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ABSTRACT: Fe-Co Prussian blue analogues of general formula A,Co,[Fe(CN);], are responsive, non-stoichiometric materials
whose magnetic and optical properties can be reversibly switched by light irradiation. However, elucidating the critical influence of
the inserted alkali ion, A*, on the material’s properties remains complicated due to their complex local structure. Here, by investi-
gating soluble Ac[Fe,-Co,] cyanido cubes (A = K, Rb and Cs), both accurate structural and electronic information could be ob-
tained. Firstly, XRD analyses reveal distinct interactions between the inserted A" ions and the {Fe,-Co,} box, which impact the
structural distortion in the cubic framework. These distortions vanish and a displacement of the small K* ion from a corner toward
the center is observed as a cobalt corner Co"ys is oxidized to Co"'s. Secondly, cyclic voltammetry experiments performed at varia-
ble temperatures show distinct splitting of the Co"\s <> Co"' s peak potentials for the different A" cations, which can be qualitative-
ly linked to different thermodynamic (standard potentials) and kinetic (energy barriers) parameters associated with the structural
reorganization accompanying this redox coupled spin state change. Moreover, for the first time, photo-magnetism was investigated
in frozen solution to avoid effects of intermolecular interactions. The results show that the metastable state is stabilized following
the trend K > Rb > Cs. The outcome of these studies suggests that the interaction of the inserted alkali ions with the cyanide cage
and the structural changes accompanying the electron transfer impact the stability of the photo-induced state and the relaxation
temperature: the smaller the cation, the higher the structural reorganization and the associated energy barrier, and the more stable
the metastable state.

based on a metal-metal electron transfer: an FeCo Prussian
blue analogue (PBA) of formula K, ,Co; 4[Fe(CN)g]-6.9H,0."

INTRODUCTION
The possibility of controlling and manipulating the elec-

tronic properties of a material by an external stimulus is an
attractive challenge in material science. In this context, pho-
tomagnetic materials showing light-induced modifications of
their magnetic and optical properties are the object of study for
both fundamental aspects and potential applications."* On the
one hand, efforts are focused on understanding the origin of
the photo-magnetic phenomenon on the molecular level. On
the other hand, applied research deals with the integration of
these photo-magnets into original functional materials.*’ An
important class of photomagnetic systems are the charge-
transfer (CT) complexes, which show a reversible electron
transfer between a ligand and a metal or between two metal
ions linked by a bridging ligand.**° The origin of these phe-
nomena lies in the coexistence of two different electronic
states that are close in energy, which can be reversibly inter-
converted into each other by applying an external stimulus
such as a light irradiation, a change of temperature, pressure or
an electric field.>® The light stimulus is particularly interest-
ing because it can be fast, localized and its energy is tunable
by the choice of the irradiation wavelength. It was in 1996,
that Sato et al. published the first photo-magnetic material

In this material, a light irradiation at low temperature induces
an Electron Transfer Coupled Spin Transition (ETCST) on the
cobalt, converting thus diamagnetic Fe' s-CN-Co"' s pairs
into paramagnetic Fe"' s-CN-Co"s (LS = low-spin and HS =
high spin) ones. Actually, only very recently Collet et al.
showed that it is the light-induced spin-transition that triggers
the electron transfer.”” Since the seminal result of Sato et al.,
continuous efforts have been devoted to better understand and
improve the performance of the photomagnetic FeCo PBAs.
This task is complicated due to the complex local structure of
PBAs. Indeed PBAs, of general formula
AM’ [M(CN)slgsxysll@xyznH0,  are  non-stoichiometric
inorganic polymers, which contain a variable amount of
[M(CN)g] vacancies (noted []) and inserted cations A"). Solid
NMR studies have shown, that different kind of vacancies and
different metal sites, {M’(NC)s.,(H,0),}, coexist in the same
PBA."*™ The macroscopic properties of FeCo PBA thus result
from the interaction of a diversity of {Fe-CN-Co} pairs show-
ing different local surroundings. In the last two decades, in
depth investigations and systematic studies of several series of
FeCo PBAs showed that the photomagnetic effect critically
depends on various interconnected structural and electronic



parameters, such as: the ligand field and the redox potential of
the Co atom, the bending of the cyanide-bridge as well as the
flexibility of the network. Interestingly, it was observed that
the amount and the nature of the inserted alkali ions have a
strong impact on these parameters.’®™ First of all, it was
shown that the presence of alkali ions is necessary to obtain
switchable Fe" s-CN-Co"' s < Fe"' -CN-Co",s pairs in the
FeCo PBA." Furthermore, the amount of the inserted ions is
linked to the occurrence of vacancies, which in turn control
the cobalt coordination sphere {Co(NC)s.,(H.0O),}. The latter
influences the ligand field of the Co ions and subsequently the
electron-transfer properties.'’”? However, the insertion of a
large amount of ions (and the consequently low amount of
vacancies) is believed to confer some stiffness to the three-
dimensional network, thus preventing the structural reorgani-
zation accompanying the electron transfer.'”?" This would
account for the absence of the photomagnetic effect in the
Cs,Co,[Fe(CN)g], PBA that has no vacancies and where Cs*
ions fully occupy the cavity of the network. In contrast,
Csq.7C04[Fe(CN)gl,.0 Was shown to be an efficient photomag-
netic PBA.™ In this particular case, the photo-switching is
accompanied by a displacement of the Cs* ion toward a va-
cancy.”” The interaction of the alkali ion with the cyanide-n
system is also believed to affect the CN-Co linkage and con-
sequently the electronic properties of the Co ions and in par-
ticular their redox potential.”® Besides the intrinsic composi-
tion of the material other factors such as the size of the PBA
(nano)particles were shown to affect the photomagnetic be-
haviour.”*?

Another way to address the rationalization of the photomag-
netic properties is to design low dimensional models of PBAS
where structural and electronic parameters can be better ad-
justed and controlled.®*"? For example, two studies by Nihei
et al.?? and Zhang et al.* which each investigated a series of
cyanide-based {Fe,Co,} square complexes showed that the
donor ability of the ancillary ligands could be correlated to the
redox potentials of the metal components and thus to the elec-
tron transfer properties. As postulated for FeCo PBAs, the
reversible ETCST can only occur if the Fe"'/Fe" and Co"'/Co"
redox couples are close enough or, in other words, if the Gibbs
energy variation, AG, associated with the metal-metal charge
transfer reaction Fe''Co" < Fe''Co" is moderate. In such
case, a thermal variation can lead to a full compensation of the
enthalpy contribution, AH, by the entropic-dependent term,
TAS, leading to a changeover of the ground state at the transi-
tion temperature, Ty, Thus Ty, is the temperature at which
both states Fe'"'Co" and Fe''Co" coexist in equal amount. A
recent study established a clear correlation between the differ-
ences in the Fe""" and Co"" redox potentials and the transi-
tion temperatures, T, measured in solution.*** Moreover,
solution studies on soluble {Fe,Co,} molecular models also
allowed enlightening the influence of weak intermolecular
interactions on the charge transfer equilibria. For example, the
use of polar solvents was recognized to stabilize the more
polar diamagnetic state and to shift Ty, to higher tempera-
tures.®® H-bond interactions in solution were also demon-
strated to be an efficient tool in tuning the transition tempera-
ture of soluble {Fe,Co,} square complexes. Here the interac-
tion of an H-donor acid group with the non-bridging cyanide
of the ferrocyanide moieties lead to a predictable increase of
the Fe"" redox potential and a stabilization of the diamagnetic
state (i.e. an increase of Ty,).”® Rationalizing the charge-
transfer equilibrium is often more difficult in the solid state. In

