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Abstract

Quantum chemical calculations are employed to elucidate the origin of a puz-
zling diamagnetism for hexacyanomolybdate(IV) anion, [Mo(CN)4]?~, that
was previously reported by Szklarzewicz et al. [Inorg. Chem., 2007, 46,
9531-9533]. The diamagnetism is surprising because for the octahedral (d)?
complex one would rather expect a (paramagnetic) triplet ground state, clearly
favored over a (diamagnetic) singlet state by an exchange interaction between
two d electrons in the t9, orbitals. Nevertheless, the present calculations re-
veal that the minimum energy structure of isolated [Mo(CN)4]2~ is not an
octahedron, but a trigonal prism; the latter geometry allows to maximize a o-
donation from the cyanides to the electron-deficient Mo(IV) center. Unlike
for the octahedron, for the trigonal prism structure the singlet and triplet
spin states are close in energy to within a few kcal/mol. Although the ac-
tual relative energy of the two spin states turns out to be method-dependent,
the complete active space calculations (CASPT2; with appropriate choice of
the IPEA shift parameter) can reproduce the singlet ground state, in agree-
ment with the experimentally observed diamagnetism. Moreover, magnetic
measurements reveal a slight increase of the magnetic susceptibility with the
increase of temperature from 100 to 300 K, suggesting an admixture of a ther-
mally induced paramagnetism (possibly due to Boltzmann population of the
low-energy triplet state) on top of the dominant diamagnetism. Our predic-
tion that the geometry of [Mo(CN)¢]?~ should significantly deviate from the
ideal octahedron, not only in gas phase, but also in periodic DF'T model of the
crystalline phase, as well as the experimentally confirmed diamagnetic proper-
ties, do not agree with the previously reported ideal octahedral structure. We
suggest that this crystal structure might have been determined incorrectly
(e.g., due to overlooked merohedral twinning or superstructure properties)

and it should be re-investigated.
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1 Introduction

A number of transition metal complexes have two (or more) spin states so close
in energy, that to predict which of them is actually the ground state, one has to
calculate their relative energy with a high accuracy. Such calculations are, in gen-
eral, challenging for quantum chemistry, requiring either carefully calibrated density
functional theory (DFT) methods or high-level correlated wave function methods,
in order to reproduce a delicate balance between the bonding and the exchange-
correlation effects, which determines the spin-state energetics' *. But for some com-
plexes the situation is much simpler because the multiplicity of the ground state
can be easily established based on the Hund’s rule of maximum multiplicity®. For
instance, an octahedral complex with the (d)? central ion should have a high-spin
(triplet, S = 1) ground state, clearly favored over a low-spin (singlet, S = 0) state
by an exchange interaction of two electrons distributed in the ¢y, orbitals. For this

reason, any octahedral (d)? complex is expected to be paramagnetic.

Given the above, it was a great surprise to see in the previous study® that
tetramethylammonium hexacyanomolybdate(IV), (Me,N)y[Mo™ (CN),] - H,O (1), is
diamagnetic although its crystal structure revealed the [Mo'Y(CN)4] 2~ anion in the
perfectly octahedral geometry®. For the octahedral complex of Mo(IV) one would
rather expect the triplet ground state (37},; arising from two d electrons in the ¢,
manifold) and thus, obviously, a paramagnetic character. The purpose of this paper
is to elucidate this paradoxical result by means of quantum chemical calculations

and interpretation of magnetic susceptibility measurements.

We notice that cyanide complexes of transition metals are considered as prospec-
tive building blocks for new magnetic materials”8. It is thus important to thoroughly
understand their electronic properties and relation thereof to the molecular struc-
ture, particularly for cases as puzzling as the present one. Therefore, in this paper

we shall consider various effects that might be responsible for the unexpected dia-
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magnetism of [Mo(CN)¢]?", including a possibility of magnetic coupling between
the neighboring anions in the crystal structure of 1, effects of the spin-orbit cou-
pling, and distortions from the ideal octahedral geometry. In fact, our calculations
will suggest that [Mo(CN)g]?" tends to adopt a non-octahedral, trigonal-prismatic
structure, which may be presumably the primary factor leading to stabilization of
the low-spin state. The relative spin-state energetics of [Mo(CN)]?~ will be studied
with a number of DFT and wave function theory methods. Finally, the magnetic
properties will be theoretically simulated and compared with the experimental mag-

netic susceptibility data for a wide range of temperatures.

2 Computational and experimental details

2.1 Molecular DFT calculations

DFT calculations for an isolated [Mo(CN)g]?~ were carried out with Turbomole®
and Gaussian 09!° packages. The structures were optimized and harmonic fre-
quencies were computed (to verify the character of stationary points and to yield
zero-point energies and thermal vibrational corrections to the Gibbs free energy) at
the DFT:BP86/def2-TZVP!! level in Turbomole. Subsequently, single-point calcu-
lations were carried out with a larger basis set (def2-QZVPP for Mo, def2-TZVPP
for C and N)!2 and employing a number of functionals: BP86'*, PBE!* B3LYP'?,
TPSS!, TPSSh'", B2PLYP!® (in Turbomole), B3LYP*! OLYP?°, M06, MO6L>!

(in Gaussian 09).

The triplet state was treated within the spin-unrestricted formalism, whereas
for the singlet state we considered either a spin-restricted (closed-shell) or a spin-
unrestricted (open-shell) description. The final energy of the open-shell singlet so-
lution was corrected for spin contamination using the approximate spin-projection

method of Yamagushi et al.?2. The spin-restricted singlet solution has been found to

4

Page 4 of 39



Page 5 of 39

Physical Chemistry Chemical Physics

be unstable (triplet instability) and giving higher energy than the spin-unrestricted
solution (except for B2PLYP, where the spin-restricted solution was found 1.3

kcal/mol lower in energy than the spin-unrestricted solution after the projection).

The calculated structural parameters are summarized in Table S2, ESI{. The
optimum geometry for the closed-shell singlet solution is the ideal trigonal prism
(Ds3p, symmetry). For the triplet as well as for the open-shell singlet solution, the
optimum geometry is a slightly distorted trigonal prism (Cy, and Cs symmetry,
respectively). Concerning the octahedral geometry, we considered in addition to
the ideal Oj, structure (from the crystal structure of 1, ref. 6) also the structures
partially optimized at the DFT:BP86 level under the Dy, symmetry constraints
(to keep the NC-Mo—CN angles as in the octahedron, i.e., 90° or 180°, but allow
to partly break the ideal O; symmetry due to uneven occupation of the ty, level;
the actual symmetry turned out to be slightly higher than enforced, namely Dyy).
However, these octahedral structures turned out to be saddle points whose imaginary
frequencies correspond to deformation modes of the octahedron; see Table S2, ESIj.
The relative singlet—triplet energy obtained from both the ideal octahedral structure
from ref. 6 and the mentioned, partially optimized octahedral structures are similar

to within 1-2 kcal/mol (see Table S3, ESIY).

