Large breathing effect induced by water sorption in the exceptionally
stable nonporous non-MOF crystalline material
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ABSTRACT: Metal-organic frameworks (MOFs), a class of crystalline coordination polymers (CPs) where long organic linkers (e.g.
terephthalate) connect metal centers into 2-D or 3-D coordination frameworks, hold the key to various sorption applications due to
their intrinsic porosity. Herein we demonstrate that extraordinary sorption properties can also be observed in non-MOF materials
based on extremely short linkers with no porosity whatsoever. A bimetallic nonporous cyanide-bridged coordination polymer
{[Mn(imH)]2.[Mo(CN)s]}» (imH = imidazole) — a distant relative of the famous Prussian Blue — can efficiently and reversibly capture
water molecules >25% w/w over tens of sorption/desorption cycles without any fatigue despite being based on one of the shortest
bridging ligands known — the cyanide. The sorption and breathing performance of {{Mn(imH)].[Mo(CN)s]}» matches or even out-
performs MOFs that are typically designed/selected for water harvesting applications with perfect sorption reversibility and very low
desorption temperatures. Moreover, the sorption and breathing of 1Mn occurs in three well-defined steps (quasi phase transitions)
with four different crystal phases studied structurally by powder X-ray diffraction leading to a complete understanding of the sorption
mechanism. The capture/release of H,O by 1Mn switches also the EPR signal intensity of the Mn'' centers, which has been demon-
strated by in-situ EPR measurements at room temperature during the sorption/desorption process and enables monitoring of the hy-
dration level of 1Mn by EPR. The hydration level of 1Mn controls also its photomagnetic behavior at the cryogenic regime, thanks
to the presence of the [Mo'V(CN)s]* photomagnetic chromophores in the structure. These observations demonstrate for the first time
the extraordinary sorption potential of cyanide-bridged CPs and the possibility to merge it with the unique physical properties of this
class of compounds arising from their bimetallic character (e.g. photomagnetism and long-range magnetic ordering).

Introduction

Metal-organic frameworks (MOFs) dominated the field of po-
rous molecule-based materials due to their outstanding sorption
characteristics*? including the capture of small molecules (e.g.
Ha, CO,, CH,),>" water,®° alcohols'®*® or compounds as large
as aromatics'*® or proteins.’ Some of the recent advance-
ments in this field cover exceptional water harvesting applica-
tions'®22 and the construction of adsorption-driven heat
pumps.2*2 Therefore, it is widely believed that MOFs outper-
form other water sorption materials, as they can indeed absorb
moisture at much lower vapor pressures than active carbons and
may be regenerated at significantly lower temperatures than sil-
ica gels or zeolites. Nonetheless, MOFs are currently being
challenged by covalent organic frameworks (COFs),?5-2° which
in principle are more stable against H,O, as opposed to the hy-
drolysis susceptible metal-carboxylate moieties present in
MOFs.%0

In this whirlwind of MOF/COF possibilities, CN-
bridged coordination polymers (CN-CPs) — Prussian Blue Ana-
logs (PBAs) and related cyanide-bridged frameworks — remain
underrated or even omitted as potential sorbents despite some
promising reports of H,%** and ammonia3-*" sorption. This is

caused by another common belief that these materials show low
fatigue resistance limited to several sorption cycles and can re-
lease toxic components in the process — like the first examples
of MOFs before the seminal work by Yaghi et al.* and before
the demonstration of reversible bond breaking in the water-sta-
ble DMOF-TM showing state-of-the-art water sorption capabil-
ities.® Overcoming this stereotype is crucial for further pro-
gress in the field of multifunctional molecular materials as CN-
CPs offer the possibility of fine tuning of many different func-
tionalities including magnetism or magnetic and photomagnetic
switching upon solvent removal/exchange.*®# This in turn will
potentially lead to ground-breaking magnetic sponge sys-
tems*®4S operational at room temperature.

In this work, we address this issue by presenting state-
of-the-art water sorption properties and exceptional cyclability
of a completely nonporous cyanide-bridged framework
{[Mn"(imH)]2.[M0"V(CN)g]}» (IMn), the analog of the low-
temperature magnetic sponge-like system
{[Mn"(imH)]2[Nb"(CN)s]}.* and the photomagnetic sponge
{IMn"(imH)12[W"(CN)g]}.*" Despite the obvious lack of po-
rosity demonstrated in the nitrogen sorption experiment, 1Mn
shows three water-induced quasi-phase transitions,



|
oA DD TERIAN ~poe
® VIl 300
20 -
X
o
< L 20
= 151
£
IS
S1o{ I
1] f L 10
5 - “ —e— Adsorption T =298 K
—o— Desorption T =298 K
Adsorption T=313 K
O'II" Desorption T=313 K| ¢

0 0.2 0.4 0.6 0.8 1

b) P/py
N (VII) 1Mn-8H,0
LJ Y .
(V)
>
2 (| (V) 1Mn-2H,0
"9 | A I | ' \
= WO i WO, ) W N 1) PO W (NPT T -
E (IV) 1Mn
®
S 1 J () 1Mn-2H,0
g g | | I | 4 N \ b \
(I
l (1) 1Mn-8H,0
5 10 15 20 25 30
201 °

o

o
H.,O uptake | cm® g', STP

Figure 1. a) Water sorption/desorption isotherms for 1Mn-8H,O at 298 K and 313 K. Roman numbers enumerate different dehydration/hydration stages. b)
PXRD patterns observed for phases denoted in Figure 1a. c)-f) Schematic representation of structural changes occurring during 1Mn-8H,O transformation
between different crystalline phases. Imidazole molecules and hydrogen atoms were omitted for clarity.

