susceptibility
measurements were performed in the 2-300 K temperature
range under a 0.1 T applied magnetic field and diamagnetic cor-
rections were applied by using Pascal’s constants.*

2 Results and discussion

The Os** ion in the trans{0s" Cl,(kN;-Hind),] complex lies in
a compressed octahedral environment. All chloride ligands,
due to inversion symmetry of the complex, are coplanar and
form an almost perfect square. The nitrogen atoms are situ-
ated much closer to the osmium than chlorine atoms (by ca.
0.29 A, Fig. 2). As a result, the first coordination sphere of the
complex is close to square-bipyramidal (D,},) symmetry (Fig. 2).

2.050

Fig. 2 Structural details of the first coordination sphere of the trans-
[0s" Cly(kN;-Hind),] complex. Interatomic distances are in Angstrom.
Structures of the calculated [OsClg]®>~ are shown in Fig. S2.F
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The energies of the lowest spin states obtained in CASSCF/
CASPT2 calculations are shown in Table 1. Similar calculations
by a completely different method, TD-DFT, give close values
(Table 1) thus proving the reliability of ab initio calculations.
To get more insight into the nature of obtained molecular
terms, similar calculations have been done for a tetragonally
distorted octahedral anion [OsClg]*~ (Fig. S11). In all calcu-
lations, we find the spin-triplet § = 1 in the ground state. This
state originates from the octahedral orbital triplet T,
(Scheme 1) which splits in an orbital singlet (*A) and an
excited orbital doublet (°E) in D,;, symmetry group. The energy
separation between A and ®E is proportional to the strength of
the low-symmetry axial components of the ligand field. The
similarity of the energy spectrum of two complexes suggests
that the tetragonal component is positive (4, > 0). However, the
ligand field is not perfectly tetragonal but includes also a
rhombic component which is the reason for a slight splitting
of the orbital doublet ’E is (Scheme 1).

The latter appears through small deviations of the geometry
of the first coordination sphere from tetragonal (Fig. 2) and
due to non-axial symmetry of the Hind ligands. This mainly
comes from the presence of a single n orbital at the nitrogen
atom (perpendicular to the plane of the Hind ligand) contri-
buting directly to the rhombic component of the crystal field
at Os(v). The relatively small value of the rhombic component
evidenced by the splitting of tetragonal E term (Table 1) corro-
borates the known fact of negligible values for the e, AOM
parameter for the nitrogen of amine ligands or ammonia (see
e.g., Fig. 8.19 and section 8.4.1 in ref. 50).

Next, to spin triplets, the lowest excited states are spin sing-
lets, arising from octahedral terms 'T,, 'E and 'A;. As in the
case of the ground octahedral term *T,, the orbital degeneracy
of spin singlets is also removed. Their energy seems to be very
sensitive to the dynamical correlation (¢f. Table 1), which is to
be expected, since the 5d orbitals are quite diffuse, and as a
result, they have a stronger hybridisation with the ligand’s
orbitals than the 3d or 4f shells of the metal ions. We can infer

Table 1 Energies (in cm™) of the calculated spin-free states of the trans-[0s'Cl,(kN;-Hind),] complex and of the distorted-[Os'VClg]>~ anion

trans-{0s" Cl,(kN;-Hind),] [0s™Cle ™
CASSCF CASPT2 TD-DFT CASSCF CASPT2

MS AS1 AS2 AS1 AS2 B3LYP PBEO AS1 AS2 AS1 AS2

5 21932 22304 21724 21214 22036 23 818 16 366 16212 15517 15858
26789 27221 25558 26 059 23240 24 685 29099 29016 25921 25566

3 0 0 0 0 0 0 0 0 0 0
3799 3674 4370 3998 3754 4223 3285 2774 4269 3140
4269 4497 4596 4154 4613 5020 3285 2774 4269 3140