To estimate the magnetic coupling between the nearest neighbor
[Mo(CN)g]?~ octahedra in the triplet state, we used a two-center model
[Mo(CN)g]?™ --H,O--[Mo(CN)4] 2~ (Figure S1, ESI{) whose coordinates were
taken from the crystal structure of 1. Because the positions of the hydrogen atoms
in this crystal structure have not been refined in ref. 6 (the water H atoms were
placed, with fractional occupations at eight symmetry-equivalent positions imposed
by the space group), we adjusted them by setting the H-O—H angle to 104.5°
and orienting the water molecule so that it forms two H-bonds with CN groups of

the neighboring octahedra (cf Figure S1, ESIT). We considered two spin states for

bt
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the dimer model, obtained by either either ferro- (Siy,x = 2) or antiferromagnetic
(Stot = 0) coupling of the two triplet spins S; = Sy = 1 of the Mo atoms, and
compared the total energy for these two spin couplings. The calculations were
performed at the DFT/def2-SV(P) level with two exchange-correlation functionals:
B3LYP and BP86 and, for comparison, also at the B3LYP/def2-TZVPP(Mo,
H)/ma-TZVPP(C,N,O) level, where the basis set is augmented with diffuse

functions?® on C, N, and O atoms.

The Karlsruhe (def2-) basis sets used in the DFT calculations include scalar-
relativistic effects for Mo via the effective core potential'!. However, test calculations
were also carried out with ADF?* employing the zero-order regular approximation
(ZORA)® to describe both scalar and spin-orbit effects; the BP86 functional and
the appropriate TZ2P basis from the ADF library were used in these DFT-ZORA

calculations.

The scan of potential energy surface along the Bailar twist coordinate, shown
in Figure 2, has been generated at the BP86/def2-TZVP level (in Turbomole) by
performing a series of constrained optimizations. The applied geometry constraints
are defined in Figure S8, ESI}. The initial structures for selected points 0° < 6 < 60°
were generated from the experimental octahedral geometry using the appropriately

defined Z-matrix (Table S19, ESIt).

The intrinsic reaction coordinate (IRC) paths were computed with Gaussian at
the BP86/def2-TZVP level, employing local quadratic approximation (LQA) with
analytic Hessian computed at every point. The maximum number of points was
considerably increased (to 100) to ensure completing the IRC computation. The
IRC started from the octahedral geometry of each spin state (first optimized under
Dyj, symmetry constraints) following the normal coordinate eigenvector with the
largest imaginary frequency. After Gaussian completed the computation of the path,

harmonic frequencies were calculated for the last point, still revealing the presence

6
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of (one or two) imaginary frequencies. Such a behavior suggests the closeness of
another saddle point on the reaction path without an intervening minimum, which
is indicative of a bifurcation behavior?®. Indeed, we were able to locate a saddle point
very close in energy (< 0.1 kcal/mol) to the last point of the IRC path. Therefore, the
reaction path was continued by starting a new IRC computation from last point of
the previous IRC path; we repeated this procedure, if necessary, until all frequencies
were real at the final point of the last IRC path. In this way we generated in total
two (singlet restricted) or three (singlet unrestricted, triplet) consecutive IRC paths,
labeled throughout as IRC-1, IRC-2, and IRC-3. After reaching the last point of the
last IRC, the structure was normally optimized to the energy minimum. Schemes

and animated movies of the IRC paths are given in the ESIf.

Born-Oppenheimer molecular dynamics (MD) simulations were performed in
Turbomole 6.5 at the BP86/def2-TZVP level, with the integration time step of
80 a.u. (~ 1.9 fs), starting from the experimental octahedral geometry. The sim-
ulations were performed within canonical ensemble for 7' = 300 K employing the
Noosé-Hoover thermostat with a relaxation time of 200 a.u. Animated movies of

the resulting MD trajectories are provided in the ESIf.

2.2 Periodic DFT calculations

Periodic DFT calculations were carried out with Siesta?’. The cubic unit cell was
based on the crystal structure of 1 from ref. 6: a = b = ¢ = 12.59 1&, a=p=

= 90°; this unit cell contains four [Mo(CN)g]?~ anions, eight (CH;),N* cations,
and four water molecules. We note that although it is possible to choose a smaller
(thombohedral) primitive cell with just one [Mo(CN)4]?~, we decided to use the
larger one in order to not impose an equivalency of all the [Mo(CN)4]?  anions.

However, test calculations were performed for the rhombohedral cell, and revealed

7
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a qualitatively similar distortion of the anion from the octahedral geometry as found

for the larger cell.

The initial atomic coordinates inside the unit cell were based on the previously
reported crystal structure® (Cambridge code: HITPOQ). However, in order to facil-
itate the calculation, a single orientation was arbitrarily chosen for the disordered
(CH,)4N™ cations and water molecules. We optimized the atomic coordinates in
the fixed unit cell using the conjugate-gradient optimizer until the maximum atomic
force was not larger than 0.04 eV/ A. Separate optimization was carried out assum-
ing the global closed-shell singlet state (i.e., all [Mo(CN)g]?  units in the singlet

state) and the global S = 4 state (i.e., all [Mo(CN)4]?~ units in the triplet state).

Brillouin zone sampling was restricted to the I' point. PBE exchange-correlation
functional'* with the Grimme’s dispersion correction (DFT-D2)?® was applied. We
used the numeric atomic orbitals DZP quality basis set with orbital confinement
controlled by energy shift value set to 0.0025 a.u. Norm conserving Troullier-Martins

129 as generated with the atom utility, were employed. For Mo, 4p

pseudopotentia
semicore orbitals were included in valence; relativistic and pseudocore corrections
were applied to the pseudopotential. The pseudopotentials are provided in the ESIf.
The density of grid used for the DFT calculations were controlled by a mesh cutoff

value of 400 Ry.

2.3 Complete active space calculations

CASSCF/CASPT?2 calculations were carried out with Molcas 7.8% for the octa-
hedral structure of [Mo(CN)g]?~ taken from the literature crystal structure of 1 as
well as for the DFT:BP86-optimized geometries of the singlet and triplet states,
revealing the trigonal prismatic structure. We found that at the CASPT?2 level the
lowest singlet state has lower an energy when calculated for the more symmetric

structure corresponding to the spin-restricted singlet (Dsj) than for the structure of

8
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the spin-unrestricted singlet (Cj). Therefore, the CASPT2 results reported here for

the singlet state refer to the Dsj, structure.

The active space for the octahedral structure was constructed using the standard
approach for transition metal complexes, i.e., by making active five 4d orbitals of Mo
and two combinations of the CN lone pairs (of e, symmetry) which participate in
the o-type bonding with Mo; i.e., 6 active electrons distributed in 7 active orbitals.
However, this small active space is not adequate for the trigonal prismatic structure
due to appearance of additional metal-ligand interactions, which can be taken into
account by making active two more combinations of the cyanide lone pairs (of ¢’
symmetry in Dsp,). Since the added cyanide orbitals are strongly mixed with the
Mo 4p orbitals, the latter have to be added as well. Finally, double-shell d orbitals
on Mo were also added for the partially filled d orbitals of the ¢} and ¢’ symmetry,
yielding in total the active space of 16 electrons in 15 active orbitals. The contour

plots of the active orbitals can be found in Figure S7, ESIf.

