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Photoinduced Mo-CN Bond Breakage in Octacyanomolybdate

Leading to Spin Triplet Trapping

Xinghui Qi, Sébastien Pillet, Coen de Graaf, Michat Magott, EI-Eulmi Bendeif, Philippe Guionneau,
Mathieu Rouziéres, Valérie Marvaud, Olaf Stefanczyk, Dawid Pinkowicz*, Corine Mathoniére*

Abstract: The photoinduced properties of the octacoordinated
complex K4Mo"(CN)s-2H,0 were studied by theoretical calculations,
crystallography, and optical and magnetic measurements. The crystal
structure recorded at 10 K after blue light irradiation reveals an
heptacoordinated Mo(CN); species originating from the light-induced
cleavage of one Mo-CN bond, concomitant with the photoinduced
formation of a paramagnetic signal. When this complex is heated to
70 K, it returns to its original diamagnetic ground state, demonstrating
full reversibility. The photomagnetic properties show a partial
conversion into a triplet state possessing significant magnetic
anisotropy, which is in agreement with theoretical studies. Inspired by

these results, we isolated the new compound [K(crypt-
222)]s[Mo™(CN);]-3CHsCN  using a photochemical pathway,
confirming that photodissociation leads to a  stable

heptacyanomolybdate(lV) species in solution.

The remote control of magnetic properties with light is a
fascinating topic in materials science. In coordination chemistry,
the well-known light-induced magnetic tunability concerns spin
crossover of one single metal center (notably Fe")* and metal—
metal charge transfer (MMCT) in bimetallic cyanido-bridged
networks (e.g., Co/Fe(CN)e),@ usually associated with local
contraction/dilatation of the coordination spheres.?

Bimetallic octacyanidometallate-based compounds display
appealing features in their photoinduced magnetic states, such as
high relaxation temperatures, high Curie temperatures, and site-
selective switching.>-¢1 The optical spectra of some of these
systems display MMCT bands, and consequently, the observed
photomagnetic behaviors have been interpreted as MMCT. This
scenario was confirmed for Co""WY(CN)g systems,l’l but for
specific Cu"/Mo"(CN)g systems, the results of X-ray magnetic
circular dichroism revealed a singlet-triplet crossover centered on
the Mo'v.[®l Additionally, theoretical calculations have suggested

the photoinduced formation of a triplet located on Mo concomitant
with the breakage of one Mo-CN bond in [Mo(CN)g]*.[ec.

We selected K;Mo"V(CN)g-2H,O (1) for an in-depth inves-
tigation of its photomagnetic properties. The first photo- magnetic
characterization of 1 using UV light was reported in 2000, and a
photooxidation from Mo** to Mo®* was sugges- ted.*d Recently, a
spin crossover was proposed to interpret the photoinduced
magnetism in a MoZn, complex®! and in
(Hscyclam)[Mo"V(CN)g]-1.5H,O (cyclam = 1,4,8,11-tetraaza-
cyclodecane).!? In this work, we demonstrate unambiguously
that the reversible photomagnetism in 1 is associated not only
with a spin change but also with a profound structural modification
of the complex.

Complex 1 was synthesized as described previously.* We
performed theoretical investigations of 1 using the CASSCF/
CASPT2 and TD-DFT approaches to determine the excitation
energies.'? The UV/Vis spectra of 1 in solution and in the solid
state are nicely reproduced by the calculations (Figure S2 and
Table S1 in the Supporting Information). The lower-energy
transitions (430 and 360 nm) were assigned to transitions
between the singlet state and triplet states, in line with previous
calculations.!*® These spin-forbidden transitions are detectable
because they gain intensity through spin—orbit coupling (Tables
S1 and S3). At higher energy, the observed intense band (240
nm) is probably due to a combination of multiple spin-allowed
excitations and charge transfer excitations.

We performed reflectivity measurements of 1 to evaluate its
photochromic properties. Upon exposure to specific wavelengths
within the 365-455 nm range at 10 K, a new broad absorption
around 650 nm appeared, suggesting a modification of the
molybdenum electronic configuration. Then, the complex was
subjected to 30 min irradiation at 405 nm (i.e., the most efficient
wavelength) to obtain the spectrum of the photoexcited state that
is stable over time at 10 K. When 1 was heated further, the
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characteristic band of the photoexcited state began to disappear
and vanished completely around 70 K, the temperature at which
1 recovers its initial state (Figures 1 and S3). Based on the above
theoretical calculations, the selective 405 nm excitation allows the
lower-energy triplet state to be reached. Complementary
calculations were performed to obtain the optimized geometry of
the triplet state, which shows a geometry change for Mo from
octa- to heptacoordination, similarly to what has been computed
for Cu"/Mo"V(CN)s systems.edl

" 405 nm, 10 K, 1 mW/em®

=

S 08

=

[&]

2 06 -

[}

m 0.4 — () MIiN

QL - —2min

=

8 02 F — 7 min

fw] 10 min 08

< ot 08 TIK

=30 min "o 50 100 150 200

1 | | 1 1 ]
500 600 700 800 900 1000

Afnm

Figure 1. Reflectivity spectra of 1 after 405 nm irradiation for different periods
of time (1 mW/cm?, 10 K). Inset: Temperature dependence of the absolute
reflectivity at 650 nm (during (blue arrow) and after excitation in heating mode
in the dark (black circles).

