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ABSTRACT: 'Converting' light energy to magnetization is the at-
tribute of molecule-based compounds called photomagnets and is
inaccessible for conventional magnetic solids. The design and syn-
thesis of such compounds, however, is a formidable challenge and
only a few examples are known, all with rather low magnetic or-
dering temperatures well below the boiling point of liquid nitrogen.
Herein, a cyanide-bridged coordination polymer {[Mn"(imidaz-
ole)]2[W'™V(CN)s]}n exhibiting the highest light-induced magnetic
ordering temperature ever observed and a magnetic hysteresis loop
up to 90 K is reported. The photomagnetic effect results from the
blue light excitation (450 nm) of the constituent octacyanotung-
state(IV) moiety which then couples magnetically with manga-
nese(ll) resulting in light-induced ferrimagnetic ordering. The re-
ported coordination framework shows also outstanding water sorp-
tion properties that are strongly correlated with the photomagnetic
functionality. The photo-switching observed in the anhydrous state
is completely quenched by the reversible capture of water with the
fully hydrated phase becoming practically non-photomagnetic.

INTRODUCTION

Modern chemistry seeks new multifunctional materials sho-
wing complex physico-chemical properties.® In the same vein,
molecular magnetism focuses on the construction of magnetic so-
lids by design using molecules as building units. The target com-
pounds are expected to show non-trivial magnetic properties
strongly coupled with other functionalities? like photo-activity® or
porosity.* Due to the basically unlimited number of combinations,
it developed into a much broader and fascinating field of multifunc-
tional molecular materials with magnetism being the main theme.

Molecular magnets that are responsive to visible light — photo-
magnets?® — constitute a special class of multifunctional magnetic
materials where magnetization is controlled by photons. However,
the preparation of building blocks showing inherent photomagnetic
functionality is extremely challenging.® Photomagnetism is mainly
studied in CN-bridged compounds with the Co''-Fe'"'é charge trans-
fer pairs,” Fe'' spin cross-over complexes showing Light Induced
Excited Spin State Trapping (LIESST)® and Co"-dioxolene pairs.®
4d and 5d metal complexes are under-represented as LIESST
candidates. Only recently, octacyanomolybdate(IV)¥* and
octacyanotungstate(IV)!! were demonstrated to show intrinsic
LIESST-like behavior. In the case of CN-bridged Mn'-
[W'Y(CN)s]-chains,'* an enormous increase of the magnetization
upon 436 nm irradiation was observed, yet the photo-induced long-

range magnetic ordering or the magnetic hysteresis were never de-
tected when the photomagnetic effect was based solely on the
octacyanotungstate(lV). Herein, we present a three-dimensional (3-
D) coordination polymer {[Mn"(imidazole)]os[W'V(CN)s]}n (1)
showing light-induced long-range magnetic ordering above the boi-
ling point of liquid nitrogen (LN2) and a reversible hysteretic water
capture at room temperature that controls the photomagnetic func-
tionality. The light-induced magnetic ordering temperature of 93
K, magnetic hysteresis loop at 90 K and their control by water sorp-
tion are demonstrated for the first time.