To take into account all the singlet and triplet states emerging from the (¢ )?
configuration for the octahedron (i.e., Ty, +* E, +' Ay, +° T1,) and the corre-
sponding (a}, €’)? configuration for the trigonal prism (i.e., 1A} + 21 A} + 1'E’ +
2'E' +3 E'4+3 AL), state-averaged calculations were performed for lowest 6 (singlet)
or 3 (triplet) roots, followed by multi-state (MS) CASPT23!. Scalar relativistic ef-

132, Spin-orbit coupling

fects were included at the second-order Douglas-Kroll leve
(SOC) was taken into account a posteriori using the state-interaction approach, i.e.,
by diagonalizing the SOC Hamiltonian in the basis set of perturbatively-modified
states from MS-CASPT2, as implemented in the Molcas module RASSI?3. Atomic
mean-field integrals (AMFI) were used for the spin-orbit coupling calculations3*.
The same approach was used for simulation of magnetic properties, in particular the

powder magnetic susceptibility and the effective magnetic moment at finite temper-

ature using the method described in ref. 35.
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For preliminary calculations (leading to the choice of the appropriate active
space) and for simulations of SOC and magnetic properties, we used the follow-
ing contraction of the ANO-RCC basis by Roos et al.3%: 7s6p4d2flg for Mo, 3s2pld
for C and N (the ANO-I basis). However, to obtain more accurate relative ener-
getics reported in Table 1 we used a much larger contraction of the same basis:
10s9p9d6f4g2h for Mo, 5s4p3d2flg for C and N (the ANO-II basis)3”. The IPEA-
shifted zero-order Hamiltonian was used in CASPT?2 for the three values of the IPEA
shift parameter: epga = 0.25 (the default), 0.5, and 0.75 a.u. The core electrons

(i.e., below the Mo 4s level) were frozen during the CASPT2 calculations.

2.4 Coupled cluster calculations

Coupled cluster calculations were carried out either with Molpro® [RCCSD(T),
UCCSD(T)] or GAMESS rev. May 2012 [CR-CC(2,3)]*", based of RHF/ROHF ref-
erence function, on top of the DFT:BP86-optimized geometries. The following ba-
sis sets were used: (A) cc-pwCVTZ-DK for Mo / cc-pVTZ-DK for C, N; (B) cc-
pwCVTZ-DK for Mo / cc-pVDZ-DK for C,N; and (C) cc-pwCVnZ-PP for Mo /
cc-pVnZ for C,N4. The results from (C) for n =T,Q were used to extrapolate the
correlation energy to the infinite basis set according to the ‘n=3" formula by Helgaker
et al.**. However, the relative singlet-triplet energy after the extrapolation differs
by only 0.5 kcal/mol from the one obtained with basis (A) or (B). The core electrons
(i.e., below the Mo 4s level) were frozen in all the coupled cluster calculations. Scalar
relativistic effects were included either at the second-order Douglas-Kroll level®* [ba-

sis sets (A), (B)] or via the relativistic pseudopotential for Mo [basis sets (C)].

2.5 Magnetic susceptibility measurements

Salt 1 has been synthesized as described in the literature (ref. 6). Magnetic sus-

ceptibility measurements were carried out on the MPMS XL SQUID magnetome-

10
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ter (Quantum Design, Inc.) in the 3-300 K temperature range and external field
of 2 kOe. Additional tests with a variable field (up to 10 kOe) were performed
at T = 100 K and 200 K to confirm the linearity of M(H). The sample of 1
(m = 26.07 mg), consisting of many single crystals, has been mounted to a plastic
straw. Temperature- and field-dependent contribution of this addenda, measured

separately, was accounted for to yield the magnetization of the sample.

A hyperbolic increase of y was observed at T' < 50 K and attributed in part to
the addenda, in part to a trace contamination of the sample with a ubiquitous iron.
We notice, however, that results in these low-7" regime are not important for the
presented interpretation. To remove the mentioned effect, as well as the constant
diamagnetism, a function of form: x4+ C/T was fitted to the experimental data
for T < 150K, yielding: xo = —201.4-107% emu/mol, C' = 25.42 - 10~¢ emu-K/mol.
This function (yo + C/T') was then subtracted from the measured susceptibility to
yield the results shown in Figure 5. The uncorrected susceptibility data are shown

in Figure S9, ESIf.

3 Results and discussion

3.1 Preliminary considerations

The authors of ref. 6 suspected that it might be spin-orbit coupling (SOC) that lifts
the degeneracy of the ¢y, orbitals and thus leads to electron pairing. Such an effect
is known in the literature; for instance, atomic lead is electronically diamagnetic

in the spin-orbit coupled ground state (3P,, with J = 0)%243

. However, we shall
demonstrate below by direct calculations (Section 3.4) that although the SOC clearly
affects the effective magnetic moment of [Mo(CN)g]? ", it cannot be responsible for

the lack of paramagnetism.

11
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Another hypothesis is that even if individual [Mo(CN)g]?~ anions may have,
possibly, the triplet ground state, there could be an antiferromagnetic coupling in
the solid state which leads to pairing of their magnetic momenta. However, if 1 were
such an antiferromagnetic material, its Néel temperature would have to be much
higher than the room temperature, meaning that the pairwise antiferromagnetic
interaction should amount to at least a few kcal/mol (note that R - 300 K = 0.6
keal/mol). This is very unlike based on the large distance (8.9 A) between the Mo
centers and the lack of covalent bridges in the crystal structure of 1 (where there is
only a water molecule in between the neighboring octahedra, interacting with the
cyanide groups®). The overlap between magnetic orbitals of the neighboring Mo

centers is expected to be very weak, too weak to explain the diamagnetic character.

Nevertheless, we performed DFT calculations for a simple model, namely the
[Mo(CN)g] % ++-HyO-+[Mo(CN)4] 2~ motif, composed of two nearest-neighbor Mo cen-
ters and the water molecule in between, whose atomic coordinates were taken from
the crystal structure of 1 (see Section 2.1 and ESIf for details). We evaluated the
energy difference between the parallel (11) and antiparallel (1)) alignment of the
triplet spins on the neighboring Mo centers. This energy difference is on the order of
only 0.1 kcal/mol (Table S1, ESTt) Moreover, lower energy is found for the parallel
spin alignment than for the antiparallel one. Thus, not only the magnetic coupling
is weak, consistently with the large distance between the two Mo centers and thus
negligible overlap between their magnetic orbitals, but also the interaction slightly
favors the parallel spin alignment. Therefore, the above “antiferromagnetic hypoth-
esis” can be ruled out already at this preliminary stage, and the crystal structure
of 1 can be considered as composed of magnetically dilute [Mo(CN)g]?~ centers.**
In other words, the macroscopic diamagnetism observed for samples of 1 must be

rooted in diamagnetic properties of [Mo(CN)4]?~ at the molecular level.

