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ABSTRACT: A repeatable bidirectional paramagnetic <
diamagnetic photomagnetic effect has been observed in the
cyanide-bridged Fe—Co square complex {[Fe{B(pz),}-
(CN);],[Co(bik),],}(ClO,),-3H,0 [B(pz), = tetrapyra-
zolylborate, bik bis(1-methylimidazol-2-yl)ketone].
Magnetic measurements and low-temperature single-
crystal X-ray diffraction experiments have shown that a
complete electron transfer from the diamagnetic Fe' —Co
W state to the paramagnetic Fe'™ —Co " metastable state is
induced by 808 nm laser light irradiation, whereas the
diamagnetic state is recovered in an almost quantitative
yield under irradiation at 532 nm.

he design of switchable molecular materials has become an

important topic in the field of materials science, offering
rich potential applications for future molecular electronic
devices.! For example, molecules exhibiting on/off switching of
their magnetization appear to be good candidates for information
storage on the molecular scale. Reproducible control of the
magnetic properties at a given temperature via light irradiation
(as opposed to thermal stimulus) turns out to be an important
issue in such a perspective. Cyanide-based chemistry has
provided many molecular switches,” among which the Fe—Co
Prussian Blue analogues (PBAs) are probably the most
emblematic examples of photomagnetic materials. In these
inorganic polymers, visible-light irradiation can induce electron
transfer (ET) from Fe''| s to Co™ 5 (LS = low-spin), which is
accompanied by a change of the spin state of the Co center. Thus,
the diamagnetic (dia) Fe"|s—Co'" ¢ pairs are converted into
metastable paramagnetic (para) Fe'| (—Co'5 pairs (HS = high-
spin), and a diamagnetic PBA can be subsequently transformed
into a ferrimagnet.” The diamagnetic ground state can then be
recovered by heating. This phenomenon has been recently called
an ET-coupled spin transition (ETCST),* a general term
describing both thermal and light-induced processes. Such
properties were reported for the first time by Hashimoto and co-
workers in K,,Co, J[Fe(CN)4]-6.9H,0. Interestingly, in this
seminal work, an opposite photomagnetic effect was also
observed, as a partial decrease in the magnetization was obtained
upon irradiation of the sample with blue light. The reverse effect
was small (<6% variation of the magnetization), but further work
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showed that the magnetization of an Fe—Co PBA thin film could
be almost fully erased by near-IR irradiation.® Such a photo-
reversal effect was also recently observed in the Fe—Mn PBA
Rb, gsMn[Fe(CN)4loos-0.5H,0.” In all of these cases, the
physical properties were shown to be very dependent on the
composition of the material, which itself is correlated to the
(microscopic) structure.”® Actually, the structure of PBAs looks
simple at first glance (cyanide ligands bridging the metal ions in a
cubic network), but a closer look reveals a more sophisticated
description. Indeed, PBAs are often nonstoichiometric com-
pounds that contain variable amounts of inserted alkali metal
ions and [M(CN),]"" vacancies. Whereas powder or single-
crystal X-ray diffraction (XRD) provides an averaged view of the
structure, other techniques (e.g,, X-ray absorption® and NMR
spectroscopy’) have proven that several metal ion surroundings
coexist, even in the stoichiometric derivatives. Consequently, the
observed macroscopic behavior in the photomagnetic Fe—Co
PBAs is the result of interactions between different {Fe—CN—
Co} units, so rationalizing the physical properties is a difficult
task that often requires the combined use of sophisticated
physical measurements.' In this context, the search for discrete
cyanide-based Fe—Co model complexes has lately attracted
strong interest.'" Several research teams have used self-assembly
of stable preformed building blocks to design molecular
photomagnetic systems, including square model complexes.'>
In contrast with the three-dimensional PBAs, the electronic
properties of the Fe—Co pairs here can be finely adjusted by
controlling the coordination sphere of the metal ions. Astonish-
ingly, although the number of photomagnetic Fe—Co molecular
systems is increasing, no bidirectional effect has been reported to
date. Herein we demonstrate that repeatable on/off photo-
switching of the magnetization can be observed in a discrete Fe—
Co system (Chart 1) by using magnetic measurements on
powder and single-crystal XRD experiments under continuous
irradiation.

In this study, we selected as the photomagnetic molecule the
{Fe,Co,} square compound {[Fe{B(pz);}(CN);],[Co-
(bik),],}(ClO,),-3H,0 (1) [B(pz), = tetrapyrazolylborate, bik
= bis(1-methylimidazol-2-yl)ketone]. This complex is known to
exhibit efficient dia — para conversion under white-light
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Chart 1. Simplified View of Reversible Photoinduced ET in 1
and On/Off Switching of the Magnetic Properties
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irradiation at 10 K Its diamagnetic state can be recovered by
heating it to 90 K.'** No photomagnetic effect can be observed
above 60 K because the thermal relaxation is too fast. In the
present study, we explored the photosensitivity of 1 at different
wavelengths.