RESULTS AND DISCUSSION

Structural studies

1 was obtained by the vacuum dehydration of {[Mn''(imida-
zole)(H20)2]2[W'Y(CN)s]-4H20}n (1-8H20), which was synthesi-
zed according to the modified procedure for Mo'V-122 and Np'V-12b
analogues. Single crystal X-ray diffraction studies of 1-8H20 (mo-
noclinic, P21/n) revealed its three-dimensional (3-D) CN-bridged
coordination skeleton of crossed-ladder topology. As depicted in
Figure 1a, each W' forms six cyanide bridges towards six Mn"
centers, leaving two terminal cyanide ligands engaged in hydrogen
bonds with crystallization water molecules and aqua ligands of the
Mn''ions (Figure S1). The [W'Y(CN)s] moiety attains intermediate
geometry between the square antiprism and the dodecahedron
(Continuous Shape Measure Analysis'®; Table S1). As aforemen-
tioned, the vacuum dehydration of 1-8H20 (10-? mbar, 24 h, RT)
affords the water-free 1 (four crystallization and four coordination
H20 molecules removed). 1 was studied by means of the powder
X-ray diffraction structural analysis (Figure S2, see Supporting In-
formation for details; single crystals of 1-8H20 are crumbling in
the process). The original crossed-ladder topology of 1-8H20 chan-
ges into square-grids-cross-linked-by-coordination-ladders in 1
(triclinic, PT; Figure 1b) which is very similar to that reported for
the Nb-analogue.* The complete removal of H20 results in the for-
mation of an additional W'Y-CN-Mn"" cyanide linkage and the
change of the coordination number of Mn' ions to five and four,
respectively (Figures 1c and 1d). The tetracoordinate Mn'" re-
sembles a distorted pseudo-vacant trigonal bipyramid where the
"vacant" site is capped by an imidazole ring with the shortest Mn!'-
Cimidazole distance of 2.95 A (Figure S3). This distance is significa-
ntly longer than that observed previously in the n-bonded stool-like
geometry of the Mn''-pyrrolide complex®s (2.4-2.6 A) which is the
only other example of a stool-like Mn'' complex. The pentacoordi-
nate Mn'"' center, on the other hand, adopts a distorted trigonal bipy-
ramidal



Figure 1. Strucutral diagrams showing the CN-bridged skeletons
(a and b) and molecular fragments where CN-bridge formation oc-
curs (¢ and d) in the prsitine 1-8H20 (a and c) and vacuum dehy-
drated 1 (b and d). Dehydration leads to the transformation of one
set of ladder motifs into corrugated square-grids as a consequence
of the CN-bridge formation (pink arrow in a and c) and the coordi-
nation number and geometry change of the Mn'" ions (C — gray, N
—blue, O —red, H — white).
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Figure 2. Experimental PXRD patterns for the pristine 1-8H.0
(black), vacuum dehydrated 1 (orange) and rehydrated 1reh (green)
demonstrating the reversibility of the water sorption driven struc-
tural transformation. The dehydration-rehydration cycle was re-
peated twice.
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Figure 3. Relative mass change of 1 (black line) during cycling in
the 0-95% relative humidity (RH) conditions at 298 K (green line).
Dashed line shows the predicted mass for the fully hydrated form
1-8H0.

geometry. The appearance of the tetracoordinate Mn"-imidazole
structural motif is accompanied by the formation of n-n stacks of
four adjacent imidazole rings (Figure S4). Another structural
change upon H20 removal is the formation of an H-bond between
the imidazole molecule and the remaining terminal cyanide ligand
of the octacyanotungstate(IV)-moiety. All dehydration-induced
structural changes leave no empty space in the crystal structure of
the anhydrous phase. Yet, the dehydration process is reversible.
The original structure and properties of 1-8H.0 are completely res-
tored by conditioning 1 at 95% relative humidity (RH) which leads
to 1reh {[Mn'"(imidazole)(H20)2]2[W'V(CN)s]-4H20}n. Figure 2
presents the experimental PXRD patterns for all three phases 1-8H-
20, 1 and 1reh.

Dynamic vapor sorption studies

The dehydration-rehydration cycles can be performed repea-
tedly with the full retention of the chemical identity of the com-
pound (IR spectra in Figure S5). Dynamic vapor sorption studies
at 298 K show that the complete rehydration of 1 is achieved within
10 minutes at 95% RH (Figure 3), with 22.6% relative mass in-
crease perfectly matching the expected 22.57% corresponding to
the absorption of eight water molecules per formula unit. 1 exhibits
very good water sorption properties (Figure S6) of 0.19 g g* at
P/Po = 0.3 as compared to typical water-harvesting systems under
identical conditions: 0.30 g g* for MOF-801,1620 0.048 g g for
MCM-41,1 0.10 g g** for UiO-66,'8 0.22 g g for CAU-10,'°0.44
g g for MOF-841,'% 0.9 g g for Co2CI.BTDD?** and 0.30 g g*
for zeolite 13X (used for water adsorption chillers). Release of
the adsorbed water occurs below 20% RH, with water content at
P/Po = 0.1 equal to 0.060 g g*. Note, that other water sorption ma-
terials (i.e. molecular sieves or silica gels) might also be efficient
at the investigated water pressure (P/Po = 0.3) but require higher
regeneration temperature than MOFs or the reported compound.
These properties make {[Mn'"(imidazole)]2[W'V(CN)g]}n a very
stable and convenient material for possible water harvesting appli-
cations at room temperature and very low humidity levels. Further
studies in this vein are in progress.