the bulk crystalline materials, the intermolecular interactions
and crystal packing, that impact the internal structure of the
square and its electronic features are not always easy to predict
and control. For example, several works showed that, depend-
ing on the crystal phases, the reversible charge transfer transi-
tion of the same FeCo molecular switch could be either al-
lowed or blocked.*** Although it remains challenging, recent
studies have been successful in rationalizing or controlling the

charge transfer transition trough supramolecular approach-
es 30,31,35,37

In this context, with the aim of investigating in more depth
the influence of the alkali ion on the photomagnetic effect, we
initiated the study of a series of cyanido-complexes,
Ac{[Fe(Tp)(CN)3)14[Co(pzTp)(CN)3)1.}, (abbreviated
Ac{Fe,-Co,} hereafter), which represent the elemental cubic
unit of the PBA materials (A = K, Rb, Cs; Tp" = hydro-
tris(pyrazol-1-yl)borate; pzTp™ = tetrakis(pyrazol-1-yl)borate).
We first reported the photomagnetic properties in the solid-
state of the cubic complexes Kc{Fe,-Co,} and the Csc{Fe,-
Co0,}.%* The comparison of these seminal studies could sug-
gest that the Cs-cube shows a higher photomagnetic effect.
However, as shown in this work the situation is more compli-
cated as the switchable properties strongly depend on the
crystal phase. Taking profit of the remarkable stability of these
three cubes in solution, we study here for the first time the
photomagnetic effects in frozen solution, in order to investi-
gate the charge transfer at a molecular level. The kinetics of
the relaxation from the metastable to the ground state allows
(i) accessing the energy barrier, E,, of the relaxation process
from the metastable to the ground state for each alkali ion and,
(ii) establishing an unambiguous trend E,(Cs) < E,(Rb) <
E.(K) similar to that observed in PBAs. The confrontation of
these results with structural and electronic information ob-
tained from the single-crystal XRD analyses, the electrochem-
istry and EPR data allows enlightening the role of the alkali
ions on the photomagnetic effect. Overall, the experimental
results on “isolated” molecular models reveal the impact of the
interactions between the alkali ion with the cyanide cage on
the structural reorganisation, which influence itself the stabili-
zation of the metastable state.

RESULTS AND DISCUSSION
Syntheses

The three Ac{Fe,-Co,} compounds (A = K, Rb or Cs) were
synthesized following the same procedure. Firstly,
NBu,[Fe"(Tp)(CN);], Co(ClO,), and A(ClO,) salts were
mixed in DMF, leading to red solutions. Then a small excess
of the ligand pzTp~ was added, yielding a blue/green solution.
The compounds, which precipitate as blue powders were
washed and recrystallized in two different ways: crystals were
obtained either by slow evaporation of an acetonitrile solution
(phase 1), or by slow evaporation of a DMF-dichloromethane
solution (phase 2). The isolation of two distinct crystal phases
only aims at enlightening the impact of solid-state effect on
the photomagnetic properties (see below and ESI). In both
cases, blue rod-like crystals were obtained with yields of ca.
40-60 % (see details in ESI). The change of color upon addi-
tion of the pzTp™ ligand (see ESI) accounts for the occurrence
of an electron transfer. While the red color is typical for Fe"'-
CN-Co" pairs, the deep blue color is assigned to the Metal-
Metal Charge Transfer in the Fe"-CN-Co"' pair.*" The electron
transfer is driven by the substitution of coordinated solvent



molecules by the N-donor pzTp™ anionic ligand, which induces
a stronger ligand field on the cobalt and leads to a decrease of
its redox potential. In fact the enhancement of the reducing
power of the Co" ion when coordinated by the pzTp™ ligand
can be illustrated by comparing the redox potential of the
hexaaguacobaltate (E,° [Co"""'(OH,)s] = 1.48 vs Fc) with the
cobalt-bis[tetrakis(pyrazol-1-yl)borate) (E1,° [Co"" (pzTp),] =
0.22 V in CH,CI, vs Fc). Simultaneously, the redox potential
of the [Fe"'(Tp)(CN)s] units increases by coordination of a
Lewis acid to the nitrogen of the cyanides.® Interestingly, the
isolated electronic state, Ac{Fe",-Co"';C0"}, corresponds to
the neutral species in which the monoanionic charge of the
cubic box is compensated by the inserted alkali ion, A*. We
assume that the precipitation of the neutral species favours the
isolation of these species.

Crystal Structures

COIIILS
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Figure 1. (a) Perspective view of the cubic complex Rbc{Fe,-
Co,} in phase 1 (green: Rb*, Orange Ccol .

, yellow, Co", blue Co™,
pink: B, light blue: N, grey: C; H are omitted). The short contacts
between Rb and CN ligands are also represented as sticks. (b)
Perspective view of the core structure of the cubic complexes
Ac{Fe",-Co;Co™ and K {Fe",-Co",}* showing the position of
A" inside the cube and the A-mgy interactions (short contacts
between A" and CN appear as sticks).

All the X-ray structural data of the Ac{Fe,-Co,} compounds
were measured at 200 K. The compounds obtained in acetoni-
trile solution (phase 1, Figure 1) crystallize in a triclinic space
group (P1) while those obtained in CH,Cl,-DMF (phase 2)
crystallize in a trigonal-space group (R3c). In both cases the
structure is composed of cubic molecules containing an in-

serted alkali ion and solvate molecules. As previously de-
scribed for the reported structure of Csc{Fe,-Co,} in phase 1,
each cube consists of four iron and four cobalt atoms that
alternatively occupy the vertices of the cubes to form a hetero-
cubane structure.* The Fe-CN-Co edge lengths are similar
within the Ac{Fe,-Co,} family, independently of the nature of
the intercalated cation or the crystal phase, with an average
distance of 4.99 A. The volume of a cube is thus ca. 125 A,
leading to a van der Waals volume of 48 A® similarly to other
reported cyanide-bridged cubic cages.””*® Interestingly, the
measured Fe-CN-Co edge length is higher than the expected
value for Fe"-CN-Co" linkages (approximately 4.91 A) and
reflects the presence of one high-spin cobalt(ll) ion (noted
Co'"\is) inside the cube. The presence of one high-spin Co" s
ion per cube is also clearly supported by the EPR spectra and
magnetic measurements (see details in ESI). The examination
of the Co-N bond lengths indicates that the Co",s ion is not
localized at a defined position, but it is statistically distributed
between different vertices: the Co-N¢y average distances of
each corner site thus reflect the statistical distribution of the
Co"\;s which show a Co-N bond length of ca. 2.10 A in com-
parison to ca. 1.91 for the Co"' s (see ESI for details).