accompanied by a very large breathing effect>®52 and a substan-
tial change in the cyanide bridging pattern fully understood
based on the powder X-ray diffraction structural analysis. The
three-step breathing process is fully reversible and exception-
ally fatigue resistant over tens of sorption/desorption cycles,
with the complete preservation of crystallinity and very high
water uptake exceeding 25% wi/w.

Beside exceptional water sorption and cyclability,
1Mn exhibits marked magnetic and photomagnetic changes
upon water capture. Similar effects were previously reported in
paramagnetic MOFs where strong interdependence between
sorption and other physical properties occurs.5*% In some
cases, the profound structural and electronic changes induced
by guest molecules enable the characterization/monitoring of
the sorption process using EPR spectroscopy. This can be done

directly in the case of paramagnetic guests®* or indirectly by
analyzing the g-factor shift of paramagnetic metal centers as in
some Cu'-based porous materials.%%5-6¢ Noteworthy, EPR
spectroscopy is commonly applied to study the state of the par-
amagnetic active sites doped into the mesoporous hosts such as
zeolites in various catalytic processes.®®"2 In the case of 1Mn,
presented herein, the state of the Mn" sites was successfully
monitored in the real time by employing in situ EPR spectros-
copy during the sorption/desorption of water molecules. Struc-
tural and electronic changes within the coordination sphere of
Mn'! affects also the low-temperature photo-induced magneti-
zation of the compound which is evidenced by detailed photo-
magnetic studies.
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Figure 2. Nitrogen adsorption isotherms at 77 K for 1Mn and selected
MOFs. Water loading values at p/po = 0.9 and T = 298 K presented in the
parentheses were reported in ref. *° for DMOF-TM and ref. 9 for MOF-
801. BET isotherms for MOFs were adapted from refs *, ™ and ™.

Results and discussion

{[Mn"(imH)(H20).].[M0'V(CN)s]-4H,0}, (1Mn-8H20) was
prepared according to the modified literature procedure™ by
combining water solutions of manganese(ll) chloride and imid-
azole with potassium octacyanomolybdate(IV), affording yel-
low crystals suitable for single crystal X-ray diffraction
(SCXRD; see Experimental section for details). 1Mn-8H20
forms a three-dimensional coordination framework in C2/c
space group, with two octahedral manganese(ll) cations sur-
rounded by an imidazole ligand disordered between two posi-
tions, three nitrogen atoms of [Mo'V(CN)g]*~ in a mer configu-
ration and two coordinated water molecules in cis disposition
(Figure S1). Each octacyanidomolybdate(IV) connects six man-
ganese(ll) centers and the Mn;Mo unit is accompanied by four
crystallization water molecules located in the channels along
the crystallographic c direction (Figure 1c).

The coordination and crystallization water molecules
can be removed completely by heating 1Mn-8H20 above 60 °C
in a dry nitrogen atmosphere, and the coordination skeleton of
the resulting {{Mn"(imH)]2[Mo'"Y(CN)g]}» (1Mn) remains sta-
ble up to 250 °C (TGA, Figure S2). Interestingly, water sorp-
tion/desorption isotherm recorded at 298 K shows that the sol-
vent loss is in fact a three-step process (Figure 1a), proceeding
through two intermediate phases. In the desorption branch, the
1Mn-8H:0 phase is stable down to ca. 20% of the relative hu-
midity (RH). The first intermediate mass plateau is observed in
the 10-14% RH range corresponding to Am/mo of 9.3-10.6 %
(Figure 1a, 1I; Am/mo denotes mass change relative to the anhy-
drous state, mo). This step is in good agreement with
{[Mn"(imH)(H20),][Mn"(imH)(H.0)][Mo'"V(CN)s]}» compo-
sition (calculated Am/mo = 9.8% corresponds to 3 water mole-
cules), which would account for simultaneous removal of four
crystallization water molecules and one coordinated water mol-
ecule. Indeed, powder X-ray diffraction (PXRD) confirms the
appearance of a new crystalline phase 1Mn-3H2O obtained un-
der conditions corresponding to point Il in Figure 1a (Figure 1b,

I1). Upon further decrease in relative humidity down to 1-8 %
RH range, another mass plateau emerges for Am/mg = 6.1-6.6%
(Figure 1a, ), which is close to 6.5% predicted for
{[Mn"(imH)(H20)].[M0"V(CN)s]}» (1Mn-2H20). The PXRD
experiment shows complete disappearance of 1Mn-3H:O re-
flections at this step and the emergence of a new powder pattern
for 1Mn-2H:O is depicted in Figure 1b, Ill. Passing dry nitro-
gen over the sample produces anhydrous 1Mn, accompanied by
the final changes in the PXRD pattern (Figure 1b, IV). The re-
hydration process shows distinct hysteresis in water sorption
isotherm, yet powder X-ray diffraction confirms that it proceeds
through the same crystalline phases as during dehydration (Fig-
ures laand 1b: V, VI and VII). Overall, the stepwise water ad-
sorption isotherm for 1Mn at 298 K shows the water uptake of
0.26 Quater 9™ at p/po = 0.9, but already reaches 0.225 g g* at p/po
=03.