On-switching mode. Four different laser sources covering the
visible range (405, 532, 635, and 808 nm) were used to irradiate 1
at 20 K. A significant photomagnetic effect was observed at each
wavelength, but the increase in the y T product (where y,; is the
molar magnetic susceptibility per Fe,Co, unit) was greatest by
far at 808 nm (Figure 1a). In all of these experiments, the
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Figure 1. On-switching mode. (a) Plots of yy, T vs time for 1 irradiated at
405, 532, 635, or 808 nm at a laser power of 5, 10, 12, or 6 mW/cm?,
respectively. (b) Variation of the a unit-cell parameter of 1 irradiated at
658 nm (70 mW/cm?) or 808 nm (60 mW/cm?). The last points near
400 min correspond to measurements done after complete data
collections for structural refinement.

temperature was set to 20 K to minimize the heating of the
sample caused by the laser irradiation. Nonetheless, this effect
could not be completely avoided, even with moderate laser
power, and resulted in a jump in y,T as the light was switched off.
The effect was stronger for greater dia — para conversion. The
persistence of the paramagnetic Fe''—Co' metastable state after
the light was switched off was also checked [Figure S2 in the
Supporting Information (SI)]. The y,T value used to evaluate
the dia — para conversion rate was that measured in the dark, as
the temperature of the sample was reliable and stable. In the case
of irradiation at 808 nm, y,,T reached ca. 6.5 cm> mol ™' K, which
compares well to that measured in analogous {Fe',Co",} model
compounds,' indicating almost complete conversion of the
diamagnetic Fe''—Co™ pairs into paramagnetic Fe''—Co" pairs.
Under this assumption, the rate of formation of paramagnetic
pairs in 1 after irradiation at the other wavelengths was much
lower, varying between 11 and 16%. The temperature depend-
ence of the y,T product in the paramagnetic photoinduced state
was recorded after it reached saturation (ca. 200 min at 808 nm;
Figure S1). Complementary XRD studies were carried out at low
temperatures under light irradiation to prove the photomagnetic
effect on single crystals and to substantiate the nature of the
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photoinduced state. The crystal structure of 1 was first
investigated at 80 or 15 K after quenching the sample in a
nitrogen or helium flux. Comparison of the unit-cell parameters
at 250,'2* 80, and 15 K (orthorhombic space group Pbcn, Z = 8)
showed that b first slightly increased and then decreased as T was
lowered from 250 to 15 K, whereas a and ¢ uniformly decreased
(Table S1 in the SI). Selected average bond lengths and angles
are reported in Table 1. Overall, the structure of the square motif

Table 1. Unit-Cell Parameters and Volumes, Average Metal-
to-Ligand Bond Lengths, and Deformation of the First
Coordination Sphere of Co for 1 under Different
Experimental Conditions

laser off laser on, 15 K
80 K 15K 808 nm (1%%*) 532 nm (1°%?)
a(A) 17.8483(8)  17.688(4) 18.255(1) 17.952(1)
b (A) 16.3064(6)  16.271(1) 15.9985(9) 16.133(1)
c(A) 28.884(1) 28.886(1)  29.536(2) 29.016(2)
v (A% 8406.6(6) 8307.7(9) 8626.3(7) 8403.6(9)
(Co—N) (A) 1914(4) 1.919(3) 2.086(7) 1.950(8)
Y (deg)” 18(2) 20(2) 41(3) 19(3)
(Fe—N) (A)  1.991(4) 1.995(4) 1.974(6) 1.983(8)
(Fe—C) (A)  1.872(6) 1.874(4) 1.920(9) 1.88(1)
Y = 3221190 — ¢/, where the ¢, are the N—Co—N bond angles.

did not show significant dlfferences compared with that
measured at higher temperatures:' ® the bond lengths at the
iron center match well with those previously observed for other
Fe'| s complexes,'" whereas the relatively short average Co—N
bond length is typical of a Co™¢ ion.">"*

