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By the coordination assembly of a redox photoactive functional
motif and a cyanide-bridged moiety, a cyanide-bridged Mn''—Fe'"!
compound with large photoinduced magnetic change at room-
temperature due to photoinduced electron transfer was obtanied.
This compound also shows unprecedented radical-quenched spin
glass in molecule based magnets.

Photoresponsive magnetic materials, which change magnet-
ism after the absorption of light," have attracted intense inter-
est in the past decades for their potential applications in
memory and switches. Since the discovery of the first photo-
magnetic Prussian blue analog,” cyanide-bridged coordination
compounds have become some of the most promising and
most widely studied photomagnets.® They are usually obtained
by photoswitching of spin numbers and/or exchange couplings
based on various mechanisms,*® such as metal-to-metal
charge transfer (MMCT),"’™ metal-to-ligand charge transfer
(MLCT),"*? ligand-to-metal charge transfer (LMCT),"* ™ spin
of octahedrally coordinated d*-d’ transition
meta isomerization of photochromic molecules,*" and so
on. Two critical problems have to be solved for the further
development of such photomagnets. One is that the number
of optional paramagnetic metals is very limited, although the
selection of appropriate cyanide-bridged paramagnetic metals
can produce the desired photomagnetism in the light of the
well-known orbital-overlap principle.>* The other is that most
known examples change magnetism under illumination at
cryogenic temperatures. Taking advantage of the light-exci-
tation-in-the-thermal-hysteresis-loop technique, some cyanide-
bridged coordination compounds display photomagnetism
around room temperature (RT).>*** Even so, cyanide-bridged
coordination compounds with thermal hysteresis loops
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around RT are rather rare. Therefore, obtaining room-tempera-
ture cyanide-bridged photomagnets remains a challenge.

Photochromic organic compounds usually change their
molecular structures under illumination.>® Incorporating them
into spin systems as ligands or guest molecules/ions has been
demonstrated to be an effective approach to modulating spin
numbers and/or exchange couplings using light.*>**"** Their
flexibilities of structural modification can enrich the cyanide-
bridged photomagnetic systems, avoiding the limitation of
optional paramagnetic metals. Their other important charac-
teristic is that the photon mode commonly operates around
RT. The presence of photochromic organic units in cyanide-
bridged compounds very likely increases the photoswitching
temperature for magnetism.

The most commonly used photochromic organic units in
known photomagnetic compounds are those undergoing
photo-induced cis-trans isomerization>"*>*” or pericyclic
reactions.*®*%?33* They require an adequate “breathing” space
to allow photochromic reactions to occur due to their large
structural change, otherwise the reactions would be prohibited
or corruption of the crystal structure would occur.®*> In con-
trast, only minor structural distortion occurs after photocolora-
tion for most electron-transfer (redox) photochromic organic
species.*>™” They generally generate radicals upon irradiation.
It has been reported that radicals can antiferromagnetically or
ferromagnetically couple with paramagnetic metals.’®*° If
redox photochromic organic units were incorporated into para-
magnetic metal complexes as ligands, the resulting com-
pounds could display photomagnetism at RT in the solid
state.’® To our knowledge, the photomagnetic effects of
cyanide-bridged coordination compounds with redox photo-
chromic organic units as ligands or guest ions have not been
reported yet.

Previously, we reported that several photochromic halozine
coordination compounds of N-methyl-4,4-bipyridinium cation
(MQ") exhibit photoinduced halo atom to MQ" electron trans-
fer with the formation of MQ" radicals at RT.*" Inspired by
this, by introducing the redox photoactive MQ" cation into a
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cyanide-bridged Mn"-Fe'" inorganic framework as a photo-
chromic organic functional motif,"> we successfully obtained a
photoactive semiconductor, [{Mn"(MQ),H{Fe™"(CN)c}]Cl
(1 HS = high spin, LS = low spin), which showed a clear change
of color and electrical properties with the generation of stable
radicals after irradiation at RT.** Given the potential for photo-
generated radicals to magnetically couple with paramagnetic
centers and alter magnetic behavior,* we investigated the
magnetic properties of compounds 1. Our findings indicate
that compound 1 exhibits a high degree of spin frustration,
displaying antiferromagnetic coupling at RT and a spin canted
antiferromagnetic glassy state at low temperatures before
irradiation. After irradiation, compound 1 demonstrated
photoinduced large magnetic change at room temperature and
an unprecedented radical-quenched spin glass.