Upon solvent removal crystals of 1Mn-8H2O crack, precluding
determination of crystal structure by means of SCXRD. There-
fore structures of compounds 1Mn-3H:O, 1Mn-2H20 and
1Mn were modeled by Rietveld refinement of respective PXRD
patterns (Figures S3-S5). In the first step of the dehydration, the
water-filled channels of {[Mn"(imH)(H.0),]2[Mo"(CN)g]}»-
-4H,0 are emptied and one coordinated water molecule per for-
mula unit is removed (Figure 1c-d), which leads to a 14.0%
shrinkage of the unit cell. Thus, the symmetry equivalent man-
ganese(ll) centers are diversified into the distorted octahedral

[Mn"(@imH)(H20)2(u-NC);]  and  trigonal  bipyramidal
[Mn"(imH)(H,0)(u-NC);]  moieties in  the resulting
{IMn"(imH)(H20),][Mn" (imH)(H.0)][Mo'V(CN)g]}»  frame-

work. This decreases the lattice symmetry down to P1 space
group. The removal of an additional coordinated water mole-
cule restores the C2/c symmetry, by converting the remaining
six-coordinated manganese(ll) into a trigonal bipyramidal mo-
tif in the {{Mn"(imH)(H.0)].[Mo'(CN)g]}, framework (Figure
1e). In this step, only a minimal change of the unit cell volume
is observed (-1.6%). The most pronounced transformation is ob-
served in the last dehydration step. Removal of the remaining
two aqua ligands enables the formation of the additional cya-
nide bridge in {{Mn"(imH)].[Mo'(CN)s]}n, enforcing further
11.7% decrease in the unit cell volume. In the final structure
(triclinic, P1, Figure 1f) the tetracoordinate [Mn"(imH)(u-
NC);] adopts distorted vacant trigonal bipyramidal geometry
and the pentacoordinate [Mn"(imH)(x-NC),] center becomes a
distorted trigonal bipyramid. Each octacyanidomolybdate(IV)
unit forms seven cyanide bridges to the neighboring manga-
nese(ll) centers in the anhydrous form. The aforementioned de-
hydration-driven stepwise transformations are mirrored in the
rehydration experiments, as depicted in Figures 1a and 1b. The
unit cell volume per formula unit changes from 996 A% in 1Mn
to 1332 A% in 1Mn-8H-0, which accounts for the 34% total
change between the anhydrous and the fully hydrated phases,
respectively. Such tremendous unit cell expansion is unprece-
dented among other porous cyanide-bridged polymers?:76-84
and falls within the range observed for flexible MOFs®2. Inter-
estingly, the structure of the anhydrous 1Mn does not show any
solvent accessible voids and hence - no permanent porosity.
This is evidenced by type Il nitrogen
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Figure 3. a) Water cycling stability test (0% RH dehydration — 95% RH rehydration) of 1Mn-8H,0 at 298 K (numbers above the curve enumerate the
consecutive dehydration-rehydration cycles; Figure S6 shows all 57 cycles). b) Powder X-ray diffraction patterns for 1Mn-8H,O: calculated from the single-
crystal structure (grey), experimental for pristine sample (black) and experimental after 58 dehydration-rehydration cycles (green).

adsorption isotherm recorded at 77 K (Figure 2). The observed
N, uptake of 16 cm®g* at p/po = 1.0 is an order of magnitude
smaller than observed for MOFs showing similar total water up-
take (such as DMOF-TM?®*8 or MOF-801%7%) and even smaller
than reported for the typically non-porous materials such as
Zr§04(0OH)4(SQU)s 25(CH3CO0)15 MOF based on a squaric
acid™. Therefore combined structural and sorption studies of
1Mn show that initial chemisorption of four water molecules
opens the channels in its structure, which only then enables phy-
sisorption of the remaining water. Although similar water-in-
duced gate-opening behavior was previously reported for JUK-
8,% SIFSIX-23-Cu®” and the MIL-53 family,?8% to the best of
our knowledge 1Mn constitutes the first case among non-retic-
ular materials.

1Mn-8H:0 shows marvelous stability during dehydration-re-
hydration cycling taking into account the accompanying huge
unit cell volume variations. This was confirmed by dynamic va-
por sorption experiments. The sample mass was monitored as
the relative humidity was switched between 0 and 95% at 298
Kin 57 cycles (Figure 3a; see Figure S6 for full representation
of 57 adsorption-desorption cycles). The observed mass change
of 26.7% between 0 and 95% RH agrees perfectly with the
value of 26.2% expected for transition between 1Mn and
1Mn-8H:O. No change in the curve profile is observed in 57
cycles performed over the course of 430 hours. Powder X-ray
diffraction pattern collected for the sample rehydrated after the
end of the cycling experiment shows no difference from the one
recorded for the pristine sample at the beginning of the experi-
ment (Figure 3b). Apart from the apparent broadening of the
diffraction peaks, the PXRD patterns of the fully hydrated sam-
ples before and after the cycling experiment do not show any
significant differences (see Figure S7). The peak broadening
can be explained by the decrease in the grain size resulting from
the repetitive breaking of the crystallites in the consecutive de-
hydration/rehydration cycles. Nonetheless, both DVS and
PXRD experiments confirm the perfect stability of the material
in water sorption experiments, with full retainment of its water
uptake and crystallinity after at least 58 cycles.