12
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3.2 Structural properties

We thus studied the geometric and the electronic structure of [Mo(CN)g]?~ with
quantum chemistry methods. Unsurprisingly, for the octahedral geometry the anion
was found to have a triplet ground state, more than 10 kcal/mol below the lowest
singlet state (see Section 3.3); this result fully conforms to qualitative predictions
of the crystal field theory. However, we were surprised to see that [Mo(CN)]?™ is
actually not stable in the octahedral geometry. The harmonic frequency analysis
at the DFT level reveals that the octahedral geometry (even if slightly distorted to
Dy, to account for unequal occupation of the ¢y, level) is not an energy minimum,
but a saddle point with two (triplet, singlet unrestricted) or four (singlet restricted)
imaginary frequencies (see Table S2, ESIY), corresponding to deformation of the
Mo—-CN groups out of their octahedral arrangement. When the structure is slightly
and allowed to relax in an unconstrained geometry optimization, it spontaneously
adopts a trigonal prismatic geometry, which is an energy minimum. Both geometries,

octahedron (unstable) and trigonal prism (stable) are shown in Figure 1.

The spontaneous conversion of the octahedron towards the trigonal prism was
observed for both the hybrid (B3LYP) and nonhybrid (BP86) functional, and also
when spin-orbit coupling was approximately accounted for within the ZORA ap-
proach (zero-order regular approximation). The conversion gives rise to a consid-
erable energy gain, 7.3-13.5 kcal/mol (depending on the DFT method used) when
calculated for the triplet state and even larger for the singlet state (see Table S4,
ESIt). A comparable energy difference between the prism and the octahedron is

also found with wave function methods, CCSD(T) and CASPT2 (Table S4, ESIY).

To further study the distortion process, we obtained the energy profile along the
trigonal twist angle coordinate 6 (Bailar twist), leading from octahedral (6 = 60°)
to trigonal form (6 = 0°). The results are shown in Figure 2 and fully confirm that

no activation energy is needed to covert the octahedral structure into the trigonal

13
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S=1
—_ — gy
'1' 4' - tzg
S=0 S=1
e — — e'— —
e — — e'-1— —_
afﬁ- a1'4-

Figure 1 Octahedral (a) and trigonal prismatic (b) geometry of [Mo(CN)¢]?~. The right
panel shows schematically a splitting of the Mo d orbitals for both geometries and orbital
occupancies in the triplet ground state for (a) and in close-lying singlet and triplet states
for (b). For detailed structural parameters see Table S2, ESIf.

35 T T T T

Energy (kcal/mol)

Twist angle 6 (degree)

Figure 2 Scan of potential energy surface at the DFT:BP86/def2-TZVP level along the
trigonal twist angle (Bailar twist coordinate), whose definition is shown graphically (6 =
60° for octahedron, # = 0° for trigonal prism), for triplet (S = 1) and singlet state
(S = 0) of isolated [Mo(CN)¢]? . The singlet state is either from spin-restricted (R)

or spin-unrestricted (U) calculations; in the latter case the energy is corrected for spin
contamination.

14
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one. We also generated intrinsic reaction coordinate (IRC) paths starting from the
(unstable) octahedral geometry, and leading ultimately to the (stable) trigonal prism
structure (Figures S3-5 and video animations, ESI{). Interestingly, the computed
IRC paths reveal a more complicated conversion mechanism than the simple Bailar
twist scenario. After the system relaxes from the octahedral geometry (initial saddle
point) it approaches another saddle point with no intervening minimum. Thus, from
the endpoint of the first (IRC-1) path, we compute the subsequent (IRC-2) path, as
shown in the ESI{. (In the case of triplet and unrestricted singlet there are even two
such saddle points, in sequence, before reaching the final prismatic geometry and
thus three consecutive IRC paths were needed.) The topology of potential energy
surface emerging from our IRC studies is thus rather complicated and indicative of
a bifurcation behavior?®. In all cases the system eventually ends up in the trigonal

prism form, while the energy along the reaction path goes monotonically downhill

(ESTY).

We also notice that near the end of the IRC scan (after completing the IRC-2
path), the potential energy surface becomes very flat, suggesting that the system
may easily (AE* < 2 kcal/mol) interconvert from one trigonal prismatic conforma-
tion to another via an intermediate structure which is similar to the end point of
IRC-2 (see ESIt). In contrast, going back to the octahedral structure is an unlike
event (AE* > 10 kcal/mol). The instability of the octahedron in favor of the trigo-
nal prism and a noticeable lability of the latter structure (particularly for the triplet
state) are also confirmed by Born-Oppenheimer molecular dynamics (MD) simula-
tions. According to MD simulations (trajectories available as movies in the ESIY),
the distortion of [Mo(CN)]?~ out of the octahedral geometry is an extremely fast
process, occurring on the sub-picosecond time scale. In sum, all our calculations for

isolated [Mo(CN)g]?~ demonstrate that the distortion from the octahedron to the

15
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trigonal prism geometry is thermodynamically favorable and barrierless, and hence

the complex should not be isolated in the ideal octahedral geometry.

Trigonal prismatic MLy complexes are rare. However, it is well known that some
MLy complexes—typically with (d)°; (d)!, or (d)? metal ions and o-only ligands—
do indeed adopt a trigonal prismatic geometry in order to maximize o-donation

4546 The conversion from

from the ligands to the electron-deficient metal center
an octahedral to a trigonal prismatic structure can be viewed as the second-order
Jahn-Teller (JT) distortion driven by mixing between two components of the ¢y,
level (empty or incompletely filled metal d orbitals) and two components of the
highest occupied ty,, level (doubly-filled ligand orbitals), which appear in the same
orbital symmetry (¢/) for the trigonal prismatic structure?”. This mechanism is to
be clearly distinguished from the first-order JT effect due to uneven occupation of
the ty4 level. The latter effect is not expected to generate a significant distortion

out of the octahedral geometry since the ty, orbitals are not directed towards the

ligands and mostly nonbonding®.