1 8481 7438 5090 4558 3784 5415 7495 6641 4222 4107
8756 7632 5466 5074 4906 6396 7907 7015 4569 4355
12591 11429 8357 7448 5786 7342 11261 10119 7403 6814
12 862 12 246 9570 8779 8418 10496 11261 10119 9106 7560
13117 12 363 9857 9440 17 529 20340 11563 10457 9106 7560
23726 21041 19273 15958 18770 21178 22459 21823 19540 19 347
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Scheme 1 Splitting of the d orbitals upon symmetry lowering from Oy,
to D4y, depicted for the case of a tetragonally compressed octahedron
(along axis z). In the case of an elongated octahedron, the crystal field A
has an opposite sign and, as a result, the e4 and b,q orbitals are reversed.
The electronic population in the right plot corresponds to the main
electronic configuration of the ground state term *A. The lowest excited
term 3E arises from one-electron transfer dyy = dyz, dys.

from the comparison of the energies in Table 1 that the sing-
lets acquire lower excitation energy when the dynamical corre-
lation is included. However, this energy lowering is not
sufficient to place the spin-singlet in the ground state. The
singlet states correspond to the following genealogy (in order
of increasing their energy): 'T, = 'E + 'B,, 'E = 'A; + 'By, 'A,.

Finally, the highest in energy are the quintet states corres-
ponding to a complete unpairing of four electrons in the 5d
shell. The lowest of them, shown in Table 1, corresponds to
one-electron transfer from d,, into d,_y., d, orbitals
(Scheme 1).

It is worth mentioning here that the doubly occupied
ligand type orbitals are close in energy to the 5d orbitals of the
0s™. As a result of this proximity and due to diffuse 5d orbi-
tals, there is a strong mixing between ligands orbitals (3p of
chlorine and 2p of the nitrogen) and the 5d orbitals of the
0s™". This hybridisation leads to a large number of ligand-to-
metal charge transfer states. We see in Fig. S2} that orbitals
60-64 are mainly of ligand type, in which the contribution of
the 5d orbitals of the Os is also significant. These ligand-to-
metal charge transfer states are admixed to the ground state
via the spin-orbit coupling, which is very strong for heavy
elements like Os, leading to a strong effect on the tempera-
ture-independent paramagnetism. This effect is quite common

heavy transition metals and actinide
51,52

for many
compounds.
The entire spin-orbit energy spectrum is given in
Table S2,1 while the energies of the nine low-lying states are
also shown in Table 2. We can see that the ground state is well
separated from the first excited state, with an energy gap of
more than 1500 cm™" in all computational approximations.

2.1. Ab initio analysis of low-lying multiplets

Compared to spin states the spectrum of spin-orbital multi-
plets is significantly reconstructed because the spin-orbit
coupling becomes operative in the first order of perturbation
theory. Scheme 2 shows the genealogy of low-lying multiplets.
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Table 2 Lowest spin—orbit multiplets of the trans-[Os" Cly(kN;-Hind),]
complex and of the distorted-[OsClg]?>~ anion (in cm™)

trans-0s" Cl,(kN;-Hind),] [0s™Clg*~
CASSCF/ CASPT2/ CASSCF/ CASPT2/
RASSI RASSI RASSI RASSI

AS1 AS2 AS1 AS2 AS1 AS2 AS1 AS2

0 0 0 0 0 0 0 0

2073 1889 2244 2210 2138 2158 2270 2352
2134 1983 2269 2238 2138 2158 2270 2352
4975 4859 5573 5211 4829 4571 5828 5064
6056 5823 6225 5909 5981 5899 5922 5604
6723 6420 6411 6021 6565 6142 6255 5845
7078 6950 6664 6251 6565 6287 6577 6191
7303 7024 7104 6776 6641 6306 7212 6478
7391 7106 7257 6869 6771 6306 7212 6478

A
a E
) M>
=
AA o
3T v
=T . J=1
g = 1 J=L+S=2 }
J=0
_— spin-orbital
spin terms multiplets
b) 1E e
|2, 0>
A A |2,£7>
e [2,£2>
A Adist I:'>
3A —_
. —_— 1, 0>
} |1,£1>
|0, 0>
i spin-orbital
spin terms multiplets

Scheme 2 Spin—orbit coupling effects for the 5T, term in trans-
[0s"VCl4(kN;-Hind),] complex. (a) In idealised octahedral symmetry and
(b) with additional axial ligand field which matches the situation in trans-
[Os"VCl4(kN;-Hind),]. The yellow rectangle shows the relative strength of
the spin—orbit coupling parameter of the Os** ion. The positive sign of
the Agist > 0 corresponds to a compressed octahedron.