Single crystals of 1 were obtained according to our reported
procedure and its crystal structure has been thoroughly
defined.*® So only the magnetic related structural information
is discussed in detail here. The crystal structure of 1 features a
3-D supramolecular network, where 2-D inorganic layers are
linked by n---n interactions between two adjacent MQ' ligands
(Fig. 1). In the layer, each Fe™ atom coordinates to six cyano
groups, while each Mn" atom is ligated by two MQ" ligands
and four cyano groups from four [Fe(CN)e]>~ units. Thus, two
cyano groups of each [Fe(CN)e]>~ unit are mono-coordinated.
This result agrees with the conclusion drawn from the IR
spectra. The 2-D inorganic layer is similar to that in
RbMn"[Fe"™(CN),]'H,O with a 3-D inorganic framework
(Fig. 1).*>*® However, the layers in 1 are stacked in parallel
along the ¢ axis without the displacement observed in the
structure of RbMn"[Fe"(CN)s]-H,O. The nearest metal atom
from adjacent layers for each Fe™ atom is also the Fe'™ atom,
giving a Fe---Fe separation of ~13.50 A. The shortest Fe:--Mn,
Fe---Fe and Mn---Mn distances in each layer are ~5.29 A, 7.40 A
and 7.56 A, respectively, which are comparable with those
found in RbMn"[Fe™(CN)s]-H,O.

As reported in our previous work*®* compound 1 changed
its color from brown (1A) to black (1B) upon irradiation with a
Xe lamp (~50 mw cm™?) at RT. Electron transfer from Cl/CN to
MQ" concomitant with the generation of MQ" radicals was pro-
posed to interpret the coloration behavior. Other mechanisms

Fig.1 Comparison of crystal structures between 1 (left, H atoms being
omitted) and RbMn'[Fe"'(CN)¢]-H,O (right, only Mn[Fe(CN)gl™ is shown).
The dashed lines depict x---n stacking interactions.
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including the photo-induced release of cyanide ligands similar
to octacyanomolybdate?” or electron transfer from Fe(um) to
Mn(u) in RbMn'"[Fe™(CN)¢]-H,O were excluded because no
obvious changes were observed in the PXRD pattern (Fig. S17)
or IR spectrum (Fig. S27) after irradiation.

To explore the effect of photogenerated radicals on mag-
netic properties, the variable-temperature magnetic suscepti-
bilities before and after irradiation were measured under a
field of 1000 Oe in the temperature range of 2-300 K. As
shown in Fig. 2a, the yuT value of 1A at 300 K is 4.85 cm® K
mol ™" per MnFe unit, which is slightly larger than the spin-
only value of 4.75 cm® K mol ™" for one low-spin Fe™™ (Sg. = 1/2,
assuming g = 2.00) and one high-spin Mn" atom (Sy, = 5/2,
assuming gy, = 2.00). As the temperature is lowered, the yyT
value decreases smoothly to a minimum of 4.36 cm® K mol™*
at 28.3 K, and then abruptly increases to reach a maximum of
11.31 cm® K mol™" at about 4.95 K. Finally, the yyT value
decreases again to 7.63 cm® K mol ™" at 2 K. This temperature-
dependent behavior is typical for ferrimagnets as a result of an
antiferromagnetic interaction.*>*® The y\ vs. T data between
50 and 300 K can be fitted to the Curie-Weiss law (yy = C/
(T-6)) with C = 4.89 cm® K mol™" and 6 = —5.25 K (Fig. S37).
The small negative Weiss constant indicates a weak antiferro-
magnetic interaction between Fe' (t,e,°) and Mn" (t},e,)
through the cyanide bridge, which is in accord with the theore-
tical inference based on the orbital-overlap principle.”* The
sharp peak of y\T at low temperature implies the long-range
magnetic ordering below 5.0 K and the sharp decrease in yyT
could possibly be attributed to the field saturation of the mag-
netic moment.