High water-stability and water uptake at low relative pressures
are required for application in atmospheric water harvesting.®%
For this purpose materials with low desorption temperatures are
preferable, in order to easily retrieve a liquid condensate from
the hydrated sorbent. By comparing the adsorption isotherms at
25 °C and 40 °C (Figure S8), we conclude that the material
should produce around 0.172 gwaer g under 0.95 kPa water
pressure (30% RH at 25 °C) upon cycling between these two
temperatures. Such a process should switch the material be-
tween the 1Mn-8H20 and 1Mn-2H:O hydration states with a
simultaneous release of all crystallization water molecules and
a half of the coordinated ones at only 40 °C. To confirm that
1Mn can be used for moisture harvesting, we performed a cy-
cling experiment which emulates desert conditions in the day-
time (40 °C, 10% RH) and at night (25 °C, 30% RH; Figure
S9).° The cycling process revealed a real working capacity of
0.164 g g* which approaches the theoretical value deduced
from the adsorption isotherms. The observed release of chemi-
sorbed water at low temperatures is surprising, as chemisorp-
tion is usually associated with high adsorption enthalpy. There-
fore we decided to estimate the average adsorption enthalpy of
water in 1Mn by employing the van’t Hoff equation to the water
adsorption isotherms, as well as integrating differential scan-
ning calorimetry (DSC) curve obtained during the sample de-
hydration (Figures S10-11, see the experimental section for de-
tails). Both methods give similar results, with adsorption en-
thalpy of 66 kJ mol per water molecule deduced from the van’t
Hoff equation and 64 kJ mol™* obtained from the DSC experi-
ment. The small discrepancy results from the difference in de-
sorption temperatures (25-40 °C for the isotherm method, above
70 °C for the DSC experiment). The obtained 64-66 kJ mol*
range is much higher than reported for hydrophilic MOFs? and
in line with the chemisorption of half of the water molecules.
Nonetheless, the strong binding of water does not prevent its
easy
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Figure 4. QE-TPDA profiles obtained for 1Mn-8H;O at a temperature
sweep rate of 0.75 °C/min using H,O(2.4 kPa)/He mixture as a carrier gas.
removal at low temperatures, as demonstrated in the previous
parts of the manuscript. This must be associated with fast de-
sorption kinetics, which can be quantified assuming first order
kinetics of dehydration and applying the Kissinger equation®2%
to the TGA results at different heating rates (Figures S12-14):
a
T2 RT,,

where £ — heating rate, Tr, — the temperature at the maximum
rate of mass change (dm/dT), and E, — activation energy. This
method yields apparent activation energy of 101(7) kJ mol? in
the first dehydration step, which in the TGA experiment ac-
counts for IMn-8H20 - 1Mn-2H:O transformation and 65(3)
kJ mol? in the second dehydration step, which ends in the pro-
duction of anhydrous 1Mn. While the first value is within the
91-111 kJ mol™* range reported for functionalized MIL-101Cr,?*
the second value is unexpectedly small and approaching water
adsorption enthalpy for LMn at low water loadings. We hypoth-
esize that this is the effect of the cyanide bridge formation in
the 1Mn-2H20O > 1Mn step, which leads to the network con-
traction and “squeezes” the remaining water out.

Water sorption in 1Mn was also tested by quasi-equilibrated
temperature programmed desorption and adsorption (QE-
TPDA)%%, In this method, the sorption of volatile compounds
is studied by cyclic heating and cooling of a quartz tube con-
taining the sample, under the flow of adsorbate (in this case —
water vapor) dispersed in a stream of helium gas. The QE-
TPDA profiles present positive signals when excess water is de-
sorbed from the sample or negative signals when carrier gas is
being depleted of the adsorbate. Recently, the method has been
proven useful in studies of water sorption in MOFs®"% and cy-
anide-bridged assemblies®®. The QE-TPDA profiles of
1Mn-8H-0 demonstrate a three-step desorption process (Figure
4), which is in line with the aforementioned water desorption
isotherm. While the first two steps remain almost unchanged in
the 30 consecutive sorption/desorption cycles, the high-temper-
ature one, corresponding to the 1Mn-2H.0—1Mn transfor-
mation, drifts to higher temperatures from 86 °C in the first cy-
cleto
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Figure 5. a) Continuous wave X-band (9.7 GHz) EPR spectra obtained for
1Mn-8H,0 during dehydration (scans 0-84) and rehydration (scans 85-105)
at room temperature. b) EPR signal intensity for 1Mn-8H,0 upon dry N2
purging (scan numbers 0-84) and rehydration in N, saturated with water
vapor (scan numbers 85-105).