We believe that [Mo(CN)g]?™ prefers the trigonal prismatic structure owing to
the analogous reasons as for the other known prismatic MLg complexes, i.e., in
order to maximize the metal-ligand o-bonding interactions. Although cyanide can
be both a o-donor and a w-acceptor ligand, the molybdenum center in the high (+1V)
oxidation state cannot efficiently donate to the empty 7* orbitals on the cyanide.
Hence, with respect to the Mo(IV) center the cyanide behaves like a ¢-only ligand
(i.e., the m-backdonation plays a minor role). We notice that in a closely related
[Mo™(CN)g]?~ anion, where the Mo(III) center is a stronger 7-donor towards the
cyanide than the Mo(IV) one, both o-donor and m-acceptor properties of the cyanide
play a role in determining the geometry. Consequently, [Mo™(CN),]?~ is octahedral

49,50

according both to the literature and to the DFT calculations performed in this

work (see Figure 3). Moreover, for a hypothetical [Mo' Cls]?~ anion (i.e., cyanides
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[Mo"(CN)g]*" [Mo"Clg]* [Mo"(CN)eJ*"
(d)%; S=3/2 (d)%; S=1 (d)’; $=0, S=1
ground state ground state close in energy

Figure 3 Comparison of the calculated structures and most stable spin-states for com-
plex anions: [Mo™(CN)4]3~ (octahedral), [Mo!'VCls] 2~ (octahedral), and [Mo!V(CN)4]2~
(trigonal prismatic). Non-octahedral geometry in the case of [Mo!V(CN)s]?" is due to
a unique combination of strong o-donation properties of the cyanide ligands and low num-
ber of d electrons on the Mo center, which suppresses m-backdonation to CN 7* orbitals.

replaced by chlorides) our DFT calculations also point to the octahedral geometry
(Figure 3). This can be rationalized by a strong m-donor ability of the Cl ligands as
compared with the CN ligands. Therefore, the trigonal prismatic structure in the
case of [Mo'(CN)4]2~ should be attributed to a unique combination of the o-donor

properties of cyanide with the high electrophilicity of Mo(IV) center.

In view of the above arguments, it is rather striking that the trigonal prismatic
geometry of [Mo(CN)g]?~ did not appear in the published crystal structure of 1,
which instead revealed the ideal octahedral geometry®. However, the calculations
and discussions presented so far, apply to isolated [Mo(CN)4]?~ anion in gas phase,
whereas the situation in the crystal phase may be different. It is possible, at least
in principle, that a steric crowding, hydrogen bonding, and other intermolecular
interactions appearing in the solid state could stabilize the octahedral geometry of

[Mo(CN)g] 2, even though it is not an energy minimum for isolated gaseous anion.

To verify whether this might be the case, we performed periodic DFT geometry
optimization, starting from the crystal structure of 1 from ref. 6 (exhibiting the ideal

[Mo(CN)4]?~ octahedra). The counterions ((CH,),N*) and water molecules were
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(a) (b)

Figure 4 A view of the unit cell of 1 with the {[(CH;),N][Mo(CN)¢]-H,0}, motif after
the geometry has been optimized (in a frozen cell) in periodic DFT calculations assuming
either the singlet (a) or the triplet (b) state for each Mo center; and the initial geometry
(¢), which was based on the published crystal structure of 1. In the case (a) and (b)
the [Mo(CN)g]?~ ions are notably distorted, adopting a geometry which is intermediate
between the octahedron and the trigonal prism. Atomic coordinates in the ESI{.

obviously included in this simulation, as they are present in the published crystal
structure. The calculations took into account various intermolecular interactions
playing a role in the crystalline phase, including dispersion interactions (by means
of the DFT-D2 approach of Grimme?®). We thus believe that these periodic DFT

calculations provide an adequate model of the situation in the solid state.

Nonetheless, even in these solid-state calculations, the [Mo(CN)4]?  octahedra
turned out to be unstable with respect to the similar distortion as observed for the
isolated anion. During the simulation, the [Mo(CN)4]?~ anions adopted a highly
distorted geometry, which is intermediate between the octahedron and the trigonal
prism, and deviates considerably from the starting octahedral geometry (Figure 4).
The strong deviation from the initial octahedral geometry was observed irrespective
of which spin state (singlet or triplet) was assumed for individual [Mo(CN)g]?"
octahedra, although the distortion was larger for the singlet state. (This is consistent
with a smaller energy gain from the trigonal twist and a greater structural lability

in the case of triplet state, as found in Figure 2 and observed in the MD simulation.)
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It thus follows that even the steric crowding and other intermolecular interactions in
the crystalline state cannot fully overcome the preference of [Mo(CN)g]?~ to deviate

from the octahedral geometry.

Clearly, we are aware that our periodic DF'T simulation may not necessarily reach
the global energy minimum, representing the correct structure of 1 in the solid state
(it might have got stuck in a local energy minimum; however, it is not the goal of this
study to predict the global minimum of the crystal structure, which is a complicated
task even for small small organic molecules®). In spite of that, our periodic DFT
simulation has clearly demonstrated that the published crystal structure of 1 is
energetically unstable. It means that the ideal [Mo(CN)s]?~ octahedron does not
correspond to a minimum on the potential energy surface, not even a local one.
This holds true not only for single gaseous anion (where the correct geometry is
undoubtedly the trigonal prism), but also for the model of crystalline phase. In
the latter case, the correct geometry still remains uncertain, but the periodic DFT
calculations point to highly distorted structure intermediate between the octahedron

and the trigonal prism.

Therefore, the theory strongly suggests to take a critical look at the previously
published crystal structure of 1, because its high symmetry (leading to the octa-
hedral geometry of [Mo(CN)g]?") might be an artifact. For instance, the crystal
structure may suffer from multiple twinning through merohedry (merohedral twin-
ning)®? or undiagnosed superstructure properties, or be disordered in such a way
that standard crystallographic procedures give an incorrect “average structure” with
too high a symmetry.?®% In consequence, the ideal octahedral arrangement of the
CN ligands around the Mo center may be due to undiagnosed merohedral twinning,
superstructure properties and/or disorder about some crystallographic symmetry el-

ement(s) (note that Mo is placed on a special position of very symmetric space group

Fm3m). It may be thus interesting to reinvestigate the previously published crys-
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tal structure of 1, with the aim of correcting a possible pitfall. However, modeling
the suspected multiple twinning through merohedry and/or disorder for this highly-
symmetric structure looks like a crystallographic endeavor. Certainly, this is beyond

the the scope of the present study and would require a dedicated crystallographic

paper.

In principle, a comparative IR/Raman analysis may be a powerful technique
to discriminate between centrosymmetric and non-centrosymmetric structures. We
thus compared the experimental IR and Raman data® with simulated wave numbers
and intensities of the CN stretching vibrations (vcy), assuming different geometries
and spin states of [Mo(CN)]?~ (see Table S20, ESIT). However, the analysis turned
out to be complicated due to accidental band overlapping and the fact that for
[Mo(CN)g]?™ in the “octahedral geometry” the actual symmetry of the stationary
point is not Oy, but Dy, due to uneven occupation of the ty, orbitals. The re-
sults are thus not fully conclusive, because the experimental distribution of the vey
bands is comparably similar to that calculated for either the trigonal prism in the
singlet state (restricted) or the octahedron in the triplet state (cf Table S20). Hence,
this comparative IR /Raman analysis neither confirms nor exclude the possibility of
a trigonal prismatic geometry. One should also be aware that the experimental
IR/Raman data reflects the situation in the solid state, where intermolecular inter-
actions may shift the bands and affect their relative intensities as compared with

the isolated anion.