In a perfect octahedron the effective angular momentum of
the ground °T; orbitally degenerate triplet is £ = 1.">** Due to
spin-orbit coupling, neither Z, nor S is conserved but, only the

This journal is © The Royal Society of Chemistry 2021
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total (pseudo) angular momentum j = L + S. Since the ground
state spin is S = 1, the possible values for this total angular
momentum are j = 2, 1, 0, while the energy separation between
the corresponding multiplets is proportional to their total
angular momentum (Landé interval rule). This coupling
scheme is also kept when the ground orbital triplet *T; is
slightly split into non-degenerate levels, as long as the spin-
orbit coupling remains stronger than this splitting. Obviously,
in these situations octahedral j-multiplets will be split too.
This is exactly the case which we observe for trans-
[0s™Cl,(kN;-Hind),] compound (Scheme 2). Spin-orbit admix-
ture of other molecular terms modifies this picture to some
extent as discussed below.

Expectation values of the angular and total magnetic
moments in the low-lying j-states of the trans-{Os"Cl,(kN;-
Hind),] compound are given in Table 3. We notice significant
magnetic anisotropy of the excited manifolds.

2.1.1 Effect of spin-orbit admixture of excited terms on
the low-lying multiplets. To understand the factors influencing
the magnetic properties of the low-lying multiplets in this
compound, we analyse in detail the case of the octahedral
[0s™Cl]*™ anion (Fig. S1f). Fig. S4f shows that the equili-
brium geometry is achieved for the Os—Cl distance of 2.40 A,
which is only considered in further calculations. Given a very
strong spin-orbit coupling on the Os*" ion the quality of its
treatment depends essentially on the number of spin states
included in the spin-orbit mixing. To quantify this influence,
we performed a series of ab initio calculations by admixing a
gradually increasing number of spin states. Fig. 3 shows the
obtained dependence. We notice the strict conformity to the
Lande interval rule when only the ground 3T, term is included
(the first nine states in Fig. 3) in the spin-orbit mixing.
Including the excited spin states in the spin-orbit coupling
leads to a stronger energy stabilisation of the j = 0 state, and to
diminishing of energy difference between J = 1 and J = 2 multi-
plets. This effect is due to a different admixture of the higher
spin states by the spin-orbit coupling to the nine low-lying
spin-orbital states.

View Article Online
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The analysis shows that allowing mixing with 'T, lowers the
M = -1, 0, 1 components of J = 2 multiplet resulting in its split-
ting in threefold and twofold degenerate multiplets in octa-
hedral symmetry (under tetragonal distortion the former further
splits into M = +1 and 0 multiplets, Scheme 2). Admixing the
next excited spin singlet 'E substantially lowers the M = =2, 2
components of J = 2, thus reducing the splitting of this multi-
plet. Including the highest spin singlet of the t,," configuration,
'A, substantially lowers the J = 0 multiplet. Including the °E
term, arising from t,; — e, electron transfer (Scheme 1), lowers
all nine state of the low-lying multiplets (Scheme 2), whereas
the J = 2 components come closer to each other. Finally, includ-
ing other terms of the 5d* configurations in the spin-orbital
mixing mainly lifts the J = 1 multiplet with respect to the
others. This behavior is found in qualitative agreement with
phenomenological ligand-field description.> >

The extent of the spin-orbital admixture of excited terms is
seen in Fig. 3b, showing a lowering of the weight of the *T;
term in the resulting spin-orbital states when the number of
mixed states increases. We may conclude that the different
weight of this admixture for different spin-orbital states is the
reason for the violation of Landé interval. Nevertheless, the
weight of the *T; term remains very high for any number of
states involved in the spin-orbital mixing, which means that
the low-lying multiplets can still be characterized by J very
much as the molecular orbitals in the ligand-field description
are associated with the corresponding d orbitals of the metal
ion. This picture remain valid for non-octahedral complexes
two, in which case some of the J multiplets become mixed (as,
eg, M =+1 and M = +2 component in tetragonal complexes
Scheme 2b).