98 °C in cycles 20"-30™. It is worth noting that these tempera-
tures are higher than in the TGA experiments because in QE-
TPDA the water vapor pressure at 20 °C is 100% RH (TGA
analysis is performed using dry nitrogen). The shift in the final
desorption temperature is hard to explain, as no visible decrease
in water loading can be deduced from the QE-TPDA signal after
30 cycles of temperature driven desorption. Powder X-ray dif-
fractogram obtained after the experiment (30 adsorption/de-
sorption cycles in the 23-115 °C range) shows that the com-
pound preserves crystallinity, but shows small unidentified re-
flections indicating some fatigue/damage (Figure S15). Possi-
bly, it may indicate minor structural changes, such as the ap-
pearance of defects in the structure affecting the last desorption
step. Still, the QE-TPDA analysis confirms the exceptionally
good stability of 1Mn during 23-115 °C thermal cycling in a
humid environment.

Paramagnetic manganese(ll) nodes in the structure of 1Mn
make it possible to study water sorption using electron para-
magnetic resonance (EPR) spectroscopy. Manganese(ll) cati-
ons usually show a negligible contribution from orbital momen-
tum, sustaining sufficiently long spin relaxation times to ob-
serve the EPR spectrum at room temperature. This is accompa-
nied by relatively small zero field splitting



o
Q. .o
E - 2 1Mn
i 1Mn ® after irradiation
= 001 after relaxation '.
..
L
L)
)
.0
0.001 4 1Mn
before irradiation
T T
0 20 40 60 80 100

T/K

Figure 6. Field-cooled (closed symbols) and zero field-cooled (open sym-
bols) curves for 1Mn (circles) and 1Mn-8H,O (rhombi) under Hpc = 0.02
T. Both samples were irradiated with A = 450 nm and P = 3-5 mW light,
thermal relaxation for 1Mn was performed by heating to 315 K and
stabilizing at this temperature for 1 hour.

(ZFS) effect (in the range of X-band microwave frequency),
which is influenced by the local coordination environment of
the metal ion. Therefore EPR may be utilized to track changes
in manganese(ll) geometry upon solvation/desolvation at room
temperature and in real time. In our experiment, powdered
1Mn-8H-0 was subjected to a continuous flow of nitrogen (ei-
ther dry or saturated with water vapors) inside the EPR resona-
tor (for details please refer to experimental section). 1Mn-8H.0
shows a broad signal at g = 2.00 demonstrated in Figure 5a
(scans 0-10) and S16, which originates from the overlap of tran-
sitions between different msg states for S = 5/2. Drying the sam-
ple leads to the rapid drop in the signal intensity and its broad-
ening (Figure 5a). The lowest EPR signal intensity at 320.6 mT
is reached around scan no. 25 (Figure 5b and S17). The hydra-
tion stage at this step can be identified by comparison with the
EPR spectra recorded for the isolated phases (Figures S16 and
S18). It was assigned as a mixture of 1Mn-2H20 and
1Mn-3H:0, in line with the DVS measurement, in which the
observed mass change in the intermediate step of dry gas de-
hydration can be attributed to 1Mn-2Hz0 (Figure 3a). Upon
further drying, the intensity of the transition slowly in-
creases for over 50 scans (Figure 5b), which corresponds to
a slow formation of the anhydrous 1Mn. Saturating purge
gas with water vapors leads to a very fast signal recovery
with no observation of the intermediate steps depicted in Fig-
ure 5a, exactly as in the DVS experiment. In order to study
phase-dependent variation of ZFS in 1Mn-8H:0, we prepared
its isomorphous cadmium analog
{[Cd(imH)(H20):]2[M0o'Y(CN)s]-4H.O}» (2Cd-8H20) (Figure
S19). Resolution of six transitions resulting from hyperfine
splitting caused by manganese | = 5/2 nucleus was achieved for
the diamagnetic matrix of 2Cd-8H.O doped with manga-
nese(ll) (2Cd-8H>0:Mn), but left ZFS unresolved (Figure
S20). This suggests only minimal zero-field splitting, which
was estimated using EasySpin software'® to be no larger than
|D| = 0.04 cm'™. Unlike 1Mn-8H:0, dehydration of 2Cd-8H-0
leads to amorphization and decomposition, which is observed
in the TGA measurement at the temperature ca. 80 °C lower
than for the Mn-analog (Figure S1). Nevertheless, the crystal-
linity of the dry amorphous solid dried under vacuum at room
temperature can be restored by rehydration at 100% RH (Figure

S21). Despite the restoration of the crystallinity, the water sorp-
tion capacity of 2Cd decreases significantly in the subsequent
QE-TPDA sweeps (Figure S22), foreshadowing irreversible
damage of the coordination skeleton. Amorphization is even
more pronounced for 2Cd-8H20:Mn, which after dehydration
shows no diffraction peaks in the PXRD experiment (Figure
S23). Thus, we were unable to determine the exact parameters
of ZFS for 1Mn, 1Mn-2H20 and 1Mn-3H20 by studying the
Mn-doped Cd-analogs as the corresponding crystalline phases
could not be identified. This highlights the key role of manga-
nese(ll) for the stabilization and "breathing" performance of the
CN-bridged framework upon water sorption/desorption. Appar-
ently, manganese(ll) not only provides paramagnetic properties
of the material but is responsible for the structural integrity of
the framework.