To experimentally confirm these drastic light-induced
modifications of 1, single-crystal X-ray diffraction (SXRD) was
employed. The crystal structures of the ground state, the
photoexcited state, and the relaxed state at 10 K are referred to
as 1, 1* and 1relax respectively. A color change from yellow for 1
to green for 1* was observed at 10 K upon 30 min exposure to a
405 nm laser (Figure 2b). The green color of 1* agrees with the
appearance of the 650 nm band in the reflectivity spectra. The
yellow color of 1 was restored in Lrelax by heating 1* to 70 K.

The good crystallinity allowed us to track the crystal structure
variation after light irradiation at 10 K and after thermal relaxation.
Selected crystallography data are compiled in Tables S4-S6. At
10 K,the structureof 1 is identical to that reported at room
temperature. 1, 1* and lreiax adopt the same space group Pnma,
and the global crystal packing is preserved. Compared to 1, 1*
clearly reveals a cell volume expansion with an increase along the
¢ axis. Complex 1* shows a coexistence of the ground state and
the photoexcited state with a partial photoconversion rate of 53%,
from which
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Figure 2. Crystal structures with 70% probability thermal ellipsoids for 1 (a) and
1*pes c) with hydrogen bonding (red dashed lines). (b) Photographs of crystals
of 1, 1*, and lrelax at 10 K. d) Superposition of relevant fragments for 1 (blue)
and 1*pes (red).?Y

the structure of the photoinduced state has been extracted and is
referred to as 1*pes hereafter.

The comparison of 1, 1* and lreiax reveals spectacular
modifications in the Mo environment. In 1 and lreiax, the Mo
coordination sphere consists of eight cyanide ligands, afford- ing
triangular dodecahedron (TDD) geometry with continuous shape
measurement (CShM) values of 0.25 and 0.24, respectively.'4
On the other hand, 1*res features a Mo(CN) coordination sphere
adopting an intermediate geometry between a capped
octahedron (COC) and a capped trigonal prism (CTPR), with
CshM values of 1.01 and 1.55, respectively.

Figures 2c,d, S4, and S5 show the striking differences in the
Mo coordination sphere. In 1*pes, the cleavage of the Mo- C3B
bond is confirmed by its drastic elongation from 2.176(3) A to
3.963(2) A, indicating that the C3B atom is not linked to the
molybdenum center anymore. The C3B-N3B bond length of
1.123(7) A indicates that the carbon-nitrogen triple bond is
preserved. The C3N3 ligand that is sitting on a mirror plane in 1
is significantly shifted out of the mirror plane upon photoexcitation,
and is now disordered over two symmetry-related positions. In
1*pes, the Mo center moves in the opposite direction to the broken
Mo-CN bond (Figure 2d). The average Mo-C bond length for 1*pes
is 2.153(4) A, which is slightly shorter than the ones found in 1
(2.161(2) A). The average Mo-C-N angle slightly changes from
177.5(2) °in 1to 176.4(3) ° in 1*pEs.

A superposition of the experimental structure of 1*pes and
the calculated structure of 1*pescar Obtained from periodic DFT
calculations shows identical Mo coordination spheres. The only
difference comes from the disorder that affects the broken C3B-
N3B moiety in 1*pes (Figure S6), as this disorder originating from
the symmetry is not considered in 1*pescal.

The detached cyanide ligand is trapped by potassium ions
and water molecules as shown in Figures 2c and S4b—-d. The
nitrogen atoms of cyanide ligand N3B and water molecules form
N3B:--H-O hydrogen bonds. As shown in Table S7, the N3B---H
distance is drastically shortened from 2.47(3) A to 1.77(3) A after



light irradiation, which indicates a much stronger H-bond
interaction in 1*pes. Fingerprint analysis for the intermolecular
interactions confirmed the large variation in the N---H interaction
(Figure S9). In parallel, the carbon atom of the cyanide ligand C3B
interacts with the adjacent K3 cations. The heptacoordinated
complex [Mo(CN);]*, the detached CN- anion, and the K3 cations
are stacked in an alternating fashion in columns in the ac plane
(Figure S4). This probably explains the significant increase in the
¢ and V parameters in 1*pes. The superposition of the crystal
structures of 1 and 1relax confirms the full reversibility (Figure S7b).

To complete these investigations, new CASPT2 calcula-
tions based on the crystal structure of 1*pes were conducted that
confirmed the triplet nature of the ground state (Tables S2 and
S3). Additionally, we recorded UV/Vis and IR spectra after 405
nm irradiation at 10 K (Figures S10 and S11). New transitions
appear in the UV/Vis spectrum, one at about 310 nm and a
second broad absorption in the visible region, which are
consistent with the reflectivity data. TD-DFT calculations attribute
the broad absorption band to an LMCT absorption from the
detached cyanide to Mo. The IR spectrum reveals new features
in the cyanide asymmetric stretching region (2040-2160 cm™)
that can be assigned to the heptacoordinated Mo(CN); complex
and to the detached cyanide at 2080 cm™.1* Further thermal
annealing at 100 K gave back the UV/Vis and IR spectra recorded
before irradiation, again supporting the full reversibility of the
system.