In the following discussion, the focus is set on the features that
can be relevant to the distinct photomagnetic behaviors of the
different phases and different alkali ions: (i) the position of the
alkali ions and their interactions with the host cage {Fe,-Co,};
(ii) the differences in the crystal packing between the two
phases. The interaction between the alkali ion and the cage is
analyzed here using the crystal data of phase 1 since phase 2
shows significant disorder. Whereas the global crystal struc-
tures of Ac{Fe,-Co,} are almost identical and independent of
A, the local structure around the alkali cation and its interac-
tion with the cage are strongly influenced by its nature. Figure
1 shows the relative position of the inserted Cs’, Rb* and K"
ion inside the {Fe,-Co,} host cages in phase 1. The Cs ion,
whose size approximately fits that of the cavity, is located
almost in the center of the cage, only slightly closer to one of
the cage’s faces. In contrast, the smaller K™ ion is clearly
shifted towards one of the Co corners, whereas the Rb* ion is
located in an intermediate position between the K* and Cs'.
These differences are reflected by the distance between the
alkali ion and the cage gravity center: 0.08 A for Cs*, 0.15 A
for Rb* and ca. 0.43 A for K*. A close analysis of the struc-
tural data based on the examination of Co-N bond distances
and Co-Fe edge distances (see details in ESI) reveals that the
inserted cations are actually closer to the Co sites containing
the Co" ion (or to edges of faces containing the Co" ion where
the latter indicates partial occupancy over different vertices).
These displacements away from the center of the cube of the
inserted cations are thus ascribed to the electrostatic interac-
tion between the cationic alkali ion and the anionic
{Co"(pzTp)(NC)} unit whose formal charge is -0.5 (consider-
ing the negative charge of pzTp and the negative charge of
each bridging cyanide which is shared by two metal ions). For
example, the {Fe-CN-Co} distances in the preferential face of
Cs"* average 5.02 A, while in the opposite one the distances are
slightly shorter, averaging 4.94 A. The larger {Fe-CN-Co}
distance is caused by the presence of the Co"sionin such face
and is consistent with the slight displacement of the Cs” to-
ward the face that bears the partial local negative charge of the
{Co"(Tp)(NC)5}**. The structural analysis of the Ac{Fe,-
Co,} cubes also reveal the presence of short contacts (shown
in Figure 1), between the alkali ion and the cyanide bridges.



Such an interaction, noted A’-mcy, has already been discussed
for FeCo PBAs.” It could be described as an interaction be-
tween the alkali cation, a Lewis acid, and the r-system of the
cyanide, which can be seen as a Lewis base (note that this
interaction is considered when the distance between AC and
AN is below the sum of the van der Waals radii). Table 1
gives an overview of structural data that are relevant for the
analysis

Table 1. Selected structural data related to the interaction
between the cation and the cage in phase 1

K* Rb* Cs’
Fion (A) 1.52 1.64 1.81
Vdw V (&) 14.66 18.43 2476
A-Co" (A)® 3.91(6) | 4.23(3) | 4.31(3)
Number of A-mcy interactions 3 5 12
A-Ccn short contacts range (A) 3.2-34 | 35-3.4 | 3.43-3.66
Distortion 3 (deg) Co"® 27 22 20

(8) shortest value (#) value on the most distorted Co site

of the cation-cage interaction in phase 1. In the case of
Kc{Fe,-Co,}, the close proximity of K* to the Co",s corner
(Table 1) results in significantly short K~C and KN dis-
tances for the three n-cyanide systems linked to the Co" ion.
The K ion is therefore only in interaction with these three
cyanide bridges. In contrast, for Csc{Fe,;-Co,}, the Cs~C/N
distances vary between 3.43-3.58 A in the closest face but are
similar to those in the opposite face (3.50-3.66 A). Overall, the
Cs' ion, whose size fits well the cavity, interacts with all
twelve cyanide-n systems. In Rbc{Fe,-Co,}, the Rb" is situ-
ated marginally off-center at 4.23(2) A from the Co"s ion.
The average Co-N distance of the Co ion located near the Rb*
is ca. 1.99(1) A whereas the average distance of the other Co-
N distance is 1.92(1) A. Slightly more decentered than the Cs",
but not as close to the {Co(Tp)(NC)s} edges as the K, the Rb*
is in interaction with five cyanide bridges. Importantly the
close interaction of the alkali ions with the {Co"(Tp)(NC)s}>*
site is directly correlated to the local distortion on the Co"
coordination sphere. This is reflected in the values of Y, that
represent the sum of the deviations from 90° of the twelve
pseudo-orthogonal N-Co-N angles of the Co coordination
sphere (Table 1) and that increases from Y (Cs) < Y(Rb) <
>(K). It should be underlined that structural analysis from
XRD data underestimates the actual distortions of the mole-
cule since the distances and angles are averaged due to the
statistical distribution of the Co(ll) ion. Alternatively, EPR
spectroscopy can be used as a local probe to evaluate the
Co(Il) site distortion, which is reflected into the anisotropy of
the EPR signal. As expected for octahedral HS Co(ll) ion,
typical axial spectra corresponding to an effective spin % are
observed at low temperature for all cubes. For both crystal
phases and in frozen solution (see ESI), the splitting, g*"-g*",
that is related to the axial distortion, is higher for Kc{Fe,-
Co,} than for Rbc{Fe;-Co,} and Csc{Fe,;-Cos}. The en-
hanced distortion for the smaller alkali cations is thus also
supported by EPR data. The analyses of the magnetic suscep-
tibility data (details in ESI) are also fully coherent with these
observations. In particular a clear correlation is established
between the axial distortion parameter, A, and the structural
distortion in the Co coordination sphere (see Table 2 and de-
tails in ESI). Note that the differences in the interaction of the

alkali ion with the cyanide bridges is also detectable in the FT-
IR spectra of the cubes, as it impacts their cyanide stretching
bands (see ESI). Cyanide stretching vibrations are sensitive to
their coordination environment and a small change in their
electronic properties often leads to visible shifts.

Finally, it is interesting to compare the structural data of the
Ac{Fe",-Co"",C0"} cubes with those of the oxidized cubes,
Ac{Fe",-Co"",}", where the only Co",s ion is converted into
Co"'s. This provides an idea about possible modifications in
the interactions of A" with the cubic cage upon a redox state
change. In fact, as shown in previous works on related sys-
tems, the structural reorganization induced by the ETCST,
Fe" s-CN-Co"' s < Fe"' s-CN-Co"is, mainly takes place on
the Co-coordination sphere (due to the attendant spin transi-
tion), while the {Fe""(Tp)(CN)s} subunit undergoes only
slight structural changes.***>*® For example, the average Fe-C
or Fe-N bond lengths changes upon oxidation/reduction are in
the range of ca. 0.02-0.04 A. In the absence of structural data
of the photo-induced forms, the oxidized cubes thus provide
good models to estimate the structural reorganization that can
occur upon an electronic state switching. In this work, we
were able to isolate Kc{Fe",-Co"',}" as a perchlorate salt
(details in ESI). In this cube all of the four cobalt ions are in a
low-spin diamagnetic state. In contrast to the paramagnetic
cube, the K* ion is located in the center of the cavity, on the
gravity center of the cube, and does not show short contacts
with any of the cyanide ligands. These structural data clearly
indicate that the K" cation can move inside the cavity and
modify its interactions with the cyanide cage as the cube un-
dergoes a change in its electronic state. Such structural change
is also accompanied by a modification of the distortion of the
cubic cage, as the coordination sphere of the Co'"s ion is
significantly less distorted (3. ~ 9°) than that of the Co",s (see
ESI). These structural changes are expected to be much less
prominent for the larger Cs" ion, that already almost occupies
the cage’s center with dissymmetric distribution of the charges
at the corner (vide supra), and established short contact with
all twelve cyanide bridges.

