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A chiral porous cyanide-bridged framework {[Mn'"(L)I,[W"(CN)gl-
10H;0}, (1; L = 2,6-bis[1-(2-(N-methylamino)ethylimino)ethyl]-
pyridine) showing a strong structural similarity to MOF-74 has been
prepared and characterised. The crystallised water molecules can be
easily removed below 60 °C, leading to a distinct crystal colour
change and the activation of its photomagnetic properties — constituting
the so called photomagnetic sponge behaviour of this system. The
complete dehydration of 1 proceeds through a single-crystal-to-
single-crystal transformation and the resulting anhydrous framework
{IMn"(LLIWV(CN)gl},, (1anh) was studied using single-crystal X-ray
diffraction.

Metal-organic frameworks (MOFs), coordination polymers
characterised by metal nodes connected by organic linkers,
are regarded as the new generation of “smart” sorption materi-
als. Terephthalate-based MOFs seem to attract most of the
attention," with MOF-74 being the prominent example of a
material characterised by a remarkable stability of the coordi-
nation network and unique sorption properties.> The modular
characteristics of its skeleton, constructed from divalent metal
cations and 2,5-dihydroxybenzene-1,4-dicarboxylate, were uti-
lized to tailor specific functionalities, such as the sorption of
carbon dioxide,”> conductivity®™® or gas separation.”'® One of
the approaches to further improve the properties of this frame-
work is based on its decoration with a specifically designed
mixture of active metal sites."""*

Herein, we demonstrate a cyanide-bridged coordination poly-
mer {Mn"(L)],[W"(CN)s]-10H,O},, (1; L = 2,6-bis[1-(2-(N-methyl-
amino)ethylimino)ethyl]-pyridine), see Fig. S1 in the ESI})
mimicking the topology of MOF-74 despite a completely different
preparation strategy involving the use of an octacyanometallate
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1 Electronic supplementary information (ESI) available: Experimental details,
thermogravimetric analysis, powder X-ray diffraction patterns, magnetic mea-
surements, UV-vis, and IR spectra and CIF files. CCDC 2094734 (1 right-handed),
2094735 (1 left-handed), 2094736 (1anh right-handed). For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/d1cc03870b
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anion as a linker. Octacyanometallates in combination with catio-
nic transition metal complexes are known to form functional
bimetallic three-dimensional (3-D) coordination polymers (CPs) by
design.” Chirality of the CPs is usually achieved by the intentional
incorporation of chiral ligands at the self-assembly stage'*'® and
the crystallisation of chiral CPs from achiral building blocks is
unexpected and rare.'””'® In the particular case of 1 the combi-
nation of [W"(CN)g]*~ with achiral [Mn"(L)]** serendipitously leads
to a unique chiral CP that not only mimics MOF-74’s topology and
porosity, but also shows single-crystal-to-single-crystal (SCSC) trans-
formation induced by water sorption, different photomagnetic
behaviour depending on the hydration level and spontaneous
resolution of the enantiomeric forms by crystallisation.
Compound 1 crystallises in the form of dark yellow needle
crystals from a water-acetonitrile solution comprising
[Mn"(L)]Cl, and K,[W"(CN),]-2H,O (see the Experimental sec-
tion of the ESIt for details). Its 3-D coordination framework in
the trigonal crystal system shows a strong resemblance to MOF-
74 (Fig. 1a and b). Crystals of 1 consist of -Mn"(L)-(u-NC)-
W™ (CN)g-(u-CN)- helical rods running along the ¢ direction,
with the octacyanotungstate(iv) moieties connecting the neigh-
bouring rods. Contrary to MOF-74 crystallising in a centrosym-
metric R3 space group, 1 undergoes a spontaneous resolution
into a racemic mixture of enantiopure crystals in two enantio-
morphic space groups: P3;21 and P3,21. The homochirality of
the single crystals of 1 is related to the aforementioned 3, or 3,
helical rods within the crystal (Fig. S2, ESIY), similar to the
chiral [Mn;(HCOO),(p-Cam)], MOF." We hypothesize that
chirality is transferred from one helix to another by flexible
[W(CN)g] linkers, which are directly incorporated into both
helical rods, in contrast to the rigid organic linkers simply
connecting the well-separated inorganic SBUs of opposite
handedness in the structure of MOF-74.>° The chirality of a
single cyanide-bridged helix may originate from the conforma-
tion of the N-CH; groups of the ligand, similar to the
[Mn"(L)(H,0)],[Mo™(CN),]-6H,O molecules, which crystallise
in the chiral P2, space group.”’ Moreover, the ligand itself
attains a slightly helical conformation of donor atoms, which
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Fig. 1 Fragments of the crystal structure demonstrating the coordination
framework of MOF-74 (a) and 1 (P3,21 enantiomer) (b) as seen along the
crystallographic ¢ axis.