Magnetic studies

The water-sorption-driven structural transformations of 1 have
a significant impact on its magnetic properties. 1-8H20 and 1 show
surprisingly different paramagnetic behavior. In the case of 1-
8H20, the »T value of 8.81 cm3-K-mol at 300 K is close to 8.75
cm3-K-mol expected for two octahedral Mn'! ions and remains



roughly constant down to 30 K. Below this temperature it decreases
and reaches 5.94 cm®K-mol* at 1.8 K. The decrease is attributed
to the weak antiferromagnetic interactions between the Mn'! centers
(Smn = 5/2) through Mn"-NC-W'"V-CN-Mn'"" linkages (Figure S7a,
green points). The paramagnetic behavior without any signs of
magnetic anisotropy is also confirmed by the field dependence of
the magnetization at 1.8 K (Figure S8, green points) and the suc-
cessful simultaneous fitting of both 7(T) and M(H) using the follo-
wing Hamiltonian (PHI software)?°:

H = -2IMn-L-Mn-SMn-SMn + pB-gMn-Svn-B+ 8-gvn-Smn-B (Eq. 1)
with the best fit parameters: gmn = 2.02(5) and Jmnmn = -0.07(1)
cm? (assuming local Mn'"...Mn" antiferromagnetic interactions
only). The anhydrous phase 1 shows basically the same x7 value as
1-8H20 (8.79 cm® K mol*) at room temperature as compared to the
expected 8.75 cm® K mol for two isotropic Mn' ions. However,
the ¥7(T) exhibits a much stronger decrease than 1-8H:0, starting
already at 90 K and reaching 2.60 cm?® K mol at 1.8 K (Figure S7,
red points). The M(H) dependence recorded at T = 2.0 K attains the
maximum value of 9.5 N at 7 T approaching the saturation of 10
NP expected for two isotropic Mn'" ions (Figure S8, red points).
Simultaneous fitting of both x7(T) and M(H) (PHI software) using
Eq. 1 reproduces well the former, but fails for the latter due to larger
magnetic anisotropy that is not taken into account in the fitting
(with the best fit parameters gmn = 2.02(5) and Jmamn = -0.12(5)
cml). All these observations suggest that 1 is paramagnetic but
cannot be considered a magnetically isotropic system. Noteworthy,
the magnetic properties of 1reh (after the 1st and the 2nd rehydra-
tion cycle) are identical to those of the pristine compound 1-8H20
(Figures S7b and S8b, green points). There is also basically no dif-
ference between the 1st and the 2nd dehydration cycle (Figures
S7b and S8b, orange and red points), which confirms the "magnetic
robustness” of 1-8H20 against repeated dehydration/rehydration.