2.1.2 Effect of spin-orbit admixture of higher terms on
magnetic properties of low-lying multiplets. The extent of
spin-orbit admixture of excited terms has a strong influence
on the eigenvalues of the angular and magnetic moments and
g factors in the low-lying J-states. Fig. 4 shows the comparison
of the radial (Os-Cl) dependence of the ab initio calculated g
factor for the octahedral [0s™Cl¢]*~ anion for the =1 and J =

Table 3 Expectation values of the spin (S,), orbital (L,) and total magnetic (4,) moments (in ug)) in the low-lying J-states of the trans-[Os"Cl,(kN;-

Hind),] compound (model CASSCF/RASSI, AS2)

|0) 0) |17 _1> |1) 0) |1v +1> |2) _2> |2) _1> |2y O) |2) +1> |2’ +2>
(Sx) 0.000 0.276 0.000 -0.276 0.888 0.679 0.000 -0.679 —0.888
(Ly) 0.000 —0.449 0.000 0.449 —0.648 -0.271 0.000 0.271 0.648
(ux) 0.000 —-0.103 0.000 0.103 -1.130 —1.088 0.000 1.088 1.130
(Sy) 0.000 -0.157 0.000 0.157 0.862 0.421 0.000 —0.421 —0.862
(Ly) 0.000 0.714 0.000 -0.714 —-0.523 —0.288 0.000 0.288 0.523
(uy) 0.000 —0.399 0.000 0.399 —1.203 —0.555 0.000 0.555 1.203
(S2) 0.000 0.901 0.000 —0.901 —0.072 0.561 0.000 —0.561 0.072
(Ly) 0.000 0.091 0.000 —0.091 0.829 -0.721 0.000 0.721 —0.829
(uz) 0.000 -1.713 0.000 1.713 —0.685 —0.403 0.000 0.403 0.685

The deviation of the values of momenta for j = 2, M = +2 and M = +1. The fact that the moments for M = +2 are not twice the values of the
corresponding M = +1 is due to the presence of higher rank (k = 3) irreducible tensor operators (ITOs) entering the decomposition of the
momenta for J = 2. (The calculated values for rank three ITOs are given in ESLY)

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) The influence of the number of spin states mixed by spin—
orbit coupling on the energy of low-lying multiplets. Note the strict
conformity to the Landé interval rule when only the ground *T; is mixed
by the spin—orbit coupling (left-hand side of the plot), and the strong
deviations from the Landé interval rule when all ligand-field states are
considered in the spin—orbit coupling. (b) The weight of the 3T, term in
the wavefunctions of low-lying multiplets (in %). The decrease of the
weight of the *T; term is due to the admixture of higher excited spin
states via spin—orbit interaction. The calculations correspond to the
octahedral [Os'VClg]?~ anion, and are done for the basis set C. Lines are
just guide for the eye.

2 multiplets including in the spin-orbit mixing either the
ground *T, term only or all ligand-field states. The phenomen-
ological ligand-field theory confined to the *T; term predicts
the same value of the g factor for both j multiplets (eqn
(S11)t). However, as we can see in Fig. 4a, the shorter the Os-
Cl distance in octahedral [0s"Cls]>~ anion, the stronger is the
deviation from the predictions of the ligand-field theory, due
to stronger covalency effects (shorter Os-Cl bond favours stron-
ger covalent bonding). The second and more important effect
is the contribution of the excited spin terms to the modifi-
cations of orbital, spin and magnetic momenta in the low-
lying multiplets (Fig. S6-S8t). This is also seen in the calcu-
lated g factors when all ligand-field terms arising from the d*
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Fig. 4 Evolution of the g factor of the J = 1 and J = 2 manifolds of the
octahedral [Os"VClg]>~ anion as function of the Os—Cl distance. Note the
great difference of the g factors for J = 1 and J = 2 when only >T; states
(a) and all ligand-field states (b) are considered in the spin—orbit mixing.

configuration are considered in the spin-orbit coupling
(Fig. 4b), showing a completely different radial dependence
compared to the casewhen only the ground °T; term was
involved (Fig. 4a).