Given that the true crystal structure of 1 is presently uncertain—in that we
cannot resolve the discrepancy between the present theoretical calculations and the
previously determined crystal structure—the rest of this paper is focused on the
results for an isolated [Mo(CN)g]?  anion as well as on their possible magnetic

implications.
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3.3 Spin-state energetics

It is clear that the mentioned distortion (from octahedral to trigonal prismatic struc-
ture) must seriously affect the relative spin-state energetics of [Mo(CN)g]? . This
could be already seen in previous Figure 2 above and is confirmed by the results of
many methods gathered in Table 1. Whereas for the octahedral structure the triplet
state is favored by at least 12 kcal /mol, for the prismatic structure the two spin states
are lying closer in energy. All the DFT methods tested here still point to the triplet
ground state, but now with the singlet state lying only a few kcal/mol above (which
contrasts the situation for the octahedral geometry). However, it is well known that
approximate DFT methods—while clearly useful for predicting molecular structures
and providing a qualitatively correct landscape on the potential energy surface—
might have problems with accurate description of spin-state energetics, for which
an error of a few kcal/mol is not unlike®??7. In such problematic cases comparison
with high-level wave function methods may be helpful to resolve the doubts. There-
fore, to obtain more reliable energetics, we applied a multiconfigurational method,
CASPT2 (perturbation theory based on the complete active space method;*® for

a review of applications to inorganic and bioinorganic systems see, e.g., ref. 59-61).

Before proceeding to the results, it must be recalled that CASPT2 is a perturba-
tional method to include dynamical correlation on top of the variational CASSCF
wave function®®. The zero-order Hamiltonian in CASPT2 contains a parameter
called the TPEA shift, whose default value (ejpga = 0.25 a.u.) has been adjusted
to correct a bias of the original formulation in favor of open-shell electronic struc-

62 Recently, a few authors attempted to vary the IPEA value and observed

tures
that the relative energetics of transition metal complexes can be very sensitive to
the actual value of e;pga (at least for the standard choice of the active space in the

preceding CASSCF calculations) %54, The IPEA shift values as large as 0.5-1.0 a.u.

have been found necessary to reproduce reference energetics, either based on experi-
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Table 1 Relative spin-state energetics of [Mo(CN)g]?~ for the octahedral (oct) and trig-

onal prismatic (tp) structure ¢

E(singlet) — E(triplet)

B3LYP
B3LYP*
OLYP
BP8&6
PBE
TPSS
TPSSh
MO6
MO6L

oct tp
DFT methods
14.0 5.6
13.1 4.3
14.6 2.9
12.4 2.9
12.2 2.5
12.6 5.4
14.0 7.2
154 3.1
13.4 7.2
14.7 4.3

B2PLYP

Wave function methods

CASPT2b¢

(EIPEA = 025)
(EIPEA = 050)
(5IPEA = 075)

RCCSD(T)

UCCSD(T)!
CR-CC(2,3)!

12.9 2.7
12.8 —~1.3
12.9 —4.6
d 5.6¢
5.5/
5.19

6.4

d 6.6

“In kcal /mol; positive number indicates triplet
ground state. "CASPT2 energies calculated
for the DFT-optimized structures (tp) or for
the experimental structure (oct). “Basis set
ANO-II (see Section 2.3) 9Not determined.
“Basis set (A). /Basis set (B). 9Correlation
energy extrapolated to infinite basis set us-
ing basis set (C) with n =T,Q. For basis sets
(A)—(C) used in coupled cluster calculations

see Section 2.4.
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mental spin-state data% or high-level coupled cluster calculations®*, for the studied
octahedral complexes of Fe and Co. In contrast, the default choice of ejpga = 0.25
a.u. has been shown to overstabilize the high-spin state in the studied complexes®?.
Prompted by these literature results, we decided to test in this work the following

three values of the IPEA shift parameter: 0.25, 0.50, and 0.75 a.u.

As can be seen from Table 1, the relative CASPT2 energy, indeed, strongly de-
pends on the IPEA shift parameter. However, the dependence is observed only for
the trigonal prismatic structure, not nearly for the octahedral one. Interestingly, for
the prismatic structure, the ground state changes with increasing the e;pga param-
eter. Whereas for the IPEA shift of 0.25 a.u. the singlet—triplet splitting is similar
as in the DFT calculations (i.e., the triplet ground state), for larger IPEA values
(0.5 and 0.75 a.u.) the singlet clearly becomes the ground state favored by 1.5-5
kcal/mol. These numbers are adiabatic energies (i.e., each spin state computed in
its equilibrium geometry). In the equilibrium geometry of the singlet state, the
triplet is higher in energy already for the IPEA value of 0.25 a.u. (cf Table S8,
ESIT). In sum, the CASPT?2 calculations with a reasonable selection of the IPEA
shift parameter indicate that [Mo(CN)g]? in the trigonal prismatic geometry may

possibly have a singlet ground state.

For additional confirmation we also performed coupled cluster calculations: us-
ing the standard CCSD(T) method as well as completely renormalized CR-CC(2,3)
method of Piecuch et al.®> However, unlike CASPT?2, both coupled cluster methods
place the singlet state more than 5 kcal/mol above the triplet state. Therefore,
the true spin-state energetics [Mo(CN)g]?~ still remains uncertain, but we notice
that only the CASPT2 calculations (for ejpga larger than ~ 0.5 a.u.) are consistent
with the experimental diamagnetic properties. In view of that, it is noteworthy that
the lowest singlet state has a remarkable multiconfigurational character—caused

by mixing of the principal configuration [(a})?(¢/)°] with two excited configurations
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[(a})°(¢)?] of the appropriate symmetry (see Table S5, ESIT). This multiconfigura-
tional mixing, while correctly treated in the CASPT2 calculations, may be poorly
described by single-reference coupled cluster methods. Moreover, it can be only par-
tially taken into account in the spin-unrestricted DFT calculations (where a broken-
spin solution was obtained, with fractionally-occupied natural orbital being basically

the a} and one of the ¢’ orbitals; see Figure S6 and Table S6, ESIY).

We notice that although the singlet and triplet states are predicted so close in
energy, [Mo(CN)g]?" is not expected to be a spin-crossover complex in the experi-
mentally probed range of temperatures. This is because the free energy correction
to the relative spin-state splitting is as small as ~ 0.5-1 kcal /mol at room temper-
ature (Table S7, ESIT). Hence, if the electronic energy gap between the singlet and
triplet spin states really amounts to ~ 5 kcal/mol (as suggested by CASPT2 with
erpea = 0.75 a.u.), it will not be compensated by the thermal effects unless the tem-
perature is very high. On the other hand, the low-lying excited triplet state, should
influence the magnetic properties of 1 due to its non-zero Boltzmann population at

elevated temperatures; we shall return to this observation later on.