Table 2. Distortion in the Ac{Fe,-Co,} core measured by
different observables in phase 1 (details in text).

K* Rb* Cs*

g0 6.05 5.84 5.62

(in CH5CN solution) (6.22) (5.97) (5.67)
Distortion A (cm™) -994 -759 -710

Concerning the intermolecular interactions, the neutral cubic
units are isolated from each other in both phases and no short
contact are detected between their organic shells. The shortest
FeFe, Fe~Co and CoCo distances between neighboring
cubes are ca. 10, 11.5 and 11.5 A in the phase 1, and 11.8 A in
the phase 2 (where Fe and Co are indiscernible). The large
distances between the cobalt metal ions are coherent with the
observed EPR spectra that are typical of isolated octahedral
Co'" complexes. The supramolecular organization of the cube
and solvent CH;CN molecules in the phase 1 is detailed in
ESI.

To summarize all the structural analyses, the amount and
nature of A'-mcy interactions in the Ac{Fe,-Co,} cubes de-
pend on the nature of the inserted alkali ion as well as on the
redox state of the cages. Changes in the electronic state of the



cage can induce a motion of the inserted alkali ion, significant
changes in the Co coordination sphere, and distortions in the
cubic skeleton. While those changes are significant for the
small K* and result in a stronger distortion of the cube, they
are notably less important for the large Cs" alkali ion.

Photomagnetic Properties in the Solid-State

The photomagnetic responses were first investigated in the
solid state for all three cubes Ac{Fe,;-Co,} in phase 1 and
phase 2. To obtain comparable data, the six samples were
studied following the same procedure of irradiating 0.3 mg of
the samples at 20 K and with a 808 nm light source, which
was proved to be very efficient in such cubic systems (power
ca. 6 mW/cm?).%
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Figure 2. ymT versus time curves obtained upon irradiation at
20 K with 808 nm (5mW/cm?) of Ac{Fe,-Co,} in phase 1 a)
and in phase 2 b). ymT versus T curves of the photo-induced
metastable state measured upon heating at 0.4 K/min in phase
1 c¢) and in phase 2 d).

Figures 2 a) and 2 b) show the yT value versus time for these
six materials (v is the molar magnetic susceptibility per cubic
unit). This also implies that only three {Fe" -CN-Co"' s}
diamagnetic pairs are able to switch into {Fe"' -CN-Co"s}
paramagnetic ones. Taking into account the relative error on
the measurements, we can consider that the photomagnetic
responses in phase 1 are similar for all three Ac{Fe,-Co.}
cubes, regardless of the nature of A. For each compound, a
rapid increase of the yuT value associated with the photo-
induced conversion of diamagnetic pairs into paramagnetic
ones is observed. A saturation value close to 10.5, 11.8 and
12.8 cm® mol™ K for the Rb-, K- and Cs-cube respectively, is
obtained within less than 10 minutes. The maximum yyT
values, indicate a quantitative conversion that could roughly
correspond to the switching of three Fe-Co pairs. In contrast,
the photo-induced electron transfer in phase 2 is slower, and
more importantly, the saturation values are lower and are quite
different for the three cubes. They reach approximately 3.8,
5.8 and 10.2 cm® mol* K for the Cs-, Rb- and K-cubes, respec-
tively. In summary, depending on the crystal phase, the insert-
ed alkali ion seems to have different effects on the efficiency
of the photomagnetic effect. Two results need to be under-
lined: (i) in contrast with PBAs, which do not show

photomagnetic effect if Cs* ions occupy all interstitial sites,
the presence of the large Cs” ions in the {Fe,-Co,} cubic cavi-
ties does not prevent a full conversion of the diamagnetic pairs
into paramagnetic ones. Actually, in FeCo PBAs, the occu-
pancy of all cavities by Cs* ions was shown to confer a stiff-
ness to the coordination network, preventing the ETCST and
the associated structural reorganization (the volume increase is
accompanied by the lengthening of Co-N distances). In con-
trast, in the molecular model complexes, the switchable cubic
units are not tightly bound to each other by coordination bonds
and one can assume that the crystal lattice can absorb the
structural changes. (ii) The very same Ac{Fe,-Co,} cubic
molecule can show very different photo-conversion rate de-
pending on weak solid-state effects. This is reminiscent of
previous studies that already showed the impacts of the pres-
ence of solvent molecules,”** or different non-coordination
anions® and more generally the crystal packing,®*" on the
photo-induced ETCST. Only in few studies, clear correlation
were established on the role of intermolecular interactions (H-
bonding, = stacking or structural constraints) on the thermally-
or photo-induced ETCST.** In the present case, the limited
quality of the structural data in the phase 2 makes difficult
establishing such correlation.

Once saturation was reached, the relaxation of the magnetiza-
tion (Figures 2c and 2d) has been investigated by measuring
the yT value upon temperature increase under the same con-
ditions (0.4 Kmin™). For all compounds, the curves roughly
show three areas. At low temperature, typically below 20 K,
there is a significant decrease of the yyT value upon cooling.
This is ascribed to the occurrence of intermolecular antiferro-
magnetic interaction in the photoinduced metastable state.
Above ca. 40 K, the decrease of the yT value upon heating is
due to the thermally activated relaxation to the diamagnetic
state. It is more difficult to unambiguously analyze the mag-
netic behavior observed in the range the range between 20-40
K. The slight increase of the yT value observed upon cooling
could be the signature of weak intramolecular ferromagnetic
interaction in the photoinduced state.**Actually, weak ferro-
magnetic interactions were observed in the Fe-CN-Co moie-
ties.®® However, the slope between 20-40 K could also be
ascribed to the effect of a first relaxation regime, for example
of quantum origin, operating before the thermally activated
one.”* An in-depth analysis of the relaxation actually suggests
the occurrence of two relaxation regimes (see ESI). The relax-
ation temperatures, Tgex, Were obtained as the inflexion point
of the yuT decrease above 40 K (i.e. as the minimum of the
awT vs T derivative). In phase 1, the Tgea OF the K-cube (67 K)
is notably higher than that of Rb- and Cs-cube, which are
closer to each other (respectively 59 and 57 K). In phase 2,
T,eiax are closer but follow the same order, from 57 K for K to
54 K for Cs. This trend is similar to that observed for PBAs
and suggests a better stabilization of the metastable photo-
induced state for the K-cube.

