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ABSTRACT: Co/Fe Prussian Blue analogues are known
to display both thermally and light induced electron
transfer attributed to the switching between diamagnetic
{Fe' s(u-CN)Co" s} and paramagnetic {Fe"' ¢(u-CN)-
Co'ys} pairs (LS = low spin; HS = high spin). In this
work, a dinuclear cyanido-bridged Co/Fe complex, the
smallest {Fe(u-CN)Co} moiety at the origin of the
remarkable physical properties of these systems, has been
designed by a rational building-block approach. Combined
structural, spectroscopic, magnetic and photomagnetic
studies reveal that a metal-to-metal electron transfer that
can be triggered in solid state by light, temperature and
solvent contents, is observed for the first time in a
dinuclear complex.

he discovery in 1996 of the first photoswitchable Prussian

Blue analogue,' K,,Co,,[Fe(CN)¢]-6.9H,0, opened a
new field of research in material science. The versatile
molecule-based chemistry used to synthesize this Prussian
Blue system motivated chemists to obtain a family of three-
dimensional (3D) cyanido-bridged Co/Fe networks with
different electronic behaviors tunable by external stimuli such
as light and/or temperature.z_7 The origin of the remarkable
physical properties of these materials is found in the elementary
{Fe(u-CN)Co} moiety that exhibits a reversible thermally
induced and photoinduced metal-to-metal electron transfer. As
a consequence, this constitutive bimetallic pair can adopt two
different valence states: {Fe'((u-CN)Co™ ¢} and {Fe -
(u-CN)Co"yys} being diamagnetic and paramagnetic respec-
tively (LS: low spin; HS: high spin). Recently, both thermally
and light induced electron transfer has been reported in two-
dimensional (2D) and one-dimensional (1D) cyanido-bridged
Co/Fe materials containing {Fe(u-CN)Co} motifs,*'° but so
far most of the reported synthetic work in this field has been
oriented toward the design of molecular complexes, able to
mimic the physical properties of the 3D Prussian Blue

-4 ACS Publications  © 2014 American Chemical Society

compounds. The preparation of these discrete molecules,
rather than extended networks, is of fundamental and
technological interests since they may be easier to manipulate
and thus to integrate into future molecule-based electronic
devices. Several dinuclear'' ™" and tetranuclear'* systems have
been prepared containing diamagnetic {Fe'| ¢(u-CN)Co™ ¢}
motifs, but it was not until 2004 that Dunbar and co-workers
reported the first molecule, a pentanuclear [Fe,Co;] complex,
exhibiting a thermally induced electron transfer.'>'® Later, in
2008 and 2010, we reported the first thermally and light
switchable molecular complexes, an [Fe,Co,] cube'” and an
[Fe,Co,] square,'® which can be viewed as an isolated unit cell
of the cubic Prussian Blue network and an isolated face of this
cubic unit, respectively. Since then, a series of related square
systems have been reported, describing their different reversible
thermally and light induced intramolecular electron transfer in
the solid state as well as in solutions."”™* In our quest to
obtain new molecular systems and concomitantly to reduce the
size of these functional molecules, our group reported a
dinuclear complex, [{(BBP)Fe(CN);}{Co(PYSMe,)}]
(PYSMe, = 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine; H,BBP =
2,6-bis(benzimidazol-2-yl)pyridine) that was described as the
smallest cyanido-bridged Fe/Co unit with switchable optical
and magnetic properties depending on its physical state.”*
While a thermally induced Co™ spin crossover is observed in
the solid state, an intramolecular electron transfer triggered by
diprotonation of the BBP ligand at the Fe site was
demonstrated in solution. Detailed electrochemistry studies
showed that the ligand protonation induces a marked decrease
of the redox potential difference between Fe and Co centers
within the dinuclear complex, leading to the observed electron
transfer. This result motivated us to design new dinuclear
[FeCo] complexes exhibiting both thermally and light induced
electron transfer by altering the redox potentials of the
molecular precursors, as done by Bernhardt,"®> Oshio,”® and
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Mallah® in mixed-valence compounds. Starting with the same
Co" molecular module, {Co(PY5Me,)}**, we selected the
{(Tp)Fe™(CN);}™ building block (Tp = hydridotris(pyrazol-1-
yl)borate), which can be reduced in {(Tp)Fe(CN);}*~ around
—0.81 V (vs Fc*/Fc),* a redox potential that falls between
those previously reported for {(BBP)Fe(CN);}*” and
{(H,BBP)Fe(CN);} (—1.1 vs —0.46 V, respectively; Support-
ing Information (SI), Figure S1)***° which led to paramagnetic
[Fe™ ¢(u-CN)Co"}ys] and diamagnetic [Fe" s(u-CN)Co™ (]
complexes, respectively.”