The variable-temperature alternating current (ac) suscepti-
bility was recorded under zero dc to further confirm the
magentic phase transition behavior. Apparent frequency-
dependent peaks in the in-phase (') and out-of-phase (y")
component are observed below 10 K. The peaks of the " com-
ponent are located at 3.18 K and 3.59 K for 10 and 1000 Hz,
respectively, indicating the zero-field slow relaxation of magne-
tization. The shift of the peak temperature (7},) in the plots of
x"-T was calculated to be 0.05 using the Mydosh parameter ¢ =
(AT,/Ty)/(Alog f), falling in the normal range for spin glass (¢
< 0.08) (Fig. 3a). In addition, the temperature dependences of
FCM (field-cooled magnetization) and ZFCM (zero-field-cooled
magnetization) under an applied field of 5 Oe show an obvious
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Fig. 2 (a) ymT versus T under H = 1000 Oe for 1A and 1B; (b) hysteresis
loop of 1A and 1B measured at 2.0 K.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 4 and y" versus T for 1A (a) and 1B (b) in 0 Oe dc and 2.5 Oe ac
fields at various ac frequencies (10, 100, and 1000 Hz).

bifurcation below 5.0 K, further suggesting the blocking of the
magnetization caused by spin glass behavior (Fig. S41).

To check the magnetic hysteretic behavior of 1A suggested by
the irreversibility of the ZFC/FC curves below 10 K, the hyster-
esis loop at 2.0 K was measured. As can be seen, a hysteresis
loop is observed with a coercive field (H.) of 24 Oe and a
remnant magnetization (M,) of 0.014Np (Fig. 2b and Fig. S5at),
further indicating the presence of spontaneous magnetization,
consistent with the spin-glass antiferromagnetic behavior.
Furthermore, the field dependence of the magnetization curve
of 1A, measured at 2 K, illustrates that the saturation of magne-
tization is completed at ~80 kOe (Fig. S5b¥). At this point, the
magnetization of ~4.15 Nf is very close to the expected value of
4 Np for a Fe"""S-Mn"" gystem with antiferromagnetic coup-
ling (M5 = gvinSmnNB-ZreSreNf, assuming gre = gyvin = 2.0). The
M(T) data measured at different applied fields in FC mode
(Fig. 4a) exhibit a fine transition peak at about 4.5 K and a
broad transition peak between 7.5 K and 12.5 K. Furthermore,
the magnetization curves become flatter with increasing applied
magnetizing fields, and the obvious transition peak almost dis-
appears at 200 Oe (Fig. 4a) due to saturation of magnetization.
All these results indicate that compound 1A has a spin glass be-
havior below 5 K. These observations align with the alternating
current (ac) data, which indicate spin glass ordering occurring
at approximately 4.5 K (Fig. 3a).

Notably, the black color of the photoproduct is undesirable
for the penetration of light to the interior of crystals."®*° So,
we chose a YAG laser (4.1 m] cm™?) instead of the Xe lamp as a

25 5 10 15 20 25
Temperature (K)

5 10 15 20
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Fig. 4 Plots of ym vs. T at different fields for 1A (a) and 1B (b),
respectively.
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light source to obtain a colored sample for the magnetic study.
The wavelength of the output light from the laser was moni-
tored to the optimal photoresponsive wavelength of 1A, ie.
320 nm. As shown in Fig. 2a, after irradiation, the yT value
increased to 5.49 cm® K mol ‘and was 13.2% larger than that
before irradiation, implying that new spins were generated
after irradiation.

The photomagnetism of RboMn"[Fe™(CN)¢]-H,O was caused
by photo-induced Mn"-to-Fe™ charge transfer.”>*® As men-
tioned above, the photoinduced coloration of 1 was caused by
CI/CN — MQ" electron transfer, instead of Mn"-to-Fe'™ charge
transfer, CN — Fe'™ charge-transfer, d-d transition of Fe™, and
Mn"-to-MQ" electron transfer. The increase of the y\T value
for 1 upon irradiation can further rule out the occurrence of
Mn"-to-Fe™ charge transfer and Mn"-to-MQ" electron transfer.
The reason is that the y\T value would be largely reduced with
the formation of diamagnetic Fe"'™ (t,,%,’), if the Mn'-to-
Fe™ charge transfer happens. In case of Mn"-to-MQ" charge
transfer, the y,T value would be almost retained for Mn"'-
MQ" ferromagnetic coupling or reduced for Mn'"-MQ" anti-
ferromagnetic coupling. All in all, the new spins are ascribed
to the photogenerated radicals.