Photomagnetic Properties in Frozen Solutions

To get rid of the effects of intermolecular interactions that are
present in crystalline materials, and to get a better insight on
the role of the alkali ion, we took profit of the solubility and
stability (verified by solution NMR and EPR, see ESI) of the
cubic complexes to probe their behavior in frozen solution.
The photomagnetic response of the three cubic molecules were
thus investigated upon irradiation at 808 nm at 15 K in both
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Figure 3. Magnetic measurements performed on a 5 mM CH3CN solution of Al1{Fe,-Co,}: ym T curves of the photo-induced metastable
state measured upon heating at 0.4 Kmin™ for A = Cs (a), Rb (d) and K (g). The arrows represent the increase of magnetization under
irradiation at 15 K (808 nm light source, 5mW/cm?). The relaxation temperature is defined as the inflexion point of the decreasing curves
(see ESI); Isothermal relaxation curves measured after magnetic saturation upon light irradiation at 15 K for A = Cs (b), Rb (e) and K (h).
Arrhenius-plot and resulting energy barrier E, obtained by fitting the data in the high-temperature range A = Cs (c), Rb (f) and K (i). The
first, second and third line gather the data of the Cs, Rb and K cube respectively.

acetonitrile solution, as well as in dichloromethane solutions
for comparison (experimental details are given in ESI). Fig-
ures 3 (a, d and g) shows the photo-conversion of the dia- to
the paramagnetic state (indicated by an arrow in the y,T ver-
sus T curves) and the thermal relaxation of the metastable state
(xmT versus T curves after photo-irradiation) of Ac{Fe,-Co,}
in a 5 mM acetonitrile solution. In all these experiments, 45
puL of the complex solutions were introduced in the SQUID
near liquid nitrogen temperature to immediately freeze the
solutions (no precipitation was observed at these concentra-
tions and low temperature in NMR tubes). At 15 K, all cubes
exhibit a paramagnetic signal corresponding to the presence of
one paramagnetic Co'ys ion. Upon light irradiation the y,T
values increase, which accounts for the photo-induced electron
transfer. In contrast with the solid-state experiments, the in-
crease of yuT is more gradual and saturation values are not
fully reached after 40 minutes. This is likely due to the ab-
sence of cooperative effect in frozen solution, where mole-
cules are isolated from each other. Among the complexes, the
Kc{Fe,;-Co4} cube shows the highest photo-conversion rate
with a saturation value at ca. 8.3 cm®mol™K in both solvents.
The Rbc{Fe,-Co,} and Csc{Fe,-Co,} only reach T values
of 6.0 (4.8) cm®mol ™K for the Rb- and 5.5 (3.1) cm’mol K for
the Cs-cube in acetonitrile (dichloromethane). Note, that the
trend of efficiency is the same in both solvents.

The thermal relaxation of the photoinduced metastable state

was also probed in both solvents. Once magnetic saturation
was achieved upon irradiation, the laser was switched off and
the sample slowly heated at 0.4 K/min from 2-140 K. The
relaxation temperatures obtained as described above are
shown in Figure 3 (a, d, g) and Table S9 (ESI). They indicate
that the stability of the photoinduced state decreases with the
size of the alkali ion from Cs* < Rb" < K" in a similar way as
that observed in PBAs or in phase 1 (see above). However,
slight differences are observed depending on the solvent.
While the relaxation temperatures spread over 12 K in acetoni-
trile, T,eax Values are separated by ca. 6 K in dichloromethane.
Another difference lies in the form of the yT versus T curves:
while the yT decrease is smooth and round in acetonitrile, the
curve in dichloromethane (ESI) seems to show distinct relaxa-
tion regimes depending on the temperature range. Fitting these
curves led to acceptable fits only for polynomials of degree n
> 5 so that two inflection points can be observed during re-
laxation that give rise to a second set of Tgea NOted in brackets
(Table S9). In order to get quantitative data on the relaxation
process, we conducted isothermal relaxation measurements in
acetonitrile at different temperatures in order to access the
energy barrier, E,, between the ground and metastable state
(Scheme 1). The results are shown in Figure 3 (b, e and h),
where the normalized magnetization, M,, is given against time
(see details in ESI). As expected for isolated molecules, the
isothermal relaxation curves can be fitted using a single expo-
nential law: >
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where t(T) is the lifetime of the photoinduced metastable state
and ky, (T) is the rate constant of the first degree of the relaxa-
tion process. Due to the paramagnetic Co'ys ion present in the
ground state, the magnetization does not tend to zero and it is
therefore necessary to introduce a y-axis section Yy, in the
fitting function. This parameter slightly depends on the tem-
perature as the magnetization of octahedral Co'",s complex
slightly increases with rising temperature because of the effect
of the spin-orbit coupling.”” The fits of the measured relaxa-
tion curves are depicted in Figure 3 (b, e and h) as red lines
and the thereof extracted values for t (T) are listed in ESI. The
In(z(T)) versus T plots (Figure 3, c, f and i) show two distinct
regions. At high temperature (T > 50 K), the dependence of
In(z(T)) is linear, following the expected Arrhenius law. The
E. values can simply be extracted as the slope (see below). At
lower temperature, beneath threshold temperatures of approx-
imately 50, 45 and 40 K for the K-, Rb- and Cs- cubes, the
curves depart from linearity and tend to flatten as T increases.
In other words, the relaxation tends to become temperature-
independent. Such behaviors are commonly observed in spin-
crossover complexes, in the relaxation process of photo-
induced metastable high-spin state.®®*® As for the bulk sam-
ples, they are ascribed to the changeover from a thermally
activated relaxation regime to a quantum-induced relaxation
regime at low temperature. Thus, we assume the situation is
similar for our ETCST systems. As expected from the compar-
ison of the life-times and the relaxation temperatures, the
activation energy of Kc{Fe,-Co,} is with (204 + 6) cm™ the
highest one. The activation energy of Rbc{Fe,-Co,} is with
(180 + 11) cm™ about 24 cm™ lower, but Csc{Fe,-Co,} has
with (152 + 2) cm™ the lowest energy barrier. Note that this
trend also holds when taking into consideration the calculated
error marge. Up to now, the only photomagnetic molecule
showing ETCST where this energy barrier has been reported is
a {Fe"",-Co,"}** empty cube reported in 2008 by Li et al.**
With a relaxation temperature more than twice as high (180 K
at a scan rate of 0.3 Kmin™) as compared to the present
Ac{Fe,-Co,} cubes, the calculated energy barrier amounts to
ca. 3096 cm™, which is one magnitude higher. This elevated
energy barrier leads to a lifetime t = 10 years of the
photoexcited state at 120 K. A large energy barrier of ca.
2161+42 cm™ (Trelax = 132 K) was also obtained for the three
dimensional PBA, Nag3Co[Fe(CN)glo7s:3.4 H,O, that re-
vealed a lifetime © =~ 33 h at 120 K.°** As these values were
obtained in solid-state measurements where the energy barrier
is influenced by the lattice matrix and intermolecular interac-
tions, we also conducted relaxation studies on crystals of
Kc{Fe,;-Co,} in phase 1 to evaluate the influence of the solid-
state interactions on the relaxation. Like in frozen solution, the
isothermal relaxation curves (see ESI) can be fitted by a single
exponential so that we can conclude that this crystal phase is
showing low to almost no cooperativity.®® This is coherent
with the crystal structure data that do not reveal any significant
intermolecular interactions between the cubic units. Like in
frozen solution, the analysis of the relaxation rates (Arrhenius
plot shown in ESI) points to a changeover from a relaxation
regime governed by tunnelling to a thermally activated regime
above 50 K. The measured lifetimes t(T) (details in ESI) are
only slightly higher than for the compound in frozen solution
and the resulting energy barrier, E, = 350 cm™ is higher but of
the same order as the one measured in solution. The energy