may be associated with the twist of the helices forming the
coordination skeleton (Fig. S2, ESIT). In the crystal structure of
1 there are two types of water molecules: four molecules per
Mn,W formula unit form direct hydrogen bonds with the
nitrogen atoms of the terminal cyanide ligands and the remain-
ing six molecules occupy the interior of the pores (Fig. 2). The
crystallised water molecules in the structure of 1 can be
completely removed below 60 °C, as demonstrated by the
thermogravimetric analysis (TGA) under a dry nitrogen atmo-
sphere (Fig. S3, ESIt). The anhydrous coordination framework
is stable up to 250 °C, which is uncommon for this class of
compounds.””> A clear step-like feature at 270 °C marks the
decomposition temperature of anhydrous {{Mn"(L)l,[W"™(CN)g]},
(1anh). Interestingly, the dehydrated crystals of 1 do not show any
signs of deterioration (no cracking or turning opaque) and pre-
serve their chirality. Nevertheless, the single-crystal X-ray diffrac-
tion pattern for anhydrous {IMn"(L),[W™(CN)s]}, (1anh) is
characterised by a relatively high mosaicity, hence, it is difficult
to obtain a good-quality structural model for large crystals of 1anh
using a commercial diffractometer. The determination of the
crystal structure was possible for a very small crystal of 1anh
using synchrotron radiation at 30 K (Diamond Light Source,
United Kingdom). Comparison of the structural models of 1
and 1anh (Tables S1, S2 and Fig. $4, S5, ESIT) indicates that the
dehydration process only slightly affects the cyanide-bridged
framework and the conformation of the organic ligands. The unit
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Fig. 2 Fragments of the crystal structure demonstrating water molecules
forming hydrogen bonds with cyanides (cyan) as well as water molecules
occupying the interior of the pores (light blue) in 1. W — red, Mn — purple,
N — dark blue, C - grey.

cell volume at room temperature shrinks from 4005.8(2) A® for 1
to 3786.3(7) A® for 1anh upon dehydration (data based on the
Pawley analysis of the experimental PXRD patterns; for details see
Fig. S6 and S7 in the ESIY). Interestingly, the a period related to
the opening of the channels shrinks by 2.1% as compared to the
1.4% decrease of the ¢ period upon dehydration. This results in
the stability of the material, which loses and reabsorbs water
reversibly in at least three dehydration-rehydration cycles as
demonstrated by the powder X-ray diffraction studies (PXRD)
(Fig. S8, ESIf). The most pronounced difference between the
PXRD for 1 and lanh is an approximately 50% line broadening
for the latter (Fig. S9, ESIt), which most probably results from the
crystal lattice distortion induced by water removal. This is sup-
ported by the narrowing of the diffraction peaks upon rehydra-
tion, which also confirms that there is no permanent damage
associated with the H,O removal.

The desorption/adsorption of water was also studied using
IR spectroscopy. Fig. S10 (ESIt) shows the spectra recorded in
three consecutive dehydration/rehydration cycles. Each dehy-
dration leaves the skeletal vibrations in the fingerprint region
unaffected and very similar to the precursor [Mn"(L)]|Cl,-H,O
(Fig. S11, ESIY), but leads to the disappearance of the broad
O-H bands in the 3600-3000 cm ' region - in line with the
complete desorption of H,O. Dehydration also causes a slight
shift of the cyanide stretching vibration bands from 2106 cm ™"
for 1 to 2097 ecm ™" for 1anh. Each rehydration results in the
complete recovery of the initial IR spectrum: the O-H bands
reappear and the C=N bands shift back to 2106 cm'. This
confirms the reversibility of the water sorption properties in 1.

The porosity of powdered 1lanh was experimentally con-
firmed by the type I nitrogen adsorption isotherm at 77 K
(Fig. S12, ESIY). Its total surface area Sgpr = 270.1(5) m? g~ ' is
very similar to the 264 m> g~ reported for the chiral Zn-MOF-
74-1-Pro, but significantly smaller than the 1168 m*> g™ *
observed for the archetypical Zn-MOF-74.>° The ¢-plot analysis of
N, sorption yields a micropore volume Viyiero = 0.0749(8) cm® g~ 7,
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Fig. 3 Solid state UV-vis spectra for 1 (solid orange line), 1anh (solid red
line) and Mn"(L)Cl,-H,O (dashed yellow line) at room temperature. Insets
show photographs of 1 and 1anh recorded at 100 K.

which corresponds to 10.6% of the unit cell volume. This value is
smaller than the 17% volume of voids determined for 1anh using
Mercury 2020.3.0 (contact surface; probe radius 1.8 A, grid spacing
0.5 A).>* However, the contact surface by definition accounts for
the volume in the crystal that is accessible to the single probe
molecule moving inside the pore, whereas in the nitrogen adsorp-
tion measurement some space may be blocked by already
adsorbed molecules. This would explain the smaller experimental
microporosity than that derived from the crystal structure.