The spin-orbital admixture of higher excited terms to the
low-lying multiplets is also responsible for a strong reduction
of the g factor of the J = 2 manifold compared to the g factor of
the j = 1 multiplet as it is observed in Fig. 4b. This is because,
according to Fig. 3b, the components of the j = 1 multiplet
have the weakest spin-orbit contribution from the excited spin
states, while states corresponding to the |0, 0), |2, +2), and |2,
0) acquire almost 18-22% contribution from the later. The
most important admixture comes from excited °E, 'T and 'E
states. Within the employed ligand-field model we cannot take
this influence into account explicitly. Clearly the conventional
ligand-field model, especially, when confined to the ground
term, is not able to describe these effects, nor the magnetism
of such complexes. Therefore, the spin-orbital admixture of
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the excited terms is very important for a decent description of
all properties of low-lying multiplets of Os(wv) and probably of
other heavy 5d metals as Ta, Ir, Pt, W, and Re.

2.2 Ab initio calculation of the magnetism of [0s™Clg]*~ and
trans-{0Os" Cl,(xN;-Hind),]

2.2.1 Effect of spin-orbit coupling to excited terms on the
room temperature magnetic susceptibility. We have seen in
the previous section that the ground state of [0s"Cls]*~ anion
and trans-{0s"Cl4(kN;-Hind),] complex is non-magnetic, and
is strongly influenced by the size of the spin-orbit coupling
matrix. The observed magnetic susceptibility in these com-
pounds arises due to temperature independent paramagnet-
ism (TIP), when the diamagnetic ground state admixes the
excited ligand-field and charge-transfer states first by strong
spin-orbit coupling and subsequently via the Zeeman
interaction.

Fig. 5 shows the influence of the extent of the spin-orbit
mixing on the calculated room temperature magnetic suscepti-
bility. As we can see, the more spin terms are mixed by the
spin-orbit coupling the lower is the high-temperature mag-
netic susceptibility, which is caused mainly by the increase in
the energy separation between the ground j = 0 and first
excited f = 1 manifold (see Fig. 3).

Fig. 6 shows the radial dependence of y7 at 300 K for the
[0s™Cls]>~ anion. The experimental value of the magnetic sus-
ceptibility of K,0sClg, in which Os** ion has a perfectly octa-
hedral environment, is 0.28 cm® K mol™" (section 9.8.3,
Table 9.7 in ref. 50). We notice that the calculated 47 at 300 K
for the experimental Os-Cl distance in K,0sClg, (0.232 cm® K
mol™, Fig. 6) is slightly lower than the experimental one,
which means that there are additional effects not considered
in our calculation.

0.60+
o yTat300K
0.551 745[E,,

0.50 —896/E_,

0.45-
0.40-
0.35-
== 0.30

0.25 L\/—/\

mo
0.20 4

T/ cm*Kmol™

0.154
0.10

LI P P T A L T L T . L L
0 10 20 30 40 50 60 70 80 90 100
Number of spin states mixed by spin-orbit coupling

Fig. 5 Evolution of the calculated molar magnetic susceptibility T at
300 K (square) of the octahedral [Os'"Clg]>~ anion as function of the
number of ligand-field spin states mixed by spin—orbit coupling in
RASSI. The red and blue lines represent the value of const/E;-; func-
tions, showing the inverse dependence of the calculated magnetic sus-
ceptibility on the energy of the low-lying J = 1 manifold (E;-,).
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Fig. 6 Radial dependence of the calculated molar magnetisation at
300 K for the octahedral [Os"'Clg]?~ anion in two limiting cases of treat-
ment of the spin—orbit coupling. Experimental Os—Cl is 2.321 A.%®