As shown in Fig. 2a, the y,T value for 1B gradually
decreased as the temperature was lowered, and went down
sharply below 10 K to reach a minimum of 1.26 cm® K mol™*
at 2 K. The yT values for 1B are larger than those for 1A in
the range of 25-300 K but smaller than those for 1A below
25 K. The y vs. T data between 50 and 300 K can be fitted to
the Curie-Weiss law with C = 5.56 ecm® K mol™* and 4 =
—5.65 K (Fig. S3bt). This 6 value is smaller than that of 1A,
which means that the photogenerated radicals antiferromag-
netically couple with metals. Koga et al. reported that Mn" can
antiferromagnetically couple with carbene radicals through
the pyridyl bridge.”® For 1B, the metal-radical antiferromagne-
tical coupling should occur between Mn" and MQ". The M vs.
H curve for 1B becomes flat and is moved down compared
with that of 1A, but M does not increase linearly to H as occurs
for a typical antiferromagnet (Fig. S5bt). So, the photoproduct
of 1 is a ferrimagnet in nature.

The hysteresis loop at 2.0 K and variable-temperature alter-
nating current (ac) susceptibility measurements were also per-
formed for 1B under zero dc. No hysteresis loop (Fig. S5at), in-
phase (') and out-of-phase (") signals (Fig. 3b) as well as field-
dependent transition peaks (Fig. 4b) can be found in the
measured temperature range. All these results imply that the
spin glass behavior was quenched by room temperature photo-
induced coloration in 1B. For 1A, the slow magnetic relaxation
and hysteresis loop are attributed to the spin glass behavior,
which is most likely because of the disorder of the MQ ligands.
However, the structural disorder should still exist in 1B because
no obvious structural change is observed after irradiation. The
quenching of spin glass behavior for 1B may be attributed to
the generation of radicals, which have been reported to quench
slow magnetic relaxation in molecule-based magnets.’*

Ideally, one molecule of 1 can generate two radicals after
irradiation. The yT values at 300 K for 1A and 1B have a

Dalton Trans., 2023, 52,15677-15681 | 15679
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Fig. 5 ym vs. T with different irradiation times (left), and ymT and radical
numbers (per molecule) vs. the irradiation time t at 300 K for 1 (right). A
YAG laser (1 = 320 nm, 4.1 mJ cm™2) was used as the light source. H =
1000 Oe. The red and pale blue curves denote the change tendency.

difference of 0.64 cm® K mol™, which theoretically corres-
ponds to ~1.71 radicals per [{Mn""S(MQ),HFe" "S(CN)c}]Cl
molecule (Sradical = 1/2, Zradical = 2.0). We conducted a time-
dependent magnetic susceptibility measurement at a field of
1000 Oe under YAG laser irradiation at 300 K for 1. As shown
in Fig. 5, with the increase in irradiation time, the curve of the
radical number showed a trend similar to that of the y\T
value. This reveals that the photomagnetism of 1 originates
from the photogeneration of radicals, and the change in the
xmT value is positively related to the number of radicals.

Conclusions

In summary, we successfully found a cyanide-bridged Mn"-
Fe compound with room-temperature photomagnetism, by
incorporating the redox photoactive ligand MQ" into a 2-D
cyanide-bridged inorganic framework. This photomagnet
undergoes photoinduced electron transfer and yields stable
radicals after irradiation at RT. The antiferromagnetic coupling
between Mn" and the photogenerated radical significantly
changes the magnetism. Interestingly, this photomagnet
shows spin glass behavior before irradiation, which can be
turned off by room temperature light irradiation, showing the
first example of radical-quenched spin glass in molecule based
magnets. The new design strategy described in this work may
help to obtain room temperature cyanide-bridged photomag-
nets with on/off slow magnetic relaxation behavior.
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