The room-temperature equimolar reaction of PYSMe, and
Co"(CF;S0;), with (Bu,N)[(Tp)Fe"(CN),] in DMF gives a
dark red solution. Slow diffusion of diethyl ether vapor into this
solution affords orange needles of [{(Tp)Fe(CN);}{Co-
(PY5Me,)}](CF,S0O,)-2DMF (1-2DMF; 70% yield).*®

Single-crystal X-ray diffraction studies at 180 and 90 K reveal
that 1-2DMF crystallizes in the orthorhombic Pnma space
group (Figure 1, and SI, Table S1, Figures S3 and $4).2° In the

Figure 1. ORTEP-type view of the cationic complex in 1-2DMF at
180 K. Thermal ellipsoids are depicted at the 30% probability level. All
anions, lattice solvents, and hydrogen atoms are omitted for clarity. Fe,
Co, N, C, and B atoms are indicated in orange, dark blue, light blue,
gray, and pink, respectively.

cationic [{(Tp)Fe(CN);}{Co(PYSMe,)}]* complex that re-
sides on a mirror plane, the Fe and Co metal ions are
hexacoordinated with distorted octahedral geometries (Figures
1 and SI, Figure $3)*° and their separation (Fe--Co) is
5.063(1) A at 180 K, which is slightly longer than 4.987(2) A
found at 90 K.

At 180 K, the two metal centers are linked by one, almost
linear, cyanide ligand (Fel—C22—N8 and C22—-N8-—Col
angles are 177.6(5)° and 170.9(4)°, respectively, see SI,
Table $3)*® to form a [FeCo] pair (Figure 1). The Fe site
bears two terminal cyanide ligands, and its coordination sphere
is completed by three N atoms from the Tp~ ligand in facial
configuration. On the other hand, the Co center completes its
coordination sphere with the five N donor atoms from the
PYSMe, ligand. The average Fe—C and Fe—N bonds are
1.947(5) and 1.975(4) A, respectively, while the average Co—
Nyc and Co—N,, bonds are 2.047(5) and 2.135(3) A,
respectively (SI, Table $3).>° In addition to the bond valence
analysis and the charge compensation, these structural features
confirm the presence of LS Fe" and HS Co" metal ions in 1-
2DMEF leading to a param%gnetic dinuclear complex at 180 K.

At 90 K (SI, Figure S3),”° the cyanide bridge between Fe and
Co centers is slightly more linear, with Fel—C22—N8 and
C22—N8—Col angles of 178.3(8)° and 171.9(8)°, respectively
(SI, Table $3).2° The average Co—Ny¢ and Co—N,, bond

distances are notably shorter than those observed at 180 K,
with values of 1.968(8) and 2.080(6) A, respectively. However,
these bond distances are too long for only diamagnetic Co™
ions'®™** but are in good agreement with a mixture of both
paramagnetic [Ee™ ((u4-CN)Co"jys] and diamagnetic [Ee™ .-
(u-CN)Co™, 4] dinuclear species with an approximate 1:1 ratio,
as confirmed by the magnetic measurements (vide infra).

In the crystal structures, the +1 charge of the dinuclear
complex is compensated by a CF;SO;™ anion, while two DMF
molecules are present in the crystal lattice (SI, Figure S4),*° as
confirmed by thermogravimetric analysis (TGA). The weight
loss of 13 + 1% in the 60—200 °C temperature range
corresponds well to the loss of two DMF molecules (SI, Figure
S8; at higher temperatures until 500 °C, 1 gradually
decomlposes).26 As previously observed in related sys-
tems,> 17223 the lattice solvents can strongly influence the
electron-transfer properties of a complex, and therefore the
properties of both 1.2DMF and its desolvated form, 1, have
been studied.