2.2.2 Influence of the size of active space in CASSCF calcu-
lations on the room temperature magnetic susceptibility.
Another important factor influencing the calculated magnetic
susceptibility is the accuracy of the description of covalency
effects. For the studied complexes, due to strong separation of
the ligand-field states at Os*", terms corresponding to electron
transfer from Cl to Os are not that high in energy. Due to
strong hybridisation of Os 5d with ligand’s orbitals, the
ligand-field terms usually responsible for magnetism are inter-
mixed with the ligand-to-metal charge transfer states.
Theoretical account of the latter is a difficult problem. It is
usually done via enlarging the active space in CASSCF calcu-
lations by including the ligand type orbitals having strong
hybridization with the metal. Then a large amount of spin
states of ligand-field and charge transfer type are considered
in the spin-orbit mixing.

To give an account of these effects we have performed a
series of calculations on octahedral [0s"Clg]*~ for a gradually
increasing number of doubly-occupied ligands orbitals in the
active space. Due to limited computer power, we optimized
only the ground T, term. Fig. 7 shows the resulting depen-
dence of yT at 300 K on the size of the active space.

As we can see, the presence of the doubly occupied ligand’s
orbitals in the active space leads to an increase of magnetic sus-
ceptibility. The reason for that is the increased hybridization to
the ligands’ orbitals achieved via the admixture of the charge-
transfer states to the ligand-field ones. This hybridization lowers
the effective strength of the spin-orbit coupling in the ground
3T, term, which in turn leads to lowering of the energy separ-
ation to the J = 1 and J = 2 manifolds thus increasing the TIP.

2.2.3 Effect of spin-orbital admixture of charge-transfer
states on low-lying j-multiplets and magnetic susceptibility. To
check the effect of charge-transfer states on the multiplet spec-
trum and magnetism, we considered an active space involving
the t,,* shell only and all doubly occupied 3p orbitals of the
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Fig. 7 A comparison of the magnetic susceptibility at 300 K of the
[0s"VClg]*>~ anion calculated for various sizes of the active space of the
CASSCF method: inclusion of the ligand orbitals in the active space
leads to a more accurate description of the Os—Cl covalency. Only the
optimized 3T, term at CASSCF level was included in the spin—orbit
coupling in RASSI.

chlorine atoms (CAS(40 in 21)). All triplet spin states and all
singlet spin states were optimized at the state-average CASSCF
level of theory employing the basis set C. Note that in this
active space, there is only a limited number of ligand field
states, namely *Ty, 'Ty, 'E, and 'A, while all other excited
states are of charge-transfer type, corresponding to the transfer
of one or several electrons from the 3p orbitals of chlorine
atoms to the t,," shell of Os". Fig. 8 shows the dependence of
the energies of the low-lying multiplets and magnetic suscepti-
bility on the number of charge-transfer states included in the
spin-orbit coupling.

We notice that the j = 1 and J = 2 multiplets acquire much
lower excitation energies compared to the case when only
ligand-field terms are mixed (Fig. 3). This is because in Fig. 3 a
large number of ligand-field states were considered in the
spin-orbit mixing, while in Fig. 8 only a small number of them
were included. Comparing Fig. 5 and 8b, we see that the
admixture of excited ligand-field states causes a large splitting
of the J-manifolds, leading to a strong decrease of the calcu-
lated yT, while further admixture of the charge-transfer states
leads to an obvious increase of the calculated magnetic suscep-
tibility from the lowest value. From this analysis we may con-
clude that the best treatment would imply:

« including all ligand’s valence orbitals (3s, and 3p of Cl in
the present case) and sufficiently large number of empty orbi-
tals of the metal (6s, 6p, the second shell of 5d orbitals, etc.) in
the active space;

» optimising the wave functions for a large number of
ligand-field and charge-transfer states; preferably performing
separate orbital optimisations for the two classes of states;

« including all optimized states in the spin-orbit coupling.