Results of the EPR spectroscopy are fully supported by magne-
tometry of 1Mn and its hydrated states, as depicted in Figures
S24-25. Room-temperature T products for all four compounds
are within 8.8-9.0 cm® K mol™ range, as expected for two inde-
pendent manganese(ll) cations characterized by g = 2.0. The
xT(T) curves show a distinct decrease at the lowest tempera-
tures, which is more pronounced for more dehydrated phases. It
can be ascribed to increasing ZFS and stronger antiferromag-
netic interactions, due to the decreasing distances between
Mn(11) centers associated with dehydration and unit cell volume
contraction. A similar effect is observed for M(H) dependen-
cies, which show deviation from Brillouin function that be-
comes more distinct with the dehydration level in the
1Mn-8H20 - 1Mn-3H:0 > 1Mn-2H:O -> 1Mn series.
Nonetheless, all phases behave as paramagnets in the whole 2-
300 K range, as expected for manganese(ll) cations separated
by diamagnetic octacyanomolybdate(lV) groups.

The octacyanomolybdate(IV) anion was previously demon-
strated to behave as an intrinsic photomagnetic chromophore in
several bimetallic CN-bridged systems.203-1% Therefore we de-
cided to study the photomagnetic properties of 1Mn and
1Mn-8H-0O at low temperatures. Both compounds strongly re-
spond to 450 nm irradiation at 10 K with a 13-fold increase of
magnetization in the case of 1Mn and a 16-fold increase for
1Mn-8H:0 (Figure S26). After 450 nm irradiation, 1Mn shows
clear bifurcation of ZFC-FC curves at T, = 72 K (Figure 6),
which is slightly lower than for its octacyanotungstate(lV) ana-
log with T, = 93 K*'. This behavior is assumed to originate from
the photo-induced formation of S = 1 Mo' 1% which couples
magnetically with S = 5/2 Mn'"" centers and enables ferrimag-
netic ordering of the network.X®? More importantly, photo-in-
duced magnetic ordering at T, = 40 K is also demonstrated by
the 1Mn-8H:0 in contrast to the lack of the photomagnetic re-
sponse in the case of its [W'"(CN)s]-based analog
{[Mn"(imH)(H20)2].[W"(CN)s]-4H,0}:.*” However, the pho-
tomagnetic behavior of both compounds 1Mn and 1Mn-8H20
shows signs of irradiation damage, the latter preserving long-
range magnetic ordering even after 2 hours of thermal relaxa-
tion at 240 K (Figure S27). As far as we know, 1Mn and
{IMn"(imH)]2[W"(CN)g]}n constitute the first examples of
isostructural octacyanometalate(IV)-based photomagnets in
which both Mo and W' congeners demonstrate photo-in-
duced magnetic ordering.** This enables comparison of their
photomagnetic functionalities, with the former responding to
light even in the case of the fully hydrated network and the latter
demonstrating higher magnetic ordering temperature and better
reversibility of the photomagnetic effect.



Conclusions

A completely nonporous cyanide-bridged coordination polymer
{[Mn(imH)].[Mo(CN)s]}» with exceptional water sorption, sta-
bility, and cyclability is demonstrated. The compound shows
outstanding breathing effect with a 34% volume increase as a
result of >25% w/w water uptake. The breathing of the frame-
work is accompanied/caused by a reversible breaking/formation
of an additional Mn-N coordination bond between Mn'" centers
and CN- ligands. This behavior occurs in three well-defined
steps and is completely reversible over tens of water vapor pres-
sure- or temperature-swing cycles with full retention of the wa-
ter sorption capacity and crystallinity of the compound. It
clearly shows that cyanide-bridged coordination polymers
demonstrate competitive sorption properties as some of the best
MOFs, and the alleged instability of their CN-bridged coordi-
nation skeleton is merely a belief rather than a proven fact. Sim-
ultaneous changes in the network topology and metal center ge-
ometry in the presented compound can be tracked in real time
using EPR spectroscopy and significantly affect both magnetic
and photomagnetic properties of the material.

The presented results pave the way towards a new generation of
cyanide-bridged sorbents that can challenge current state-of-
the-art MOFs and even surpass them as multifunctional molec-
ular materials. Such CN-CPs will combine exceptional sorption
properties with various magnetic functionalities like photo-in-
duced magnetization changes or long range magnetic ordering
affected by guest molecules. Conversely, these effects can be
directly employed to study/monitor guest-exchange phenomena
in such sorbents enabling the construction of future gas sensors
with unmatched sensitivity.