Photomagnetic studies

Solid state electronic spectra of 1-8H20, 1 and 1reh are shown in
Figure S9. The lowest energy bands at 440 nm for 1-8H20 and
1reh (shoulder) and 450 nm for 1 correspond to the d-d transition
of the octacyanotungstate(IVV) anion. This spectral region is free of
any other absorption bands (i.e. imidazole or the [Mn'(imida-
zole)]** moiety) making it a suitable target for photo-irradiation.
The light-induced magnetic experiments were performed using a
blue laser diode (4 = 450 nm, optical power at the sample 6-10
mW/cm?). Surprisingly, 1-8H20 showed only an incremental mag-
netization change despite the constant 15 h irradiation at T = 10 K
(Figure 4, green points). Only a negligible change of the tempera-
ture dependence of the magnetization M(T) is observed (Figure
S10). 1, on the other hand, presents an unprecedented 15-fold in-
crease of the yT'at T =10 Kand H=0.1 T (Figure 4, orange points;
see also Figure S11 in the Sl that presents the mechanism of the
photomagnetic effect in 1). Moreover, the zero field-cooled (ZFC)
and field-cooled (FC) magnetization curves measured at H = 20 Oe
after irradiation bifurcate at 93 K (Figure 5), suggesting that the
irradiation leads to a long-range magnetic ordering at the record
critical temperature Tc = 93 K, well above the boiling point of liquid
nitrogen (LN-). This observation is fully supported by the opening
of the magnetic hysteresis loops with Mr=1.27 N and Hc = 3400
Oe at 2.0 K (Figure 6a), Mr = 0.07 Nf and Hc = 100 Oe at 77 K
(Figure 6b) and Mr = 0.007 N and Hc = 25 Oe at 90 K (Figure
6¢) constituting the first system with the photo-induced magnetic
hysteresis loop above the LNz boiling point (Table S2). The broad
maximum in the ZFC curve around 25 K (Figure 5) indicate that
some parts of the sample (the inside) with weaker illumination
might show spin glass behavior below 60 K. This, however, does
not influence the long-range magnetic ordering of the surface lay-
ers, the Tc of 93 K or the hysteresis loops at 77 and 90 K.
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Figure 4. T vs. time dependence recorded for 1-8H20 (green) and
1 (orange) at T =10 K and H = 0.1 T during the irradiation experi-
ment using a blue laser diode 1 = 450 nm. The initial decrease of
the 4T product after turning the light on is a heating effect of the
laser light. The increase after switching the light off is the reverse
effect due to the sample cooling.
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Figure 5. M(T) at H = 0.002 T (3 K-min'! temperature ramp) for
compound 1 during the photo-irradiation experiment (a) and an il-
lustration of the photo-conversion of the paramagnetic state into a
magnetically ordered meta-stable ordered (b). The paramagnetic
state (before irradiation — black points) undergoes a photo-induced
transformation into a magnetically ordered state upon 450 nm light
irradiation (red points — FC, red circles — ZFC), which after heating
to 300 K fully relaxes to the original paramagnetic ground state
(blue points).
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Figure 6. M(H) magnetic hysteresis loops measured at 2.0 (a), 77
(b) and 90 K (c) after 450 nm light irradiation (red points) and after
thermal relaxation at 300 K (blue points).

The photomagnetic behavior of 1 is caused by the light-induced
excited spin state trapping of the [W'Y(CN)g]* (W'Vhs; S = 1) pos-
tulated before®!! and the consecutive activation of the W'Vhs-CN-
Mn'"" magnetic interaction pathways through the extensive cyanide
skeleton of 1. The character of the magnetic interactions between
the high-spin octacyanotungstate(lVV) and the manganese(ll) can be
deduced from the analysis of the M(H) dependences recorded at T

= 2.0 K. The M(H) curve after irradiation shows a significantly fas-
ter increase below 3 T compared to that before irradiation and
reaches significantly lower value at 7 T - only 8.3 N vs. 9.5 Nj
before irradiation (Figure S12). Such a behavior can be explained
assuming antiferromagnetic interactions between Mn'' (S = 5/2)
and the photo-induced high spin W'Vhs (S = 1) resulting in the long-
range ferrimagnetic ordering (see Figure S13 in the Supporting In-
formation for a detailed explanation of this deduction). Similar an-
tiferromagnetic interactions were observed and described for pho-
tomagnetic  {[Mn"(bpy)2][Mn"(bpy)(H20)2][W'V(CN)g]- 5H20}n
chains!! although the long-range ordered state was not observed in
that case.