barriers of the presented Ac{Fe;-Co,} cubes are thus intrinsic
properties of the molecules. It is difficult to establish the
origin of the high barrier observed in the previously reported
{Fe,-Co4} cube taking into account the limited number of
relaxation studies on FeCo charge transfer system. The previ-
ously proposed correlation between the high energy barrier
and the higher nuclearity (in comparison to tetrametallic
square or bimetallic pair complexes)® is uncertain when con-
sidering the present results. The measured energy barriers in
this work are in fact much more similar to those found in some
Fe(lIl) spin-crossover (SCO) complexes and to the HS to LS
relaxation measured on diluted systems with comparable re-
laxation temperatures.®’ %%

Overall, the relaxation studies confirm that the nature of the
intercalated cation plays a significant role on the
photomagnetic effect. The smaller the cation, the higher the
relaxation barrier, E, and the relaxation temperature, Tgejax IN
other words, the photoinduced metastable state is stabilized by
the presence of the smaller potassium cation, similarly to the
trend reported for Na, Rb and Cs PBAs.?° A possible origin of
this observation could be found in a stronger structural reor-
ganization when passing from the ground to the metastable
state. This corresponds to a horizontal displacement in the
scheme 1 that depict the Gibbs energy of dia- and paramagnet-
ic states versus reaction coordinate. Alternatively, Bleuzen et
al. postulated that small cations would stabilize the Co(ll)
redox state and thus the Fe"' sCo',s metastable state. This
corresponds to a vertical displacement in the scheme 1. The
investigation of the Fe'" and Co"" redox processes in the
three cubes can give some indication on the influences of the
alkali ion on the stabilization of the Co" redox state, and on the
structural reorganization that accompanies the Co'ys <
Co" s electronic state change. In the following part, we thus
take profit of the cube’s stability in solution to investigate their
redox behaviour by cyclic voltammetry.

Scheme 1. Horizontal and Vertical Displacements: Sketch of
Fe" sCo" s and Fe"' sCo'",s potential wells as a function of
d(Co-N) and possible displacements.

A Gibbs Energy

Reaction coordinate

Variable Temperature Cyclic Voltammetry

Cyclic voltammetry studies were performed in acetonitrile
solutions containing 0.1 M of NBu,PFg as supporting electro-
Iyte at various temperatures. Figure 4 shows a typical cyclic
voltammogram of Rbc{Fe,-Co,}. As previously described for



Csc{Fe,;-Co,}, eight oxidation events are expected. Four of
them, which are chemically and electrochemically reversible
events, are observed at high potential, between approx. 0.9 and
1.5 V versus SCE. They correspond to the successive oxida-
tion and reduction of the Fe'™" ions. The remaining four lo-
cated at lower potentials, between -1.2 and 0.6 V, show a large
splitting between the oxidation and reduction waves, which is
typical of chemically reversible but electrochemically irre-
versible redox processes, and they are ascribed to the Co""
couples. The open circuit potential (OCP) is located around
0.05 V, below the last Co"/Co"" oxidation process, confirming
the presence of one Co" and three Co"" ions in the cubes (see
ESI). In the following, we first discuss the E°(M""") redox
potentials, which are linked to the thermodynamic properties
of the systems, and that are related to the vertical displacement
as depicted above. Then we discuss the splitting between the
oxidation and reduction potentials of the Co""" ions, DE, =
Eox(C0") - Ereq(C0"™), which is linked to electron transfer ki-
netic properties and the associated structural reorganization,
and thus related to the horizontal displacement of the reaction
coordinate in Scheme 1.
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Figure 4. Cyclic voltammogram of Rb-{Fe;-Co,} (0.5 mM) in
CH5CN with 0.1 M 'Bu,PF; at 288 K using a glassy carbon WE (3
mm diameter) and Pt-wire CE.

As in ETCST process, the electron transfer occurs between the
Fe and Co ions, we took as reference the redox potential of the
Fe and we more specifically compare the differences AE®; =
E°(Fe"/Fe"), - E%C0"/C0"), and AE’, = E°(Fe"'/Fe"), -
E%Co"/C0"), of the first switching pairs. While the
E°(Fe"'/Fe") are almost temperature independent, E°(Co"'/Co")
are sensitive to temperature changes. This is correlated to the
important entropy change associated with this redox process.
Actually, an increase of entropy is expected upon conversion
of the Co"' s (S = 0) into the Co" ;s state (S = 3/2). On the one
hand, the spin multiplicity increases. On the other hand, the
weaker bond strength in the Co”HS-Iigand bond (correlated to
the population of antibonding e,* orbitals) is associated with a
higher density of vibrational states and a higher vibrational
entropy contribution than in the Co"' s state. This entropy
variation explains both the positive shift the Co redox poten-
tials as the temperature increases, and the stabilization of the
Fe'"' sCo'"s paramagnetic state over the Fe' sCo"' s diamag-
netic one at high temperature in complexes showing thermally
induced ETCST. It is worth noticing that the temperature

dependence is stronger for Kc{Fe,~Co,} as shown in ESI and
in Figures 5a and 5b where we plot respectively AE’; and AE?,
for the three cubes. Both AE®; and AE?, are larger in Cs- and
Rb- than in the K-cube at room temperature, however this
difference strongly decreases upon cooling. The temperature-
dependence of the potentials even suggests an inversion at
lower temperatures. Two important points should be under-
lined from these data. First, the strong T-dependence indicates
that entropic effects are playing a key role in Scheme 1, in
particular for Kc{Fe,-Co,}. The larger entropy variation for
the K cube could well be related to the higher “mobility” of
the inserted K" cation and the larger distortions as shown by
our XRD, EPR and magnetic data. Secondly, a higher AE’;,
value for Ke{Fe,-Co,} at low temperature would suggest that
the diamagnetic Fe"Co'" pair are better stabilized in that cube
than in the Rb and Cs ones. In other words, the Co(ll) redox
state would be better stabilized with the larger alkali ions. This
result does not support the hypothesis proposed by Bleuzen et
al., which was used to explain the trend: E,(Cs) < E,(Rb) <
E.(K). Here, it is worth reminding that this first hypothesis
was drawn taking into account the energy gap between the
diamagnetic and paramagnetic states (vertical displacement)
but neglecting any possible impact of structural distortion.
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Figure 5. (a) Peak-peak potential difference AE°(Fe-Co) =
E°(Fe)- E°(Co) of Col (left) and Co2 (right) as a function of the
temperature. (b) Peak-peak potential difference AE, =E,(Co")-
Eeq(Co™) of Col (left) and Co2 (right) as a function of the tem-
perature.