Experimental section

Synthesis details. All reagents were used as supplied from
commercial sources (Alfa-Aesar). Potassium octacyanomolyb-
date(IV) was obtained according to the previously reported pro-
cedure.1®

{IMn"(imH)(H,0),]2[M0"(CN)g/ -4H>0}, (1Mn-8H:0). In or-
der to prevent co-precipitation of MnO,, the synthesis was per-
formed in an oxygen-free glovebox with the use of water deox-
ygenated by 12 h reflux under argon atmosphere. A solution
containing 0.5 mmol (100 mg) of MnCl,-4H,0 and 1.0 mmol
(68 mg) of imidazole in 10 mL of water was mixed with a water
solution of 0.1 mmol (50 mg) of potassium octacyanomolyb-
date(1V) dihydrate in 10 mL of water. After 48 h yellow column
crystals were collected by decantation and dried in air (typical
yield: ca. 30 mg, 40%). The purity was confirmed by elemental
analysis and PXRD. Anal. calcd for CisH2:Mn;N1,OsMo: C
24.20, H 3.48, N 24.22; found: C 24.43, H 3.16, N 24.29.
{[Mn"(imH)(H.0)2] [Mn"(imH)(H20)] [M0"(CN)e] }n
(IMn-3H20). Hand-milled crystals of 1Mn-8H20 were kept
for 12 hours in the desiccator above saturated water solution of
lithium chloride at 298 K (RH = 11.3+0.3%)%.
{IMn"(imH)(H.0)]1.[M0"(CN)s]}n (1Mn-2H-0). Hand-milled
crystals of 1Mn-8H.O were kept for 12 hours in the desiccator
above saturated water solution of potassium hydroxide at 313 K
(RH = 6.3+0.4%)%.

{[Mn"(imH)]2[M0"(CN)g] }» (1Mn). 1Mn-8H20 was vacuum-
dried (p ~ 102 mbar) over P4O1 for 12 hours at room tempera-
ture.

{[Cd"(imH)(H20).]2[M0o"(CN)s/-4H>0}, (2Cd-8H20). A solu-
tion containing 0.5 mmol (114 mg) of CdClI,-2.5H,0 and 1.0
mmol (68 mg) of imidazole in 80 mL of water was mixed with
the water solution of 0.1 mmol (50 mg) of potassium octacy-
anomolybdate(lV) dihydrate in 10 mL of water. After 24 h yel-
low needle crystals were collected by decantation and dried in
air (typical yield: ca. 20 mg, 25%). The purity was confirmed
by PXRD. Anal. calcd for C14H24Cd2N1208MOZ C 20.76, H 2.99,
N 20.78; found: C 22.45, H 2.56, N 21.71. The discrepancy be-
tween the calculated and observed composition results from sol-
vent loss and concomitant decomposition of the compound after
removing crystals from the mother liquor.

{[Mn”xCdlll.x(imH)(Hzo)z]z[MOIV(CN)3]'4H20}n
(2Cd-8H20:Mn). In order to prevent co-precipitation of MnO,
synthesis was performed in an oxygen-free glovebox with the
use of water deoxygenated by 12 h reflux under argon atmos-
phere. A solution containing 0.3 mmol (68 mg) of
CdCl,-2.5H,0, 0.15 mmol (30 mg) of MnCl,-4Hs,0 and 1.0
mmol (68 mg) of imidazole in 80 mL of water was mixed with
a water solution of 0.1 mmol (50 mg) of potassium octacyano-
molybdate(IV) dihydrate in 10 mL of water. After 24 h yellow
needle crystals were collected by decantation and dried in air
(typical yield: ca. 20 mg, 25%). The purity was confirmed by
PXRD. Anal. calcd for C14H24Cd>N1,0sMo: C 20.76, H 2.99, N
20.78; found: C 23.22, H 2.50, N 22.12. The discrepancy be-
tween the calculated and observed composition results from sol-
vent loss and concomitant decomposition of the compound after
removing crystals from the mother liquor.

2Cd and 2Cd:Mn were obtained from 2Cd-8H.O and
2Cd-8H20:Mn respectively, which were vacuum-dried (p =
1072 mbar) over P40y for 12 hours at room temperature.
Crystallography.

Single crystal X-ray diffraction (SCXRD) experiments were
performed for 1Mn-8H20 and 2Cd-8H2O using Bruker D8
Quest Eco Photon50 CMOS diffractometer (Mo Ka radiation,
Triumph® monochromator). Single crystals were moved di-
rectly from mother liquor into cryo-oil to avoid solvent loss on
air. Absorption corrections, data reduction and unit cell refine-
ments were performed using SADABS and SAINT programs
included in the Apex3 suite. The structures were solved using
direct methods and refined anisotropically using weighted full-
matrix least-squares on F2.1%6-1% Hydrogen atoms of the ligands
were placed in calculated positions and refined as riding on the
parent atoms. Structural diagrams were prepared using Mercury
CSD 4.0.1°

Powder X-ray diffraction (PXRD) data were obtained at room
temperature for ground crystalline samples loaded into glass ca-
pillaries (0.5 mm in diameter for structural measurements, 0.7
mm for phase purity measurements). Different hydration states
presented in the Figure 1b were stabilized in the following con-
ditions: I and V11 — saturated water vapor at 298 K (RH ~ 100%,
sample in the capillary was always covered with a drop of dis-
tilled water to maintain high humidity conditions during the
course of the measurement), 1l — saturated LiCl solution at 298
K (RH = 11.3+0.3%), Il — saturated KOH solution at 313 K
(RH = 6.3+0.4%), IV — dry argon atmosphere at 298 K, V —
saturated LiCl solution at 298 K (RH = 11.3+0.3%) and VI —
saturated CH3COOK solution at 313 K (RH = 18.7+0.5%).1%°
Phase purity measurements were subjected to background cor-
rection using the DIFFRAC algorithm implemented in the
DIFFRAC.EVA V5 software. The measurements were carried
out using Bruker D8 Advance diffractometer (Cu Ko radiation,