The unit-cell parameters of a single crystal of 1 (300 ym X 300
um X 200 pm) that was quenched at 15 K in a helium flux were
measured during laser irradiation at 658 or 808 nm (Figures 1b
and S3). Whereas the structural effects of the irradiation at 658
nm were very small (the increase in the cell volume, V, was
<0.1%), irradiation at 808 nm induced a significant variation of
the cell parameters: a and ¢ continuously increased whereas b
decreased (Figures 1b and S3). Overall, Vincreased by ca. 180 A
(2.25% of the initial volume) after 160 min of irradiation (Figure
S3). Crystallographic data were then collected during irradiation
at 808 nm in order to identify the crystal structure of the
photoinduced state, 13%%. The values of the a and b measured at
the end of the XRD experiment were slightly different from those
measured at the beginning, suggesting that the crystal conversion
was not complete after 160 min of irradiation, but it was sufficient
to study the nature of the photoinduced state (Figure S3). The
space group of 1%%® was still Pben (Z = 8), but important changes
in the coordination sphere of the Co ion occurred (Table 1,1%9),
The average (Co—N) bond length became 2.086(7) A, which is
close to that expected for a Co'yyg ion,>" suggesting almost
complete spin-state conversion. Indeed, the Co—N bond length
are expected to increase by ca. 0.18 A when the LS d°
configuration is transformed into the HS d configuration, in
agreement with the electron occupancy of the antibonding e
orbital in the d’ conﬁguratlon In addition, the values of the N—
Co—N angles in the coordination sphere of the HS Co ion
departed more significantly from orthogonality than those
measured in the LS state (Table 1). Although the Fe
coordination sphere showed only smaller differences (Table
1), the change in the Fe charge is visible in the values of Fe—C
bond distances. Whereas the Fe—C bond lengths were in the
range 1.86—1.89 A before irradiation, the average distance
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increased to >1.92 A under 808 nm irradiation, evidencing the
conversion of Fe'l; s to Fe'!; .'>* Thus, the crystal data match well
with the occurrence of a light-induced ETCST (LIETCST) from
an Fe'| (—Co™, ¢ ion pair to an Fe™ ¢—Co"yg ion pair. This
process was also accompanied by subtle changes in the geometry
of the {Fe,Co,} square motif. The Fe—Co intramolecular
distances became significantly longer (increasing by ca. 0.2 A),
and the cyanide bridges were slightly more distorted on the Co
side in the metastable paramagnetic state (Table S2). These
intramolecular geometrical variations were also accompanied by
modifications in the intermolecular interactions, with the short
contacts between the square units, the water molecules and the
perchlorate ions being modified (Figure S4 and Table S3).
Off-switching mode (reverse LIETCST). The photosensitivity of
the photoinduced metastable paramagnetic state was then
probed by measuring the evolution of y;T under laser irradiation
at 405, 532, and 635 nm (Figure 2a). All of these wavelengths
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Figure 2. Off-switching mode. (a) Plot of y,T vs time for the metastable
induced state irradiated at 405, 532, or 635 nm at a laser power of 5, 10,
or 12 mW/cm?, respectively. (b) Variation of the a unit-cell parameter of
1 upon successive laser irradiation at 808 nm (60 mW/cm?) and 532 nm
(85 mW/cm?). The last points near 1200 min correspond to
measurements done after complete data collections for structural
refinement.

induced decreases in the magnetization, which can be ascribed to
partial depopulation of the metastable state toward the
diamagnetic ground state. The most efficient effect was observed
at 532 nm, with y T decreasing from ca. 6.4 to ca. 1.7 cm® mol ™
K after 200 min." This variation corresponds to 73.5% recovery
of the diamagnetic state.'® The magnetization did not completely
vanish for any of the laser sources used. This is consistent with
the previous results observed in the on-switching mode, where all
of the sources induced a noticeable increase in the magnetization.
Indeed, it appears that the more efficient the source is in the on-
switching mode, the less efficient it is in the off-switching mode.
However, irradiation at a given wavelength did not yield the same
T values in the on-switching and off-switching modes. For
example, the 532 nm laser light induced a ca. 11% conversion
toward the Fe'; ¢—Co'};s paramagnetic state in the on-switching
mode, whereas it reduced the number of paramagnetic pairs to
ca. 26.5% of the maximum value in the off-switching mode. A
light penetration length smaller than the sample size as well as
slower kinetics in the oft-switching mode could account for these
differences. The reversibility of the photomagnetic effect was also
tested on a single crystal with roughly the same size as that used
in the first experiment (300 gm X 200 ym X 200 pm). The
variations of the crystallographic parameters (a, b, ¢, and V) upon
successive irradiation at 808 and 532 nm are depicted in Figures
2b and S5. As in the first experiment, a steady state was obtained
in the on-switching mode after ca. 300 min, and it persisted when
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the laser was turned off. Although the measured crystallographic
parameters differed slightly from those obtained for the first
crystal, their relative variations were very similar. For example, V'
increased by ca. 2% after 200 min, which is consistent with the
increase in the Co—N bond lengths associated with the spin
transition of the Co"" center. On the contrary, irradiation at 532
nm induced a significant decrease in V and variations in the cell
parameters opposite to those observed under 808 nm irradiation
(Figure 2b). XRD data were collected after irradiation of the
crystal at 532 nm for 320 min, as the variation of the cell
parameters as a function of time became very weak. Nonetheless,
the cell parameters obtained after this collection were still slightly
smaller than those measured before, indicating slow kinetics of
the off-photoswitching under the present experimental con-
ditions. The crystal structure of the resulting photoinduced state,
1% (Pben, Z 8) exhibited bond lengths, angles, and
intermolecular distances that were intermediate between those
observed in 1 and 1%% indicating partial recovery of the
diamagnetic state. The average (Co—N) bond distance
significantly decreased upon irradiation. By comparison of the
measured distance [1.950(8) A] with those expected for the LS
state (~1.91 A) and HS state (~2.09 A), the recovery of the
diamagnetic state was estimated to be 70—75%, which is
comparable to the value from the magnetic measurement (Figure
2a). A tentative study of a smaller crystal (100 gm X 100 m X S0
um) showed an even higher reverse-LIETCST effect on the unit-
cell parameters, thus evidencing the better match between the
penetration length of 532 nm light and the crystal size (Figure
S6). Unfortunately, the crystallinity did not remain sufficient for
the corresponding average structure to be obtained. It should be
noted that a loss of crystallinity upon both on and off
photoswitching was observed for all of the checked samples, as
manifested by a decrease in the intensities of the Bragg peaks at
high 6 angles (Table S2) and the consequent increase in the
errors bars for both the unit-cell parameters and average bond
lengths (Figures 1b, 2b, S3, SS, and S6 and Table 1). This
prevented us from cycling the on/off photoswitching of single
crystals.