Next, the photomagnetic properties of 1 were studied. As
expected, the ground state of 1 is diamagnetic in agreement with
two electrons paired in the lowest-energy dy..,» orbital in TDD
geometry. When 1 was irradiated at 405 nm, the xT value
gradually increases from zero to 0.37 cm® mol* K after 11 hours
of irradiation (Figure S12). Then the light was switched off, and
the low-temperature magnetizations and the temperature
dependence of xT from 2 K to 200 K was measured (Figure 3).
The non-superimposable reduced magnetizations suggest
anisotropy in the photoinduced state. Again, complete relaxation
was observed around 65 K, the
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Figure 3. xT = f(T) plots of 1 measured in the dark (black circles), after 405 nm
irradiation (blue circles) and after heating to 200 K (red circles). Inset: Reduced
magnetizations at different temperatures in the photo-excited state.

temperature at which the compound returns to its diamagnetic
state. Given the good agreement between the photo-
crystallographic analysis and the calculations, we consider that
the observed properties are due to the population of a triplet state
(S =1). However, the obtained values (Msa: = 0.6 Nug at 1.8 K and
XTmax= 0.4 cm® mol™* K at 20 K) are far from what is expected for
S =1 (Msat = 2 Npg and xTmax= 1 cm® mol* K assuming a Zeeman
factor of 2). This can be explained by partial photoconversion, as
observed in the photocrystallography study. Attempts to
reproduce these magnetic data by including zero-field splitting
parameters and partial conversion of the triplet state at 1.8-20 K
(temper- ature range for which the thermal relaxation is negligible)
failed or led to overparameterization.

In the literature, several examples of photoinduced
magnetism with large structural reorganizations are mainly based
on photoisomerization of the ligands linked to Fe",®! or reversible
formation or rupture of metal-ligand (O or N) bonds in 3d metal
ion (Ni", Fe" and Fe'") complexes.'™) In this study, we observed
for the first time a photomagnetic effect based on light-induced
bond cleavage in the solid state for a 4d metal complex. Our
finding opens perspectives for the preparation of new cyanide
complexes with interesting magnetic properties. As the first result
in this direction, we have prepared the [Mo"(CN);]*>* complex as
the sole Mo based photoproduct using a photochemical synthetic
pathway. [K(crypt-222)]5[Mo"V(CN)7]-3CHsCN (2) has been
crystallized from an acetonitrile solution containing the
[Mo(CN)g]*~ anion in the presence of [2.2.2]cryptand after white
light irradiation (see details in the Supporting Information). The
crystal structure of 2 has been solved and shows a [Mo"(CN)7]*
(an analog of [W"Y(CN);]*) 8] anion (Tables S8, S9 and Figures
4, S13, and S14). Analysis of the [Mo(CN)g]*~ coordination sphere
revealed a pentagonal bipyramid with a CShM value of 0.26. The
average Mo-C bond length is 2.172(6) A, which is slightly longer
than the ones found as 2.153(4) A in 1*ses. The bond angle of Mo-
C-N is more linear than in 1*pes. The magnetic properties of 2

Fo0AT

exp
fit

¥ T /cm3 K mol"

T TS S I T S S S E S S S S S S S |
100 150 200 250 300
T/K

Figure 4. XT = f(T) plot of 2 measured at 0.1 T; the red line is the best fit to
experimental data (see the main text for details). Inset: Molecular structure of
the [Mo'Y(CN)7]* anion with thermal ellipsoids set at 30% probability.

(Figures 4 and S15) were studied and analyzed using the PHI
software.!¥! They are nicely reproduced with the following



parameters: g = 1.89(5), D=20.6(1)cmland E = -
1.4(8) cml. These parameters are comparable with the
parameters obtained independently by theoretical calculations
(Table S3; D =33.0cm™ and g = 1.97).

In conclusion, we have shown that the photodissociation of a
Mo-CN bond in 1 can be activated in the solid state at low
temperature, or in solution at room temperature, and both ways
allowed us to isolate an unprecedented [Mo"(CN);]* complex
with a triplet ground state with significant magnetic anisotropy.
The perspectives of our work concern both future photophysical
and photochemical studies. For instance, we are currently
exploring the role of different cations in [Mo"“(CN)g]* complex
salts to evaluate their influence on the photophysical properties of
the anion. Moreover, even if the photochemistry of the
[MoY(CN)g]* is well-documented, all of the known photoproducts
are diamagnetic.”® To the best of our knowledge, we have
isolated the first paramagnetic photoproduct. This result opens
very interesting perspectives in molecular magnetism for the
photochemical preparation of new anisotropic building blocks.
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The crystal structure of KsMo(CN)s-2H,0 collected at 10 K after a blue light
irradiation reveals a light-induced breaking of one Mo-CN bond from the initial
octacoordinated complex, concomitant with the photo-induced formation of a
paramagnetic signal.
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