2.2.4 Magnetic susceptibility of trans]Os"™Cly(kN;-Hind),].
Magnetic  susceptibility of the trans-[Os"Cly(kN-Hind),]
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Fig. 8 Influence of the number of states of ligand-field and charge-
transfer origin mixed by the spin—orbit coupling on the calculated
energy of the low-lying multiplets (a) and on the calculated molar mag-
netic susceptibility (b) of the [Os"Clg]>~ anion. The increase of the 4T
from the minimal value, obtained when all ligand-field states are con-
sidered, is due to the inclusion of charge-transfer states in the spin—
orbit coupling (i.e. compare with Fig. 5 and 6).

complex has been measured as described above. Fig. 9 shows
the comparison with theoretical predictions in different compu-
tational approximations. We can infer that the best agreement
is obtained for the largest basis set (C) and the largest active
space (AS2) when no dynamical correlation is considered.

As Fig. 9 shows, the increase of the number of ligand orbi-
tals in the active space (AS2 vs. AS1) leads to an increase in the
calculated magnetic susceptibility. The reason is the same as
for [0s™VClg]>~ (Fig. 7), the enhancement of the hybridisation
of the 5d orbitals with the ligand-type orbitals and the accom-
panying reduction of the effective spin-orbit coupling inter-
action. The account of dynamical correlation (the CASPT2
step) has an opposite effect reflected in an increase of the gaps
between the low-lying j-multiplets, thus reducing the suscepti-
bility (green line in Fig. 9). The account of more ligand-field
states is not expected to change significantly the calculated
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Fig. 9 A comparison between measured (empty squares) and calcu-
lated magnetic susceptibility (lines) in different computational
approximations.

susceptibility further if one follows the trend observed for
[0s™VCls]>~ (Fig. 5). Therefore, to recover the discrepancy of ca.
30% between the calculated line and measured susceptibility
one should probably include the effect of the charge transfer
states. Indeed, the analysis in the previous section shows that
the account of their admixture increases the calculated y7' by
15-20% for [0s™Cls]>~ (Fig. 9). Compared to the latter, trans-
[0s™Cl4(kN;-Hind),] has a significantly higher density of
charge-transfer states due to more bulky axial ligands. The
above analysis shows that at variance to most 3d and 4f com-
plexes, we cannot confine ourselves to ligand-field states when
describing the magnetism of osmium complexes, and prob-
ably of the entire third transition row metal complexes. For
such a purpose the ab initio approach becomes indispensable
although the required calculations are much more involved
and demanding compared to similar treatment if complexes of
first transition row metals and lanthanides, as testified by the
present calculations.

3 Conclusions

In this work the electronic and magnetic properties of a
recently  synthesised  low-symmetric  trans-[Os" Cl,(kN;-
Hind),],”> and octahedral and tetragonally distorted
[0s™Cl]*~ were studied by explicitly correlated ab initio
methods. It is found that despite strong metal-ligand
covalency the low-lying multiplets are basically characterized
by the total angular pseudo-momentum J originating from the
spin-orbit coupling of the ground-state spin with the orbital
pseudo-momentum of the Os" ion. The strong spin-orbit
interaction also preserves the dominant J = 0 character of the
non-magnetic ground state in the trans|0s"™ Cl,(kN;-Hind),]
complex despite significant deviation of the ligand environ-
ment of Os"™ from octahedral symmetry. At the same time the
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spin-orbit admixture of all multiplets arising from the t,,"
strong-field electronic configuration is indispensable for the
correct description of magnetic properties of Os™ complexes.

We have found that the charge-transfer states have an unex-
pectedly strong effect on the magnetic properties of investigated
0s" complexes and should be taken into account in order to
achieve their quantitative description. This situation is specific
for the present and probably other 5d complexes and does not
occur in 3d complexes and lanthanides, for which the charge-
transfer states have never been advocated in connection with
their magnetic properties.'>*>*° The reason why the charge
transfer states become important in the present case is the
strong spin-orbit coupling on the osmium ion, which in combi-
nation with strong covalency between 5d and ligand orbitals,
induce their strong spin-orbital admixture.
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