3.4 Spin-orbit coupling

The energetics discussed so far did not include the effects of spin-orbit coupling
(SOC). The SOC was taken into account at the CASSCF/CASPT2 level using
a multi-state RASSI formalism (see Section 2.3 for details) by diagonalizing the
appropriate relativistic Hamiltonian matrix in the basis set of all singlet and triplet
states arising from the (2,)* configuration for the octahedron or the corresponding
(@}, €')? configuration for the trigonal prism. The detailed results are provided in the
ESIt (Tables S8-10). Although spin states with different multiplicities were allowed

to interact via the SOC Hamiltonian, the mixing between singlet and triplet states
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turned out to be very small, so that the resulting spin-orbit states largely retained

their singlet or triplet character.

As might be expected, the SOC mainly affects spatially degenerate triplet states,
by splitting them into multiplets, whereas the effect on the non-degenerate triplet
states and the singlet states turned out to be negligible (~ 0.1 kcal/mol). For the
experimental octahedral structure the lowest triplet term (*7%,) splits into three
levels, yielding a ~ 3 kcal/mol wide multiplet (Table S8 ESI}{). A comparable
SOC effect is observed for the trigonal prismatic structure optimized for the singlet
state (the ideal prism, Dsy,), where the lowest triplet term (*E") is split to give a 2
kcal/mol wide multiplet (Table S9, ESI{). However, the triplet state is no longer
orbitally-degenerate in its optimized geometry (distorted prism, Cs,); therefore, for
this structure the triplet states undergoes only a negligible splitting due to the SOC
by 0.1 kcal/mol (Table S10, ESI}).

It thus follows that the SOC interaction cannot drastically change the spin-state
energetics of [Mo(CN)g]? ", its main effect being an additional stabilization of the
lowest term emerging from the triplet state by ~ 1 kcal/mol for the more symmetric
structures (O, D3p,). In variance, the effect nearly disappears for the less symmetric

structure (Cy,) being the optimal geometry of the triplet state.

3.5 Magnetic properties

The above multi-state RASSI formalism with the SOC interaction was also used to
simulate the magnetic properties of [Mo(CN)4]? . It is worthy to look at the effective
magnetic moment (fi), whose temperature dependence reflects contributions of all
thermally available energy levels®>. Table 2 shows the temperature dependence of
pet for the three representative geometries of [Mo(CN)g]?  considered above: the

octahedron and the optimized (trigonal prismatic) structures of the singlet state
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Table 2 Effective magnetic moment of [Mo(CN)¢]?~ (Bohr magneton) for experimental
octahedral (oct) and calculated trigonal prismatic structure, optimized either for singlet
(*tp) or triplet state (3tp).

T (K) oct ‘ltp (Dsp)  3tp (Coy)

5 1.10 5-1073 2.46
10 121 7-1073 2.65
50 1.37 0.017 2.77

100 1.52 0.094 2.78
200 1.77 0.56 2.78
300 1.99 1.04 2.79

Spin-only value for S = 1: pp ~ 2.83

®RASSI calculations based on perturbatively
modified states from MS-CASPT2, cipga =
0.25 a.u., basis ANO-I.

(*tp) and the triplet state (*tp). Results for these geometries will be now discussed

in a different order for the sake of clarity.

The magnetic moment calculated for the 3tp structure (the distorted prism, Cs,)
is nearly constant and close to the spin-only value. In contrast, for the octahedral
structure the magnetic moment is considerably below the spin-only value, particu-
larly at low temperatures. This is due to a partial quenching of the spin momentum
by the angular momentum in the degenerate triplet state (*T3,). Nevertheless, the
paramagnetic character is still remarkable in the whole range of temperatures. Fi-
nally, for the 'tp structure (the ideal trigonal prism, Dsy,), the magnetic moment is
nearly zero at low temperatures because for this structure the lowest energy state is
diamagnetic singlet. (Note that, in contrast to adiabatic CASPT?2 energies presented
in Table 1, for the optimized tp geometry, the singlet is vertically below the triplet
already for e;pga = 0.25 a.u.; cf Table S8 in the ESIT.) Interestingly, with increasing
temperature, p.g increases to 40% of the spin-only value at room temperature. As
mentioned above, this is a consequence of growing a Boltzmann population of the

excited triplet state.

Clearly, the numeric pog results for the 'tp structure in Table 2 are not to be taken

quantitatively since they critically depend on the singlet—triplet splitting, whose ac-
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tual value is presently uncertain (see Section 3.3). However, if [Mo(CN)g]?" has
indeed a singlet ground state and a triplet state only a few kcal/mol above, these
data suggest that the magnetic susceptibility should reflect—in addition to the dom-
inant diamagnetism due to the singlet state—also the Boltzmann population of the
paramagnetic triplet state. The appropriate model for such a two-level system (sin-
glet ground state, triplet excited state) is developed in the ESIf. The magnetic
susceptibility Xpara in this model (not accounting for constant diamagnetic contri-

bution) can be expressed by the following function of the temperature (7'):

a/T

I =17 Lexp(A/KT)’

(1)

A being the singlet—triplet splitting. The dimensionless constant a equals to unity
if the triplet state has a spin-only magnetic moment (2\/§ Bohr magneton); by
setting a to a smaller value, one may effectively describe a quenching of the magnetic
moment due to the SOC. We notice that eq. (1) is similar to the Bleaney—Bowers

formula used to describe the magnetic susceptibility of an antiferromagnet .

A more realistic description of the SOC can be provided by considering that
the triplet state splits into three Krammer’s doublets (assuming the ideal prismatic
geometry characteristic of the singlet state). To account for this effect, additional
simulations of magnetic susceptibility were carried out with the RASSI approach (see
above), in which the wave functions for the singlet and triplet state were taken from
the CASSCF calculations, but their initial splitting (i.e., prior to adding the SOC
interaction) was considered an adjustable parameter, analogous to the parameter A

in the above analytic function [eq. (1)].

Figure 5 shows the experimental magnetic susceptibility of 1 compared with
these two theoretical models. For clarity of presentation, the experimental data were
corrected by subtracting a constant diamagnetic susceptibility (yo = —201.4 - 107°

emu/mol) and a trace paramagnetism observed at low temperatures (C'/T with
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Figure 5 Molar magnetic susceptibility of 1 recorded on the SQUID magnetometer (after
subtracting the xo and C/T terms, where yo = —201.4 - 107% emu/mol, C' = 25.42 -
107% emu-K/mol, as explained in Figure S9, ESI{) wersus theoretical predictions from
two models (see text) with the adjusted values of the A parameter. The increase of
susceptibility for T > 100-150 K is tentatively attributed to increasing a Boltzmann
population of the excited triplet state.

C = 25.42-107% emu-K/mol). The latter effect may be attributed to contamination
of the sample with ubiquitous iron and is not of our interest in this study. (See

Section 2.5 for more details and Figure S9 in the ESI{ for uncorrected magnetic

data.)

