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The switching properties of a cyanido-bridged Fe/Co square molecule
were investigated by single-crystal X-ray diffraction and X-ray absorp-
tion spectroscopy at both Fe and Co K-edges. Combining these two
techniques, a complete picture of the thermal-, light- and X-ray-
induced metal-to-metal electron transfer is obtained, illustrating the
concerted role played by the Fe and Co sites.

Switchable coordination complexes offer the possibility to
control by temperature and/or light two or more distinct
electronic states based on spin crossover (SCO),' metal-to-
metal® or metal-to-ligand" electron transfer (ET) processes.
These phenomena involve states with different electronic con-
figurations, which can be thermally and optically manipulated.
For characterizing the switching between these electronic
states, magnetic susceptibility measurements have been extensively
used to gather comprehensive information about the molecular
and collective natures of the SCO or ET processes, and about
the relaxation dynamics of the photo-induced states.'
Comparatively, detailed X-ray diffraction studies are less routinely
reported even if they provide unique structural information about
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the molecular and supramolecular reorganizations accompany-
ing the electronic switching. For metal-to-metal ET systems, a
full description of the redox states requires combined magnetic
and structural studies as function of temperature and irradia-
tion in order to understand the electronic and geometrical
modifications at each metal ion as well as their impacts on
the crystal packing. In addition to the traditional magnetic
susceptibility and single-crystal X-ray diffraction (SCXRD)
techniques, X-ray Absorption Spectroscopy (XAS) appears to
be the ideal local probe to explore metal-to-metal ET properties.
The XAS advantages are well illustrated by the different studies
on the photomagnetic Fe/Co Prussian Blue Analogues (PBA).?
The reported results constitute a direct experimental proof of
the ET mechanism in these 3D materials involving a concerted
reversible redox process between Fe and Co sites.

Since the discovery of photomagnets in 3D PBA networks
and their studies with XAS techniques, several switchable Fe/Co
molecules have been isolated.” However, only a few reports are
dedicated to the investigation of the ET process in these
molecular analogues by XAS techniques.*” Amongst them, it
is worth highlighting that Oshio et al. demonstrate in a Fe/Co
square complex that the metal-to-metal ET can also be induced
by an incident X-ray beam,” playing then the double role of a
probe and an excitation during the same experiment as pre-
viously observed in a few switchable compounds.®®

In 2011, we reported a cyanido-bridged Fe/Co square complex
with the formula {[(Tp*)Fe(CN);],[Co(bpy™*),].}(OTf),-2DMF-H,0
(with Tp* = tris(3,5-dimethylpyrazol-1-yl)hydroborate, bpy™© = 4,4'-
dimethyl-2,2'-bipyridine, OTf = trifluoro-methanesulfonate anion
and DMF = dimethylformamide).'® In solid state, this compound,
named hereafter 1, exhibits a thermally reversible ET conversion
centered at 174 K involving a paramagnetic {Fe} Coj } excited state
and a diamagnetic {FeJCoj '} ground state. In the paramagnetic
state, the Fe and Co electronic configurations are ty,ep (strong
crystal field, S = 1/2) and t,e; (weak crystal field, S = 3/2),
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respectively, while in the diamagnetic state, both ions are in the
strong field configurations, tS,ep (S = 0). At the Co sites, the
thermally-induced ET is therefore accompanied by a drastic
evolution of the ligand field strength and thus spin state, between
weak field/high spin and strong field/low spin. Magnetic measure-
ments also revealed that under white-light irradiation at 10 K, 1 is
photoconverted from its diamagnetic to paramagnetic state.'’

In order to study in more details, the local mechanisms of
the ET driven by temperature and light in 1, detailed SCXRD
studies were performed at various temperatures and also after
white light irradiation (Tables S1 and S2, ESIt). First, the lattice
parameters have been measured from 260 to 80 K and, subse-
quently, after white light exposition at 80 K (ESIt). On cooling, a
continuous and concomitant decrease of the unit cell volume
and of the three lattice parameters was observed. The large
associated volume contraction (Vs ~ 65 A®) is directly related to
the thermally induced ET (Fig. S1, ESIT). This thermal contrac-
tion echoes the decrease of the metal-ligand bond distances
associated with the conversion of the thermally populated
paramagnetic {Fe}'Coy} complexes into their diamagnetic
{Fe}Coy"} ground state as observed in the magnetic
measurements."’ It is worth mentioning that only the o angle
increases slightly during the ET process due to the associated
structural reorganization and a significant sliding of the layers
formed by the {[(Tp*)Fe(CN);],[Co(bpy™).],}** complexes
(MOV1.gif, ESIt). When a single crystal of 1 is exposed at
80 K to a white light (P = 6 mW c¢m™?), an expansion of the
unit cell parameters is observed (Fig. S1, ESI{) in agreement
with the photo-induced ET involving the photo-conversion of
diamagnetic {FejCoy'} complexes into their paramagnetic
{Fe}'Co}} analogues.'® It is worthwhile to note that the
photo-induced state at 80 K exhibits smaller unit cell para-
meters than those measured at 240 K as expected in presence of
a typical thermal contraction (Fig. S1, ESIt). Finally, complete
data collections on a single crystal of 1 were performed at
240 K, 80 K before light exposure and 80 K after 4 hours of white
light irradiation (P = 6 mW cm™?). The corresponding
crystal structures have all been refined in the P1 space group