Actually, the structural changes also play a key role in the
electron transfer kinetics as depicted in the Marcus-Hush
theory of electron transfer.”>® Here, the slow kinetics of elec-
tron transfer is reflected through a very large separation AE,
between the oxidation and reduction peak potentials of the Co
entities and reveals important differences between the bond
lengths and angles of the reduced and oxidized forms. This
behaviour was also observed for example in the related com-
plex [Co""'(Tp),], where AE, amounts to ca. 200 mV, which
can be correlated to the energy barrier associated with the spin
change.”*™ In the Ac{Fe,-Co,} cubes, the shifts are much
larger and reach ca. 840 mV at 267 K. The very important AE,
obtained here suggest that in addition to the reorganization
energy of the cobalt close coordination sphere (Co-N distances



and distortion of the coordination sphere), the cage distortions
and movements of the alkali cation (and interactions with the
nicny bonds) systems should also be taken into account as dem-
onstrated by the solid-state structural studies (Figure 1). As
temperature decreases, it is noticeable that AE, for Kc{Fe,
Co,} vary strongly to become comparable to those obtained
for the two other systems, and would also become larger at
lower temperatures, in agreement with a stronger structural
reorganization, as suggested by the XRD analyses (vide su-
pra). We remind however here that electrochemical Kinetic
data only partly reflect the behavior in photomagnetic experi-
ments. For example, one of the difference stems from the
solvent reorganization, that we expect to be more important in
electrochemistry since a net charge appears whereas there is
none in photomagnetism. We do not however expect any
important difference between the A-cubes implied by the
solvent. Advanced cyclic voltammetry measurements, at very-
high scan rates and on a broader temperature range could bring
in the future more insight on both kinetic and thermodynamic
of the ETCST involved in the Co"ys < Co"s conversion.
Nonetheless, at this stage this seminal electrochemical study is
consistent with the assumption that the structural reorganiza-
tion may contribute to the stabilization of the metastable state,
but a stabilization of the Co(ll) redox state by small alkali
cations remains to demonstrate.

DISCUSSION

The confrontation of structural, spectroscopic and electro-
chemical studies on this Ac{Fe,-Co,} cubic models and their
comparison with previous studies on PBAs allows enlighten-
ing the possible respective role of the structural rearrangement
and the relative stabilization of the paramagnetic Fe"' sCo' s
metastable state. A horizontal displacement (depicted in light
blue in the scheme 1) corresponding to geometrical changes
between the initial diamagnetic state and the paramagnetic one
leads to an increase in E,. To take into account the effect of
the nature of the alkali ion, this parameter cannot be restricted
to the variation in the Co-N bond lengths that are similar for
all cubes, but it should include the distortion in the Co coordi-
nation sphere. A clear correlation can thus be drawn between
the above discussed structural (and EPR) data and the stability
of the metastable states observed in the Ac{Fe,;-Co4} cubes.
We suggest that the higher differences in the Co coordination
sphere geometry between Co'"\s and Co"' s centers in the K-
cube as compared to the Rb- and Cs-cubes is responsible, at
least partially, for a larger E.. In fact, from the above structural
data, one can expect that an electron transfer in the Cs-cube
would induce a moderate structural distortion on the Co" cen-
ter as the structural study show that the Cs" interacts with all
twelve cyanide bridges, which in turn restrains the distortion
of the Co"y;s coordination sphere compared to that observed in
the K cube. A similar hypothesis has been made for Fe" SCO
complexes by Létard et coll. A simple linear correlation be-
tween the Fe-N bond length variation and the stability of the
photoinduced state of the widely studied Fe-SCO complexes
was shown to be unsatisfactory.”’” The distortion of the coor-
dination sphere emerged as a key parameter.”*® In fact, by
screening series of Fe" SCO complexes Létard et coll. clearly
established that the trigonal distortion of the coordination
polyhedron varies linearly with T, (O Tyesst), when com-
plexes exhibit similar bond lengths and crystal packings.®

Beyond the changes in the distortion of the coordination
sphere, other structural modifications could accompany the
ETCST: a motion of the alkali ion induced by a modification
of the local charges (and consequent changes in the A ey
interactions), changes in the distortion of the cubic framework,
etc. At this stage it is interesting to note that studies on photo-
active Na,Co,[Fe(CN)g]s3-14H,0 PBASs actually showed that
the Na" undergoes a motion upon photo-induced electron
transfer.®? Further evidence of such motions have been found
for the PBA of formula Csy;Co4[Fe(CN)g]29-16H,0. At first
glance, the remarkable photo-efficiency of this Cs-based PBA
and its relatively high relaxation temperature could seem con-
tradictory with our findings. However, in that case, the PBA
material shows vacancies: on average, the Cs" ion is located in
a beheaded {Fe,Co;[],} cubic unit ([] represents a {Fe(CN)s}
vacancy). XAS results showed that in that case the Cs™ ion
moves from the center of the cube toward the vacancies, upon
redox state change.? This contrasts with the situation observed
on our cubic molecular models where the Cs” is trapped in the
center of the closed cubic cavity.

The other factor that was previously considered to justify the
differences in T, between PBA containing different alkali
ions is the influence of the cation on the energy difference
AGgiapara (that we can assimilate t0 AHgiapara at T = 0 K). This
corresponds to a vertical displacement of the potential well of
the metastable state (violet curve in the Scheme 1). A stabili-
zation of the metastable state through a decrease of AHgispara
leads to a higher energy barrier, E,. A decrease of AHgiz para IS
also expected to lead to a decrease of the transition tempera-
ture Ty, associated with the thermally induced transition. Ac-
tually AHgia.para represents the enthalpy difference that needs to
be counterbalanced by the entropy term TASgj.para to allow the
thermally induced transition. Indeed, an inverse relationship
was established in related SCO complexes between T esst
(analogous to Treae) and Ty,.% Such relationship was similarly
observed by Bleuzen et coll. in the series of PBAs:
A,C0,[Fe(CN)gls5-11H,0 (A = Na, Rb, Cs).? This observa-
tion lead them to suggest that the smaller alkali cations (here
the K*) would stabilize the paramagnetic metastable state. The
origin of this stabilization would be the stronger interaction
between the small alkali ion, (that are stronger Lewis acids)
with the cyanide ligand. This should decrease the donor ability
of the N-cyanide atom, and consequently the ligand field on
the cobalt ion. Ultimately, this should lead to a stabilization of
the Co" redox state and thus a stabilization of the Fe"" s-Co" ;s
paramagnetic state and a higher E, in comparison to larger
alkali ions. In the present case, the inverse trend between Tgrejax
and Ty, is also observed: the thermal ETCST in the solid state
(phase 1) starts gradually between 300 — 400 K for Kc{Fe,-
Co,} and Rbc{Fe,-Cos}, and it is not yet observed for
Csc{Fe,;-Co,} (see ESI). One could thus expect that the para-
magnetic metastable state would be better stabilized for the K-
cube. However, the clear distinct T-dependence of the redox
potential demonstrates that entropy variation, ASgi.par, depend
on the alkali ion. It is important underlying that the inverse
trend proposed for SCO and PBA is correct only if the entropy
variations are similar between the systems that are compared.
The observed inverse trend can thus be misleading. Indeed,
electrochemical measurements that showed a larger entropy
variation in Kc{Fe,-Co,} allow extrapolating that the Cs cube
could be better stabilized at low temperature and would exhib-
it the higher Ea. The present experimental results on this spe-