As 1-2DMEF loses its DMF molecules extremely rapidly, the
magnetic susceptibility measurements were performed on fresh
crystals kept in their mother liquor (DMF/Et,0; in red in
Figure 2) between 1.8 and 250 K. At 250 K, the T product is
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Figure 2. T versus T plots for polycrystalline samples of 1-2DMF (in
red, from 250 to 100 K at 1 T and below 100 K at 0.1 T) and 1 (in
black, from 300 to 1.8 K at 1 T) at 0.67 K/min (the lines are guides for
the eye).

343 cm® K mol™, which corresponds to isolated magnetic
centers, i.e., one LS Fe™ (S = 1/2) and one HS Co™ (S = 3/2)
in an octahedral coordination environment. Indeed, this value is
close to the value measured for the related dinuclear
[{(BBP)Fe(CN),}{Co(PY5Me,)}] complex (3.1 cm® K
mol™").** Lowering the temperature, the ¥ T product is constant
down to 165 K and then decreases sharply in two steps (at 161
and 152 K), until it reaches and stabilizes around 1.7 cm® K
mol™" at 90 K. As already suggested by single-crystal X-ray data
(vide supra), this yT value corresponds to exactly half the yT
product measured above 165 K, confirming that, in a bulk
sample, only 50% of the paramagnetic [Fe'| ¢(u-CN)Co" ]
pairs convert into diamagnetic [Fe'| (4-CN)Co™ ] ones. As
the temperature decreases below 70 K, the yT product
decreases again to reach 0.91 cm® K mol™ at 1.8 K, as
expected in the presence of the combined thermal effect of Co"
and Fe spin—orbit couplings’”*® and possible antiferro-
magnetic coupling between LS Fe and HS Co" magnetic
centers through the cyanido bridge.> With the temperature
increasing up to 130 K, the yT product increases, following the
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same variation as seen in the cooling mode. Above 130 K, the
two-step intramolecular electron transfer is observed (at 161
and 171 K) with a thermal hysteresis of about 10 K
(0.67 K/min), indicating the presence of a first-order phase
transition. The reversibility of the magnetic properties is
confirmed above 175 K when the magnetic susceptibility
recovers its initial values.

In order to obtain the desolvated analogue (1), 1-2DMF was
successively sonicated in diethyl ether (30 min) and kept for
24 h under vacuum at 50 °C. Complete removal of the lattice
DMEF solvent was confirmed by the disappearance of the
intense Uc_q stretching absorption band in the solid-state IR
spectrum (SI, Figure S2, at 298 K).2 Unfortunately, based on
powder X-ray diffraction, 1 is poorly crystalline, preventing its
structure determination. However, the lattice DMF can be
“gently”, but only partially, removed by keeping 1-2DMF in its
mother liquor (DMF/Et,0) for several days or weeks after
crystallization. At a given temperature, different crystals of 1-
n(solv) (n < 1.3) display systematically smaller unit cells than
1-2DMF as a consequence of DMF loss (SI, Figures S5—S7,
Table S2).° The analysis of their crystal structures and bond
distances reveals the occurrence of a partial or, in some cases
(for low n numbers), a total thermally induced electron
transfer. In this case, the presence of only the diamagnetic
[Fe" g(u-CN)Co™ ] complex at 120 K is evidenced from the
Fe—C, Fe—N, Co—Ny, and Co—N,, average bond distances
of 1.892(3), 2.011(2), 1.878(3), and 1.983(2) A, respectively.
These observations indicate that 1-:2DMF can easily lose DMF
molecules while maintaining the integrity of the dinuclear Fe/
Co complex and favoring the occurrence of a full electron-
transfer process.

In Figure 2, the magnetic properties of 1 (in black) and 1-
2DMF (in red) are compared. At 300 K, the yT product of 1 is
344 cm® K mol ™!, corresponding well to the paramagnetic
[Fe™ ¢(u-CN)Co"ys] complex observed in 1-2DMF. Upon
lowering the temperature, the yT product is almost constant
down to 175 K and decreases abruptly at 165 K before reaching
a value of 021 cm® K mol™' at 145 K, confirming the
stabilization of the diamagnetic {Fe"| ;(u-CN)Co™ s} state by a
quasi-full electron transfer. In heating mode, 1 displays a sharp
transition at 170 K, revealing a thermal hysteresis of about 5 K
at 0.67 K/min and thus a first-order phase transition associated
with the full electron transfer.