at 80 K after white
light irradiation
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(Tables S1 and S2, ESIt). As expected, the structures at 240 and
80 K before irradiation are corresponding to the ones previously
reported (Fig. S2 and S3, ESIT).'® A view of the cationic complex
after white light irradiation is shown in Fig. 1 and Fig. S2 (ESIY).
A visual comparison between the square complex before and
after irradiation at 80 K is also provided in MOV2.gif (ESIT). A
closer look at the bond distances reveals that upon irradiation
the main structural reorganization at the molecular level is an
increase of the average Co-N distance from 1.927 A in the dark
to 2.113 A after light irradiation (Table $2, ESIt). This manifest
structure modification is correlated to the photo-induced ET
converting {FeJCo3"} complexes into {Fe}'Cos} analogues, and
to the associated spin-state change at the Co site. Compara-
tively, smaller increase of the average Fe-C distance is observed
from 1.876 to 1.925 A. For the {Fe,(u-CN),Co,} square complex
shown in Fig. 1, the average Fe- - -Co distance at 80 K changes
from 4.891 to 5.113 A leading to an overall enhancement of the
molecular volume driven by the photo-induced ET. The photo-
generated cationic {Fe,(u-CN),Co,} core at 80 K has a slightly
different geometry when compared to the one observed at
240 K (Fig. S3 and Table S2, ESIY), likely due to the typical
thermal contraction (vide supra when discussing the unit cell
parameters), while the volume expansion (~65 A%) due to
photoinduced ET is similar to the thermally-induced one
(Fig. S1, ESIt). The anisotropic lattice contraction is also
responsible for a slightly larger distortion of (i) the N-Co-N
bond angles and thus of (ii) the Co coordination sphere at 80 K
(Tables S1 and S2, ESIf). Analogously, Fe-C-N and C-Fe-C
bond angles have values that deviate by 1-3° from those
observed at 240 K (Tables S1 and S2, ESIf). This photo-
crystallography study shows that the photo-induced ET drives
important structural reorganizations, both at the molecular
and supramolecular levels. The determination of the single-
crystal structure in the photo-induced state is an important
contribution for understanding how the metal-to-metal ET
process occurs. In that sense, there is thus a strong analogy
with SCO complexes and their light-induced spin state
trapping.'

at80K
before and after white
light irradiation

Fig. 1 X-ray crystal structure of the cationic complex in 1 at 80 K after white light irradiation (P = 6 mW cm™2; left). Colour codes: C: grey, N: blue, B:
yellow, Fe: green, Co: pink, respectively. Superimposed view of the cationic cores (middle) and Co fragments (right) in 1 showing the differences before

(blue) and after (red) white light irradiation at 80 K.
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Fig. 2 X-ray absorption spectra (XAS) at 295 K (red) and 125 K (blue), and
their difference (Al1goy = (295 K) — (125 K); black) for the Fe (left) and Co
K-edges (right).

As shown in the previous paragraph, the ET process is
clearly, but indirectly, evidenced by SCXRD techniques through
structural modifications of the metal coordination spheres. In
order to probe straightforwardly the electronic structures of
both metal ions in 1, XAS measurements at the Fe and Co
K-edges have been performed as a function of the temperature.
While the main features of the K-edge spectra are due to the
1s — 4p electric dipole transitions, small peaks or shoulders
corresponding to the 1s — 3d electric quadrupole transitions
are observed at lower energies. This pre-edge region is often
used in literature to determine the oxidation and spin states of
the metal ions such as Fe or Co.'” Beyond the simple visual
comparison with reference samples, the electronic configu-
ration of a metal ion can be reliably established by comparing
the experimental data with the theoretical spectra from Ligand
Field Multiplet (LFM) calculations."® The theoretical analysis of
the pre-edge regions is provided in supplementary materials
(ESIT).™ In agreement with the metal-to-metal ET described in
1 (vide supra),'® both pre-edge and edge regions (Fig. 2,
Fig. S4 and S5, ESIt) indicate that the Fe and Co metal ions
are respectively reduced (from Fe™ to Fe™") and oxidized (from
Co" to Co™) when decreasing the temperature from 295 to 125 K.>?
It is worth noting that the XAS fingerprints of the Co™ and Fe™
metal ions are completely absent at 125 K suggesting that the
thermally induced ET is quantitative. If the overall modification
of the Fe K-edge is relatively modest with an 1 eV energy shift,
larger variations are measured at the Co K-edge (Fig. 2). Indeed,
this reflects well the previously discussed structural analysis
that highlights an important shortening of the Co-N bonds at
low temperatures and a substantial modification of the Co
coordination sphere. When plotting the spectral difference
between the 295 and 125 K XAS spectra (Fig. 2), antagonistic
features are observed in relation with the complementary roles
played by the two metal ions during the ET process. While the
Fe difference spectrum shows first negative peaks (at 7128 eV)
and then positive peaks around 7133 eV, the reverse signature
is observed for Co with first a maximum at 7725 eV and then
two minima above 7732 eV.