The light-induced effect can be reversed by heating 1 to 300 K
(compare the M(T) dependences recorded before irradiation and af-
ter thermal relaxation shown in Figure 5). Figure S14 presents
xT(T) curves at 0.1 T measured before and after irradiation in the
heating mode, which coincide around 200 K constituting the re-
laxation temperature for this system. Above 200 K the photo-exci-
ted W'Vhs ions relax to the non-magnetic ground state (initial state).
The slight differences in the M(H) curves before irradiation and af-
ter thermal relaxation (black and blue points in Figure S12) indi-
cate a minimal damage of the sample. The slight decomposition is
also visible in the IR spectra discussed in the Supporting Informa-
tion (Figures S15-S17). The irreversibility might be caused by a
photo-induced dissociation of the W-CN bond.?* A mechanism of
the photomagnetic effect based on the ligand photo-dissociation
was postulated for the Cu'"'-[Mo'V(CN)g] molecules.?? The possible
photo-induced metastable state [W'(CN)7-CN] is supported by the
recent report of the heptacyanotungstate(1\VV) complex anion, which
is paramagnetic (S = 1).22 The IR spectra recorded during the
sample irradiation at 90 K present limited evidence for the afore-
mentioned structural reorganization as the key for understanding
the photomagnetism in 1 (Figure S17). Overall, the stunning pho-
tomagnetic behavior of 1 might be related to the improved flexibi-
lity of the CN-bridged framework after H2O removal which enables
the coordination sphere reorganization including the photo-dissoci-
ation of the non-bridging cyanide ligand.

CONCLUSIONS

Our continuous study in the field of photomagnetic compounds
has led to the unprecedented observation of a record high photo-
induced magnetic ordering temperature of 93 K and a photo-in-
duced magnetic hysteresis loop at 90 K in a [W'VY(CN)g]-based 3-D
coordination framework {[Mn'"(imidazole)]2[W'Y(CN)s]}n 1. This
unique photomagnetic behavior, which can be reversibly switched
"on" and "off" (ex-situ) by the dehydration-rehydration process,
clearly demonstrates that the application of multistable photomag-
netic solids for the construction of novel photomagnetic devices is
becoming feasible. Further efforts towards the construction of
[W'VY(CN)g]-based multifunctional photo-switchable magnets de-
monstrating even higher photo-induced magnetic ordering tempe-
ratures and better memory effects are in progress.

EXPERIMENTAL SECTION

All reagents were used as supplied from commercial sources
(Sigma-Aldrich, Alfa Aesar). Potassium octacyanotungstate(lV)
was synthesized according to a known literature method.?* Samples
for powder X-ray diffraction, IR and photomagnetic studies were
prepared inside an argon-filled glovebox (H20 < 0.5 ppm; Inert
Technology).

Syntheses

{[Mn'(imidazole)(H20)2]2[W"(CN)s/-4H20}n (1-8H20) was
obtained by mixing the water solution of 0.5 mmol (100 mg)
MnCl2-4H20 and 1.0 mmol (68 mg) imidazole in 10 mL water with



the water solution of 0.1 mmol (56 mg) of potassium
octacyanotungstate(1V) dihydrate in 10 mL water. After 24 hours
yellow column crystals were collected by decantation and dried
shortly in air (typical yield: 30 mg, ca. 40 %). The purity was con-
firmed by elemental analysis. Anal. calcd for C1aH24Mn2N1208W:
C 21.48, H 3.09, N 21.50; found: C 21.68, H 2.76, N 21.47.

{[Mn'"'(imidazole)]2[W"(CN)s]}n (1) was obtained by drying
1-8H20 over P4O10 for 24 hours under vacuum (102 mbar) at room
temperature. Anal. calcd for C14HsMn2N12W: C 26.33, H 1.26, N
26.35; found: C 25.71, H 1.36, N 26.44.

Physical characterization

Elemental analysis was performed using the ELEMENTAR
Vario Micro Cube CHNS analyzer. Solid state UV-Vis spectra
were recorded using the PerkinElmer Lambda 35 UV/VIS spectro-
photometer equipped with an integration sphere. For this measure-
ment the sample suspended in paraffin oil was spread as a thin film
between two fused quartz plates. IR spectra were recorded using
Nicolet iN10 MX FT-IR microscope in the transmission mode and
Linkam THMS350V temperature controlled stage. In the case of
sorption reversibility IR measurements (Figure S8), 1-8H20 was
dehydrated by heating to 80 °C in dry nitrogen atmosphere, while
rehydration was performed by purging the sample chamber at room
temperature with air at 95-100% RH.