Despite the fact that the removal of H,O from 1 only weakly
influences the entire framework, it leads to pronounced
changes in its physical properties. The crystals change colour
from yellow to orange-red upon dehydration (Fig. 3 inset),
which is reflected in the change of the UV-vis spectra (red solid
line for 1anh vs. orange solid line for 1 in Fig. 3). Such changes
cannot be attributed to the octacyanotungstate(rv) moiety,
which does not show intense absorption bands above 500 nm
(Fig. S13, ESIt).>* On the other hand, the absorption band
observed for lanh stretches up to 600 nm, which is much
further than in the case of the Mn"(L)Cl,-H,O precursor (yellow
dashed line in Fig. 3). Such a decrease in the energy of the d-d
transition is unexpected upon substitution of chloride with a
strong field ligand - cyanide, especially as there are no sys-
tematic changes in the Mn"-N bond lengths between the
precursor [Mn"(L)Cl,]-1.78EtOH-0.22H,0,* the pristine 1 and
1lanh (Table S2, ESIt). Therefore we attribute this broad and
relatively intense absorption to the metal-to-ligand charge
transfer band (MLCT). The energy of the CT transition often
depends on the solvent,>>*” which explains the colour change
upon dehydration, despite negligible changes in the coordina-
tion environment of Mn".

The presence of the Mn" nodes (S = 5/2) makes 1 and 1anh
paramagnetic. These paramagnetic centres are relatively well
separated, and both phases show no signs of long range
magnetic ordering down to 2 K (detailed description of their
ground state magnetic properties can be found in Fig. S14 and
S15 in the ESIt). However, octacyanometallates based on
molybdenum(v) or tungsten(v) have been demonstrated to
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show photomagnetic effects associated with the transition from
the diamagnetic S = 0 to the paramagnetic S = 1 state upon blue
light irradiation.”®" In our previous work we have demon-
strated that in {{Mn"(imH)],[W"™(CN)g]}, this can lead to photo-
induced magnetic ordering with the critical temperature as
high as 93 K and the emergence of the magnetic hysteresis
above the boiling point of liquid nitrogen.>> We have also
demonstrated that this photomagnetic effect is completely
quenched after water adsorption, constituting the first “photo-
magnetic sponge” example. Taking into account the reversible
water sorption in 1, we decided to investigate its photomagnetic
behaviour. Similar to the previously reported hydrated
{Mn"(imH)(H,0),],[W"(CN)g]-4H,0},, 1 is completely unaffected
by the 450 nm light irradiation at 10 K (P = 6-10 mW cm ™ %; 15 h),
as demonstrated in Fig. S16 (ESIt). Hence the field-cooled mag-
netization curve recorded after illumination closely resembles the
measurement for the non-irradiated sample (Fig. S17, ESIT). On
the other hand, 1anh shows an almost five-fold increase of the
magnetization after 48 hours of 450 nm irradiation at 10 K
(Fig. S16, ESIt). Moreover, the photo-induced state shows bifurca-
tion of the field-cooled and zero field-cooled magnetization curves
at T. = 48 K (Fig. 4). This remarkably high photo-induced
magnetic ordering temperature is bested only by the aforemen-
tioned {{Mn"(imH)],[M"™(CN)g]},, family of photomagnets (M = Mo
with T, = 72 K and M = W with T, = 93 K, respectively)**** and
matches that of the {{Co"(4-Mepy)(pym)],[Co™(H,0),][W"(CN)g],-
4H,0},, system®* which is characterised by the same magnetic
ordering temperature of 48 K. Due to the long-range magnetic
ordering, 1anh in its photo-induced state shows distinct magnetic
hysteresis at 2 K (Fig. S18 and S19, ESIt), characterised by the
coercive field of H. = 550 Oe, remanence M, = 0.6 Nf and
saturation magnetisation Mg = 8.8 Nf. In the case of 1anh the
transition to the photo-induced state is not completely reversible —
after 2 hours at 300 K a clear 4T maximum of 15.6 cm® K mol ' is
still observed at 6.8 K (Fig. S20, ESI}) suggesting that the relaxa-
tion of the photo-induced high-spin W(v) is not complete at room
temperature. In an attempt to characterise the structure of
the photo-induced state and understand the photoswitching

—_— 1anh, H=0.002 T
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z
< 0014 - .
s \ hv (450 nm) Y
0.001 + 3
0 2'0 4|0 6'0
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Fig. 4 Field-cooled (full circles) and zero field-cooled (open circles)
magnetization curves for lanh before irradiation (black) and after a
450 nm light irradiation (red).
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mechanism, we have performed photo-crystallography experi-
ments on lanh using synchrotron radiation (Diamond Light
Source, beamline 119) and prepared the elusive heptacyano-
tungstate(iv) complex anion®> by photo-irradiation of octacyano-
tungstate(iv) (new photochemical route). Details of these experiments
and the crystal structure of the photoproduct can be found in the
Photomagnetic irreversibility section of the ESL{

In summary, we have demonstrated a multifunctional
CN-bridged CP that topologically mimics MOF-74. Its multi-
functionality is associated with three key features: porosity,
chirality and photomagnetism, which are expected to be
strongly intertwined e.g. the guest-induced single-crystal-to-
single-crystal transformation results in the ‘“photomagnetic
sponge behaviour” accompanied by a colour change. Further
studies of the sorption properties, including possible chiral
separation®®?” and magneto-chiral effects are underway.**°
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