In order to investigate the potential X-ray sensitivity of 1, a
sample was cooled down to 3 K in the dark and then irradiated
with X-rays during 10 hours by collecting continuously
and alternatively XAS spectra at Co and Fe K-edges (Fig. 3).
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Fig. 3 (Left) Time evolution of the Fe"' (orange) and Co" (green) contents in
1 at 3 K during X-ray irradiation (black line: average evolution). The percen-
tages are obtained according to the method described in ESI (Fig. S7). (right)
Evolution of the difference spectra (Allt) = I(t) — I(t = 0)) during X-ray
irradiation.

The difference spectra, AI(t) = I(t) — I(t = 0), at the respective
edges reveal an efficient X-ray induced conversion of the
{Fe}'Co}"} complexes in 1 into their paramagnetic {Fe} Coj
analogues (Fig. 3 and Fig. S6, ESIT). The time evolution of the
Fe" and Co" populations (Fig. 3 and Fig. S6, ESIt) can be
estimated accurately and independently during the 10 hours of
the experiment (Fig. S7, ESIT). The amount of Fe'" and Co" sites
increases with the irradiation time in a concomitant and
identical manner (Fig. 3), attesting the concerted role of the
Fe and Co ions in the ET process. After about 10 hours, the
conversion of the {Fe}'Coj'} complexes into their paramagnetic
analogues reaches about 80% (Fig. 3), which is consistent with
the only similar data on a molecular PBA.” Compound 1 shows
a complete reversibility and reproducibility of the thermally
and X-ray induced ET as demonstrated by the XAS spectra at
250 K and 125 K (Fig. S8, ESIT), which are perfectly superposed
to those in the same temperature range before 10 hours of X-ray
irradiation. In the used experimental conditions, it is important
to highlight the absence of a detectable amount of Fe" or Co™
at 250 K, and of Fe'"" or Co™ at 125 K, and thus the lack of X-ray
damages for this molecular system.

To further study by XAS the thermally and X-ray induced ET
process in 1, the normalized Al at its maximum value of
7725 eV for the Co K-edge (Fig. 2) was monitored (i) from 230 to
3 K (at 1 K min™"), (ii) during 10 hours of X-ray irradiation
(Fig. 3) and finally (iii) from 3 to 240 K (at 1 K min—"). As shown
in Fig. 4 (blue trace), the thermally induced ET is clearly
detected upon cooling with a T/, value around 170 K. All these
data agree with the bulk magnetic measurements (Fig. S9,
ESIt). Below 100 K, a small increase of the XAS signal at
7725 eV from almost 0 is observed to reach a value 0.15 at
3 K. Therefore, 15% of Co", and thus 15% of {Fe)'Cob}
complexes, are already X-ray generated in 1 during this
cooling experiment realized under continuous X-ray exposure
(at 7725 eV). As already discussed above, a subsequent 10 hours
irradiation leads to about 80% X-ray induced conversion
(Fig. 3). Upon increasing the temperature, the XAS signal at
7725 eV remains first constant up to 80 K, indicating that X-ray

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Temperature dependence of the XAS intensity with a scan rate of
1K min~tat 7725 eV (Co K-edge) between 230 and 3 K (blue) and between
3 and 240 K (red) after 10 hours of X-ray irradiation at 3 K (black arrow).

induced Co™ metals ions stay thermally trapped, and then
decreases to a minimum value around 125 K as expected when
{Fe}"Coy} squares relax to their {FeyCoy'} ground state. Above
125 K, the XAS data follow the cooling process with a good
reproducibility of the thermally induced ET (Fig. S9, ESIt).

The foregoing results describe the first complete investigation
of the ET process in a cyanido-bridged Fe/Co square complex by
combining complementary diffraction and absorption X-ray tech-
niques. The X-ray diffraction studies revealed first the modifica-
tions at the macroscopic level of the unit cell parameters during
the thermally- and white-light induced ET. The detailed compar-
ison of the crystal structures at 240 K and 80 K before and after
white-light irradiation highlighted the key structural features
characterizing the reversible switching between {FejCoy'} and
{Fe}'Coy} square complexes. In parallel, the use of an attenuated
X-ray beam to avoid radiation damage together with a highly
efficient X-ray fluorescence detection allowed to record high
quality XAS data at the ESRF. The thermally and X-ray induced
metal-to-metal ET properties were thus investigated indepen-
dently at Fe and Co K-edges to probe locally the reversibility
and the reproducibility of the intramolecular Fe/Co redox process.
The XAS results established without ambiguity the concerted and
concomitant reduction/oxidation of the two metal ion partners
involved in the ET triggered by temperature and X-ray exposure.
This study demonstrates not only the power of the XAS technique
to locally study fragile ET and redox-active systems but also
confirms its complementarity with more traditional structural,
optical and magnetic measurements. Work is now underway to
use time-resolved optical and X-ray spectroscopies'™'® to follow
the thermally and photo-induced ET at ultrafast timescales.
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