Water sorption measurements

The water adsorption isotherm was measured by a Dynamic
Vapor Sorption method using an SMS DVS Resolution apparatus
in the 0-95% RH range at 298 K. The dehydration-rehydration cyc-
les were performed at 298 K for sample held in 0% or 95% RH
until a constant mass was reached.

Magnetic and photomagnetic measurements

Magnetic susceptibility measurements were performed using a
Quantum Design MPMS-3 Evercool magnetometer in magnetic
fields up to 7 Tesla. Samples for photomagnetic studies were
ground to a fine powder and spread onto a colourless adhesive tape
in form of a thin 0.05 mm layer (ca. 0.2 mg, 0.2 cm?). In order to
prevent 1-8H20 from dehydration in the magnetometer chamber, it
was initially cooled down to 250 K and only then vacuum pumped.
Irradiation was performed using a 450 nm laser diode (Thorlabs
L450P1600MM). The power of the light was measured at the
sample using Thorlabs Optical Power and Energy Meter PM100D.
The experimental data were corrected for the diamagnetism of the
sample and the sample holder. ZFC-FC measurements have been
performed with 3 K-min heating rate. yT(T) was recorded with 2
K-min heating rate..

Single crystal X-ray diffraction, structure solution and re-
finement

Single crystal X-ray diffraction experiments were performed u-
sing the Bruker D8 Quest Eco Photon50 CMOS diffractometer at
120 K (Mo Ka radiation, graphite monochromator). Absorption
correction, data reduction and unit cell refinement were performed
using SADABS and SAINT programs included in the Apex3 suite.
The structure was solved using direct methods and refined aniso-
tropically using weighted full-matrix least-squares on F2.%> H-
atoms of the imidazole ligands were placed in the calculated posi-
tions and refined as riding on the parent atoms. H-atoms of water
molecules were located from difference Fourier map and refined
with their Uiso fixed at 1.2Uiso of the parent oxygen atoms. The O-
H distances were fixed at 0.95 A and the H-O-H angles were rest-
rained using DANG command in SHELXL. Structural diagrams
were prepared using Mercury CSD 3.9.26 CCDC 1814690 contains
the supplementary crystallographic data for 1-8H20. These data
can be obtained free of charge from The Cambridge Crystallogra-
phic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Powder X-ray diffraction, structure solution and refine-
ment

PANalytical X'Pert Pro diffractometer with CuK ¢ radiation (4
=1.54178 A) was used to collect all X-Ray powder diffraction data.
The measurements were performed at room temperature in the 3-
50° 20angle range. The crystal structure of 1 was determined based
on the structural model of the {[Mn"(imH)]2[Nb'V(CN)e]}» ana-
logue reported previously.™* The unit cell was found in a triclinic
system with the following parameters: a = 9.9810(5) A, b =
10.8463(5) A, ¢ =9.8571(5) A, a = 103.871(3)°, # =103.223(3)°, y
=095.421(4)°, V = 995.85(9) A3 (space group P-1) using PROSZKI
package.?” The parameters were obtained by refining the unit cell
of {[Mn"(imH)]2[Nb'V(CN)s] }n. Direct implementation of the pre-
vious model for the structure refinement was impossible and the
solution had to be determined from the beginning. To solve the
structure, positions of one [W'Y(CN)g]* and two [Mn(imidazole)]?*
moieties were optimized based on the direct-space method imple-
mented in the FOX software.?® Rietveld refinement of the model
was carried out using JANA2000 software.? The final agreement
factors are Rp = 0.0322 and Rwp = 0.0412. Due to the large number
of light atoms in the model, which led to the instability of the refi-
nement, only rigid-body refinement of the above presented moie-
ties was performed. This procedure generates noticeably larger er-
rors in some bond lengths and angles as compared to the traditio-
nally refined structures. However, the agreement between the ob-
served and calculated patterns (Figure S4) suggests that the frame-
work of the structure was obtained with acceptable precision.
CCDC 1859185 contains the supplementary crystallographic data
for 1. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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