The signature of the electron transfer in 1 was also studied by
solid-state optical reflectivity measurements. At 310 K, the
spectrum of the paramagnetic [Fe'™; ¢(u-CN)Co'""jy5] complex is
composed of two bands at 490 and 850 nm (Figure 3, left, and
SI, Figure $10).® Upon cooling, this spectrum is strongly
modified in the 200—140 K temperature region, with a
significant decrease in the reflectivity above 700 nm, as
expected when diamagnetic [Fe"| ((u-CN)Co™ (] species are
stabilized at low temperature.”>~"**' The thermal evolution of
the absolute reflectivity at 850 nm helps to visualize the optical
properties (Figure 3, right, and SI, Figure SlO)26 and reveals, as
observed by magnetic measurements, a thermal hysteresis (ca.
9 K at 4 K/min) associated with the thermally induced electron
transfer in 1. After 90 min of white-light irradiation of the
sample at 10 K (0.4 mW/cm?), the resulting spectrum is nearly
identical to the one recorded at 310 K (SI, Figure S11),°
demonstrating the possibility to photoinduce the electron
transfer and thus the paramagnetic [Fe™™| ¢(u-CN)Co'' ;5] state,
at least at the surface of the sample. Upon heating, the
photoinduced state relaxes around 45 K to the thermodynamic
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Figure 3. Left: Surface reflectivity of 1 upon cooling from 300 to 10 K
(4 K/min). Right: Absolute reflectivity of 1 at 850 nm (Rgs) with
cooling (blue), heating (red), and heating after 12 h of white-light
irradiation (0.4 mW/cm?) at 10 K (red).

diamagnetic state (Figure 3, right). Additional photoexcitation
experiments were performed at 10 K using a set of 14 LED
sources from 1050 to 365 nm. All the 14 LEDs were able to
populate the paramagnetic state (SI, Figures S12—15),*° in
agreement with the efficiency of the white light.

The electron transfer was further investigated by photo-
magnetic studies of 1 (Figure 4). Under white-light irradiation,
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Figure 4. Left: #T versus time at 1 T under white-light irradiation (3
mW/cm?) at 10 K. Right: T versus temperature plots at 1 T and 0.4
K/min for 1 before (black) and after (red) white-light irradiation (3
mW/cm?) at 10 K (the lines are guides for the eye).

the yT product at 10 K quickly increases and reaches a
maximum of 2.77 cm® K mol ™! after 4 h, thus demonstrating
that paramagnetic [Fe'' s(u-CN)Co"};5] complexes are photo-
generated at the bulk level. From 2 to 21 K in the dark, the yT
product of the photoinduced phase increased from 1.8 to 3.2
cm® K mol™’, most likely due to the Co" and Fe™ spin—orbit
coupling’”*® and antiferromagnetic interaction between LS
Fe'! and HS Co" magnetic sites® in the [Fe™ s(u-CN)Coy]
complex (as already observed in the low-temperature phase of
1-2DMF, Figure 2). Upon further heating, this metastable state
relaxes rapidly into the thermodynamic diamagnetic phase at
45 K (Figure 4), consistent with optical reflectivity studies
(Figure 3).

In summary, we have designed and synthesized the smallest
[Fe(u-CN)Co] complex that displays both thermally and light
induced electron transfer in the solid state. Combined
structural, spectroscopic, and magnetic studies reveal that the
thermal conversion of the paramagnetic [Fe'™ ¢(u-CN)Co" ]
complex into its diamagnetic [Fe"| (u-CN)Co' ;] analogue is
only 50% in 1-2DMF (between 152 and 171 K), while it is
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complete for the desolvated sample, 1 (165—170 K).
Photomagnetic and optical reflectivity studies demonstrate
unambiguously that the diamagnetic state of 1 can be
photoconverted into the paramagnetic one by applying a
simple white-light irradiation at 10 K. The thermally and light
induced magnetic and optical bistability of 1 opens new
possibilities to design multifunctional materials by using this
moiety as a photomagnetic linker (using the remaining cyanido
groups) for high-nuclearity complexes or coordination net-
works.
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