Cycling. Finally, successive reversible photoinduced effects
were investigated using a powdered sample by following the y T
value under cycles of successive irradiation at 808 and 532 nm for
ca. 400—500 min. The plots of y,T versus time shown Figure 3
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Figure 3. Plot of yT vs time under cycles of successive irradiation at
808 nm (6 mW/cm?) and 532 (10 mW/cm?) nm at 20 K.

do not superimpose, but they do look similar. Interestingly, the
first irradiation curve appears to be slightly below the following
ones. This behavior was observed for several samples but remains
unexplained at present. More importantly, the yyT values
obtained after the on-switching and on-switching irradiations
remained close to each other (ca. 1.6 and ca. 6.4 cm® mol™" K).
Therefore, the loss of crystallinity observed in the XRD
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experiments did not lead to a loss of the photomagnetic effect. A
microscopic mechanism for bidirectional switching was first
proposed by Kawamoto et al.'” for photomagnetic Fe—Co PBAs.
On the basis of ab initio quantum-chemical calculations, they
postulated that the bidirectional effect would require the
coexistence of two different Co surroundings, such as {Co-
(NC)g} or {Co(NC)s(H,0)}. The nonstoichiometric aspect of
the PBA was said to play an essential role for the observation of
the bidirectional photomagnetic effect: some Co chromophores
would indeed be sensitive to red light, with the corresponding
Fe''| ¢—Co'| ¢ pairs being converted into Fe™; ¢—Co"j;5 ones,
whereas other Co chromophores would be sensitive to near-IR
irradiation, with the corresponding Fe''| s—Co'js pairs being
transformed into Fe';¢—Co™ ¢ pairs. In both cases, the
switching of the magnetic properties would be propagated
from the sensitive site to its neighbors. In contrast, in the Fe—Co
molecular model studied here, each Co ion strictly exhibits the
same Ny coordination sphere, and the photoswitching was
observed starting from either the diamagnetic Fe"—Co'" state or
the metastable Fe''—Co" state. It is worth noticing that the
efficient wavelengths in the on- and off-switching modes (808
and 532 nm, respectively) belong to the region where the Fe'' —
Co™ and Co" — Fe™ charge transfer (CT) bands are usually
observed for similar square complexes.,12 in agreement with our
optical study (Figure S9). The photomagnetic effect would
involve initial ET followed by intersystem crossing of the excited
state to the metastable state.'” The reverse effect might also
involve preliminary ligand-to-metal CT on the Fe center, as has
been suggested for the Fe—Mn PBA derivative.” Finally, it is
worth noting that although the {Fe,Co,} square complexes
remain at the present time the simplest model compounds for the
more sophisticated Fe—Co PBAs, they still raise very difficult
questions, such as whether the ET (i) occurs in both pairs
simultaneously or (ii) preferentially occurs through one Fe—
CN—Co edge or the perpendicular one. Our current efforts are
being devoted to the study of the electronic states involved in the
on/off photoswitching by using time-resolved experiments.
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