cific family show the opposite, and thus suggest that the
higher activation energy barrier measured in the Kc{Fe,-Co,}
should rather arise from the higher structural reorganisation.
At this stage, we believe there is a clear need for new studies
on related systems and for advanced measurements that could
help bringing more experimental information on the parame-
ters stabilizing the metastable state. Advanced cyclic voltam-
metry measurements, at very-high scan rates and on a broader
temperature range could bring in the future more insight on
both kinetic and thermodynamic of the ETCST involved in the
Co'"ys & Co" s conversion.

CONCLUSION

The present study on Ac{Fe,-Co,} molecular cubic models of
photomagnetic FeCo PBAs allowed accessing accurate struc-
tural and electronic information that are not easily obtained in
solid-state in the non-stoichiometric PBA inorganic polymers.
The crystal structure analysis on single crystals reveals the
distinct interactions of the alkali cations with the cage and
their different mobility. In contrast with the large Cs" ion that
fits well in the cubic cavity and establishes interaction with the
twelve cyanide edges, the position of the smaller K* ion and
its interaction with the cage can undergo strong changes as the
electronic state of the cage changes. The nature of the alkali
cation also impact the geometrical distortions that are ob-
served in the HS-Co(ll) ion. The solubility and stability of the
cubic models has also allowed obtaining relaxation data in
frozen solution, which allow limiting the influence of solid-
state interactions on the relaxation process. A clear correlation
emerges between the extent of the geometrical changes that
can occur in the cubic cage upon a redox state change and the
size of the inserted alkali cation. The larger geometrical
changes observed for the K-cube well correlate with the larger
activation energy that was deduced from frozen solution
measurement. Similarly to SCO complexes, the distortion
appears as a key factor that contributes to a stabilization of the
metastable state. This can provide a guideline for designing
systems in which relaxation temperature and metastable life-
time could be improved. In contrast, the CV data on the pre-
sent family do not allow supporting the previously postulated
stabilization of Co'"\s state by small alkali ion. Further exper-
imental data on other models, and if possible, in broader tem-
perature range are needed to draw stronger conclusion. This
study however allows underlying an important point: the redox
potentials measured at room temperature that are sometimes
used to compare FeCo charge transfer system should be taken
with care. The clear T-dependence of redox potentials reveals
that entropy variation may be different in closely related
chemical systems.

EXPERIMENTAL SECTION

DC Magnetic susceptibility measurements were carried out
using Quantum Design SQUID magnetometer. The measure-
ment on bulk materials were obtained from freshly filtered
samples (packed in a polyethylene bag), which were intro-
duced in the SQUID at 200 K under helium flow and frozen
before purging under vacuum. The measurements on bulk
materials were performed in the temperature range 2 - 400 K
under a magnetic field of 0.1 T (20 — 400 K) and 0.05 T (40 —
2 K). The magnetic susceptibility values were corrected from
the diamagnetism of the molecular constituents and of the
sample holder. Additional details on data treatments are given
in ESI. For the photomagnetic and relaxation measurements
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on solid, approximately 0.4 mg of freshly filtered crystals
(phase 1 and 2) were homogenously distributed on the adhe-
sive face of a paper disk (diameter = 5 mm), which was
mounted into a straw. The straw was then introduced in the
SQUID at 110 K, before purging. The photomagnetic response
was measured at 20 K using an 808 nm light source (ca. 10
mW/cm?). Thermal relaxation curves (yuT versus T) were
acquired by continuously heating the samples at 0.4 K min™
from 2 to ca.150 K after reaching magnetic saturation due to
light irradiation and then switching off the light source. Iso-
thermal relaxation has been measured at different temperatures
after irradiating the samples at 15 K.

Magnetic measurements of frozen solutions were carried out
using 5 mM solution of the compounds in acetonitrile and
dichloromethane. For this, 45uL of an acetonitrile and di-
chloromethane solution were introduced in a medicinal cap-
sule, that was fixed between two glass rods (d =3.5mm,L =6
cm) in a straw. The sample solution produces a diamagnetic
signal, the gap between the glace rods, a paramagnetic one,
and the overall signal is paramagnetic. This specific sample
mounting allows the obtention of reliable magnetic data for
the systems with very small sample size in a large diamagnetic
media. The straw was introduced into the SQUID at 110 K to
allow homogenous freezing of the solution without solid pre-
cipitation, and the SQUID magnetometer was purged once the
solvent frozen. The photomagnetic response was measured at
15 K using an 808 nm light source (ca. 10 mW/cm?). All mag-
netic data were corrected from the diamagnetic and paramag-
netic contributions of the sample mounting. Thermal relaxa-
tion and isothermal relaxation curves were acquired in the
same condition as for the bulk samples.

Cyclic Voltammetry

Cyclic voltammograms at variable temperature were recorded
in a standard electrochemical cell inserted in a refrigerating
calibration bath and using a Metrohm PGSTAT 101 electro-
chemical analyser. The temperature was controlled by insert-
ing a thermometer directly into the solution. Measurements
were carried out on acetonitrile solutions of ca. 0.5 mM of
Ac{Fe,-Co,} and using 0.1 M NBu4PF; salt as supporting
electrolyte. A 3 mm glassy carbon electrode and a Pt-wire
were used as the working- and counter electrode and the po-
tential was measured against a SCE as a reference. N, flux was
used to degas the solution prior to each measurement.

EPR

The EPR spectra of bulk samples and frozen dichloromethane
solutions were measured at X-band (9.34 GHz) with a Bruker
ER200 instrument equipped with a liquid helium cryostat from
Oxford, Inc. The temperature was varied between 4 K and 80
K with various microwave powers (0.02 - 2mW), and with a
modulation amplitude of 10 Gauss and a modulation fre-
quency of 100 kHz. Details about the data analysis are given
in ESI.

XRD

A single crystal of each compound was selected, mounted onto
a cryoloop, and transferred in the cold nitrogen gas stream of
an Oxford Cryostream. Intensity data were collected at 200K
with a BRUKER Kappa-APEXII diffractometer with either Cu
or Mo radiation. APEX 3 suite and SAINT program
(BRUKER) were used to carry out data collection, unit-cell
parameters refinement, integration and data reduction.
SADABS was used for scaling and multi-scan absorption



corrections. In the Olex2 suite or in the WingX suite, the
structures were solved with SHELXT-14 program and refined
by full-matrix least-squares methods using SHELXL-14.
CCDC 2157683-2157685 contain the supplementary crystal-
lographic data for new structures in this paper. The data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/structures
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