graphite monochromator). The unit cell parameters of 1Mn,
1Mn-2H:0, 1Mn-3H20 were determined using the Winplotr
and DICVOLO6 indexing software.'1%!1! The obtained parame-
ters were refined by fitting the experimental pattern according
to the LeBail method in JANA2006.11? The structure determi-
nation was performed using a direct-space method FOX soft-
ware.'%” The starting models consisted of three molecular frag-
ments: one [Mo"V(CN)g]* and two [Mn'(imH)]** (or
[Mn"(imH)(H.0)1?*/[Mn"(imH)(H20),]** in the case of
1Mn-2H.0 and 1Mn-3H20) with bond distances and angles
based on the single crystal model of 1Mn-8H:O. The obtained
preliminary models were, subsequently, refined using the
JANA2006 Rietveld software keeping the fragments rigid. The
final agreement factors are presented in supplementary materi-
als (Table S2 and S3).

CCDC 2046137 (1Mn-8H:0), 2046138 (2Cd-8H:0), 2048781
(1Mn-3H:0), 2048780 (1Mn-2H:0) and 2048779 (1Mn) con-
tain the supplementary scXRD crystallographic data for this pa-
per which can be obtained free of charge from the Cambridge
Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif.

Physical characterization. The dynamic vapor sorption meas-
urements were performed using an SMS DV'S Resolution appa-
ratus for an initial sample mass of 5-10 mg. Sample mass at each
step of water sorption isotherm was assumed stable after reach-
ing the dm/dt < 0.002 %mo/min limit. The isosteric enthalpy of
water adsorption for each point of adsorption isotherm at 298 K
was calculated by interpolating data obtained at 313 K to the
corresponding data points at 298 K (Table S1) and then apply-
ing the van’t Hoff equation:

_ P_z) T,

AH,4;s = —RIn <p1 T

Average adsorption enthalpy was determined by integrating the
obtained curve (Figure S10) within Am/mo=1.5-25.4% and then
dividing by the range. The QE-TPDA measurements were per-
formed using a homemade thermodesorption apparatus
(equipped with a VICI Microvolume TCD-2 thermal conduc-
tivity detector, electronic mass flow controllers of the carrier
gas Brooks 5850, and a passive room temperature saturator) de-
scribed in details elsewhere.®*® TGA was performed using a
NETZSCH TG 209 F1 Libra under a flow of nitrogen (20
mL/min). The DSC measurement was performed with the use
of a Mettler Toledo DSC 822e. After reaching 200 °C the meas-
urement of the heating curve was repeated and the second meas-
urement for the anhydrous sample was used as background. Av-
erage water adsorption enthalpy from calorimetric measure-
ment was calculated by integrating the DSC curve and dividing
the obtained value by the total number of water molecules. El-
emental analyses were performed using an ELEMENTAR
Vario Micro Cube CHNS analyzer.

EPR spectroscopy. Continuous-wave EPR spectra in X-band
were conducted on a Bruker Elexsys E500 spectrometer (Fac-
ulty of Chemistry, Jagiellonian University, Krakow, Poland). In
situ dehydration-rehydration experiments in X-band were con-
ducted on a Bruker Elexsys E580 spectrometer (Department of
Molecular Biophysics, Jagiellonian University, Krakéw, Po-
land). These measurements were performed in a quartz tube
shaped like a Pasteur pipette. The narrow side of the tube was
closed with a piece of a KIMTECH SCIENCE™ Precision Wipe,
on which a small amount (ca. 3 mg) of the sample was placed.
Tygon® tubing was used to connect the broad side of the quartz
tube with an adapter equipped with a glass stopcock, that was

used to deliver purge gas to the sample. In the dehydration ex-
periment, it was connected directly to the source of dry nitrogen
gas, while in the rehydration experiment — the nitrogen gas was
passed through a water bubbler.

Other spectroscopic measurements. Infrared spectra were
recorded using a Nicolet iN10 MX FT-IR microscope in the
transmission mode (a small amount of powdered sample was
spread on BaF, pellet). Dehydration-rehydration experiments
were performed with the use of a Linkam THMS350V stage.
UV-Vis spectra were measured in transmission mode for sam-
ples mixed with paraffin oil between two quartz slides using a
PerkinElmer Lambda 35 UV/VIS spectrophotometer equipped
with an integrating sphere.

Magnetic and photomagnetic measurements. Magnetic sus-
ceptibility measurements were performed using a Quantum De-
sign MPMS-3 Evercool magnetometer in magnetic fields up to
7 T for samples packed into Delrin sample holders.!'* The ex-
perimental data were corrected for the diamagnetism of the
sample and the sample holder. Photomagnetic measurements
were performed for samples placed between two layers of
scotch tape and inserted into the plastic straw. 1Mn was pre-
pared for photomagnetic measurements in the oxygen- and wa-
ter-free glovebox to prevent its rehydration and 1Mn-8H2O was
inserted into the magnetometer and vacuum pumped below 240
K to avoid its dehydration. Irradiation was performed using 450
nm light produced by a laser diode (L450P1600MM; power at
the sample position 6-10 mW/cm?).
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