It is clear from experimental data in Figure 5 that 1 remains diamagnetic in the
whole range of temperatures probed in the experiment. However, it also turns out
that x actually increases by ca. +4 -107% emu/mol when T increases from ~ 100
to 300 K. This increase is small compared with the total diamagnetic susceptibility
(xo ~ —2-107* emu/mol), but it would be very difficult to explain this effect
otherwise than by invoking the Boltzmann population of the low-lying paramagnetic
state. Moreover, as shown in Figure 5, both theoretical approaches (i.e., the analytic
function (1) with a = /2 and the numerical model) can roughly reproduce such
an increase of x assuming reasonable values for the A parameter (2100-2600 K,

i.e., 4-5 kecal/mol). These values are not far from the singlet—triplet gaps obtained
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from the CASPT?2 calculations with the increased IPEA shift (cf Table 1). Note,
however, that both theoretical approaches give the x(7') functions which are too
convex to ideally fit the experimental data. Moreover, since the experimental effect
is small and there still remains a controversy about the structure of [Mo(CN)g]?"
(contradiction between computational and crystallographic structure; see Section
3.2), the interpretation presented in this section and especially in Figure 5 should
be considered a hypothesis. By proposing it, we clearly do not claim that we have
found a definite explanation of the experimental magnetic behavior of 1. This must
await correct re-determination of the crystal structure, which is beyond the scope

of this work (see Section 3.2).

4 Conclusions

The calculations carried out in this work confirmed that, assuming the previously re-
ported octahedral geometry of [Mo(CN)4]? ", this anion would have a triplet ground
state, favored over the lowest singlet state by more than 10 kcal/mol. Moreover,
the presented calculations also indicated that neither spin-orbit coupling on a single
site, nor magnetic interactions between neighboring sites in the previously published
crystal structure of 1 (their Mo centers being separated by more than 8 A distance),
could give rise to the diamagnetic behavior in the broad range of temperatures. All
these results make it impossible to understand the experimentally well confirmed
diamagnetic properties of salt 1, containing the [Mo(CN)g]?~ anion, if the anion is

indeed octahedral.

However, the calculations surprisingly revealed that an isolated [Mo(CN)4]%~
anion is unstable in the octahedral geometry; it undergoes (very quickly and spon-
taneously) a distortion to give trigonal prismatic geometry. The distortion was

found to be energetically favorable and barrierless, because the octahedral geometry
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is not even a minimum, but a saddle point on the potential energy surface. The
tendency of [Mo(CN)4]?~ to adopt the trigonal prism geometry was rationalized as
a second-order Jahn-Teller effect, which is governed by the strong o-donation from
the cyanides to the electron deficient Mo(IV) center, compared with lacking or very
weak m-donation and m-backdonation effects. The mechanism is thus analogous as

45,46 Nonetheless, while most

for several known trigonal prismatic MLg complexes
of them contains hydride, alkyl or dithiolene ligands, [Mo(CN)4]? " may be the first
example of a non-octahedral complex based on cyanide ligands (“may be”—because

this is so far only a computational result; not yet confirmed by the crystal structure).

According to the calculations, the distortion of the [Mo(CN)g]?~ geometry—from
the octahedron to the trigonal prism—may give rise to a significant stabilization of
the singlet with respect to the triplet state. This effect is rooted in a stronger o-
donation in the singlet than in the triplet state (thus, basically, the singlet gains
more from the distortion than the triplet). Although the qualitative effect is very
apparent, the actual energy difference between the two spin states still remains un-
certain because various computational methods applied here (DFT, CASPT2, and
coupled cluster) gave a considerable variation of the results. In passing we high-
light the need of accurate and reliable computational protocols to unambiguously
predict the spin-state energetics of transition metal complexes, including those with
significant multireference character. Herein, only the CASPT2 calculations (with
the IPEA shift parameter greater than 0.5 a.u.) were able to recover the singlet
ground state, in agreement with the diamagnetic character of salt 1. According to
these calculations, the first triplet excited state is lying low enough in energy to be
thermally populated at elevated temperatures and thus its presence should affect
the magnetic susceptibility. This prediction seems to be consistent with a slight
increase of the susceptibility with increasing the temperature that was revealed in

the SQUID measurements of 1. However, the remaining uncertainty about the crys-
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tal structure (see below) prevent us from drawing very definite conclusions. In this
regard, the proposed explanation of the magnetic properties of 1 should be treated

as a hypothesis.

An important and intriguing output of this work is the lack of agreement between
the computational and crystallographic structure of [Mo(CN)4]?~ anion. Whereas
the crystal structure in ref. 6 depicted the anion in the ideal octahedral geometry
(which has been paradoxical since the beginning, in view of the diamagnetism),
this work has shown that the octahedral geometry not only would be inconsistent
with the diamagnetism, but it also turned out to be unstable with respect to the
mentioned second-order Jahn-Teller distortion, and thus should not be isolated.
The instability of octahedron was observed here not only for single gaseous anion,
but also for periodic DFT model of the crystalline state of 1. Our periodic DFT
optimization yielded a highly distorted structure that is very different from the
previously reported crystal structure, although the latter was used as the starting
point for our simulations. Such a result is surprising and unexpected when a correct

crystal structure is used as the starting point.

The presented theoretical arguments against the octahedral structure are strong,
as they are based on multiple approaches: harmonic frequency analysis, energy cal-
culations with various methods, potential energy scan along the Bailar twist coordi-
nate, IRC paths, MD simulations, and even periodic DFT to model the situation in
the solid state. All these methods point to a similar conclusion that [Mo(CN)g]?~
should not be isolated in the octahedral geometry. Having learned all that from
theory and knowing the experimentally well confirmed diamagnetic properties of 1,
we are thus left with no other choice than to suppose that there might be an error
in the previous crystal structure determination. For instance, it is possible that due
to a (multiple) merohedral twinning and/or disorder which were not accounted for

correctly, or due to overlooked superstructure properties, the very high crystallo-
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graphic symmetry (Fm3m) might be an artifact, leading to wrong arrangement of
the CN ligands around the Mo center; i.e., a kind of “average structure.” Before
this controversy is resolved in full (by revisiting and possibly correcting the crystal
structure) it is not legitimate to give definite conclusions about the magnetism of
1. However, the problems with this crystal structure look like very challenging from
the crystallographic point of view. According to our experience, resolving them may
require developing an appropriate structural model to describe the multiple mero-
hedral twinning and/or disorder in the high-symmetry space group. While clearly
beyond the scope of this work, it may be worthy to consider such possibilities in sub-
sequent crystallographic studies of 1, in order to depict the true molecular structure
of [Mo(CN)4]?~ anion, which-—according to the present theoretical findings and its

magnetic properties—is very unlikely to be octahedral.
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[Mo(CN)g]?~ is computationally predicted to be a trigonal prismatic

complex with closely-lying singlet (S = 0) and triplet (S = 1) spin states.
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