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ABSTRACT: Iron(II) spin cross-over (SCO) compounds combine a thermally driven transition from the diamagnetic 
low-spin (LS) state to the paramagnetic high-spin (HS) state with a distinct change in the crystal lattice volume. Inversely, if 
the crystal lattice volume was modulated post-synthetically, the spin state of the compound could be tunable, resulting in 
the inverse effect for SCO. Herein, we demonstrate such a spin-state tuning in a breathing cyanido-bridged porous coordina-
tion polymer (PCP), where the volume change resulting from guest-induced gate-opening and -closing directly affects its 
spin state. We report a synthesis of the three-dimensional coordination framework {[FeII(4-CNpy)4]2[WIV(CN)8]·4H2O}n 
(1·4H2O; 4-CNpy = 4-cyanopyridine), which demonstrates a SCO phenomenon characterized by strong elastic frustration. 
This leads to the 48 K wide hysteresis loop above 140 K, but below this temperature results in a very gradual and incom-
plete SCO transition. 1·4H2O was activated under mild conditions, producing the nonporous {[FeII(4-CNpy)4]2[WIV(CN)8]}n 
(1) via a single-crystal-to-single-crystal process involving a 7.3% volume decrease, which shows complete and nonhysteret-
ic SCO at T1/2 = 93 K. The low-temperature photoswitching behavior in 1 and 1·4H2O manifested the characteristic elasticity 
of the frameworks; 1 can be quantitatively converted into a metastable HS state after 638 nm light irradiation, while the 
photoactivation of 1·4H2O is only partial. Furthermore, nonporous 1 adsorbed CO2 molecules in a gated process, leading to 
{[FeII(4-CNpy)4]2[WIV(CN)8]·4CO2}n (1·4CO2), which resulted in a 15% volume increase and stabilization of the HS state in 
the whole temperature range down to 2 K. The demonstrated post-synthetic guest-exchange employing common gases is an 
efficient approach for tuning spin state in breathing SCO-PCPs. 

INTRODUCTION  

Spin cross-over (SCO) phenomenon is a transition be-
tween low-spin (LS) and high-spin (HS) state of metal ions 
induced by a physical stimulus such as temperature, pres-
sure, or light irradiation.1 For octahedral iron(II) com-
pounds in the solid state, a transition from the diamagnetic 
state to the paramagnetic S = 2 state is intertwined with 
the significant expansion of the crystal volume (Figure 1a), 
as well as the variation in optical and electric properties.2-4 
The simultaneous change of multiple properties makes 
SCO materials desirable for the nanofabrication of single-
molecule junctions and thin films sensitive to environmen-
tal factors.5-8 Although control over the spin state is usually 
achieved by temperature or mechanically, in their seminal 
work Kepert et al. demonstrated that the SCO properties 
can also be modulated with the uptake and release of the 
guest molecule in a porous coordination polymer (PCP).9 
The field expanded exponentially when Ohba et al. pre-
sented complete chemo-switching of the spin state in the 
Hofmann-type PCPs,10, 11 and since then, numerous 
FeII(L)[MII(CN)4]n (M = Ni, Pt) compounds were reported to  

 
Figure 1. (a) Thermally induced high-spin to low-spin transition is typi-

cally associated with lattice contraction. (b) Volume expansion triggered 
by guest inclusion in the breathing coordination framework prevents spin 

transition to the small-volume low-spin state.  

show the effect of the guest adsorption on SCO phenome-
non.12 While SCO frameworks show volume change result-
ing from the change in the spin state, large variation of 
crystal lattice volume upon guest uptake is also character-
istic for PCPs which demonstrate the so-called “breathing” 
behavior.13-16 As both SCO and guest-induced breathing 

result in crystal swelling/shrinking, one may expect that 
combination of these two phenomena would lead to a very 
strong coupling of these properties, that is, stabilization of 
the small-volume LS state for the closed-pore phase and 
the large-volume HS state in the open-pore phase (Figure 
1). We expect that the crystal lattice volume closely associ-
ated with the spin state could be tuned by the kind of guest 
molecules being loaded into pores. This assumption is 
further supported by the pronounced effect of guest-
induced gate-opening on the phase transition observed in 
donor-acceptor MOFs, reported recently by some of us.17, 18 
Noticeably, this phenomenon is hardly evidenced in rigid 
three-dimensional (3-D) Hofmann-type PCPs, in which 
strong host-guest interactions with guest molecules seem 
to overcome the volume change effect.19-22 Thus in order to 
successfully observe the aforementioned coupling of the 
crystal lattice breathing with the spin transition, one 
should either decrease the strength of specific host-guest 
interactions or increase the volume change in the breath-
ing SCO framework. The prospective candidate can be 
found in the family of octacyanidometallate-based com-
pounds {[FeII(py)4]2[MIV(CN)8]·xH2O}n (py = pyridine de-
rivatives, M = Mo, W, Nb, Re) 23, since some of us recently 
demonstrated large water-induced breathing of  the octa-
cyanomolybdate(IV) coordination polymer.24 The 
impact of guest molecules on SCO properties of octacya-
nidometallate frameworks was mostly overlooked, with 
the exception of the water-induced spin transition report-
ed by Song et al. in {[FeII((3-pyridyl)methanol)4]-
2[WIV(CN)8]·4H2O}n.25 Herein, we report 
{[FeII(4-CNpy)4]2[WIV(CN)8]}n (1; 4-CNpy = 
4-cyanopyridine), a flexible nonporous framework charac-
terized by weakly cooperative spin transition at T1/2 = 93 
K. Upon adsorption of water molecules it showed a 
gate-opening breathing transition with a 7.3% increase of 
crystal volume resulting in 
{[FeII(4-CNpy)4]2[WIV(CN)8]·4H2O}n (1·4H2O). The reorgan-
ization of the crystal framework led to the appearance of a 
48 K wide hysteresis loop in the 187-235 K range, accom-
panied by strong elastic frustration, with the low-
temperature phase showing mixed low-spin/high-spin 
state. 

 



 

 

The most striking feature of the nonporous 1 is the ability 
to accommodate four CO2 molecules per formula unit in a 
gate-opening fashion, leading to the {[FeII(4-
CNpy)4]2[WIV(CN)8]·4CO2}n (1·4CO2). Finally, this CO2 up-
take resulted in a 15% increase in crystal volume, which in 
turn stabilized the HS state in the whole temperature 
range of  2-300 K. Herein, we demonstrate the total control 
of the spin state of a PCP driven by guest-dependent 
breathing-induced steric effects. 

 
Figure 3. Vapor adsorption isotherms of water recorded for 1 

(1·4H2O activated in vacuum at 323 K). Full circles – adsorption, 

open circles – desorption. 

  

Figure 2. Structural transformation accompanying transition from 1·4H2O to 1: asymmetric unit of 1·4H2O (a) and 1 (b) with selected 

bond distances (hydrogen atoms were omitted for clarity), as well as coordination frameworks of 1·4H2O (c) and 1 (d) as seen along crys-

tallographic c-axis (hydrogen atoms of 4-cyanopyridine molecules were omitted for clarity). W – dark blue, Fe – orange, O – red, N – blue, 

C – grey. 



 

RESULTS AND DISCUSSION   

Crystal structures and water adsorption properties 

The hydrated compound 
{[FeII(4-CNpy)4]2[WIV(CN)8]·4H2O}n (1·4H2O) was obtained 
as orange crystals by wet chemistry approach (see Exper-
imental Section for details). It crystalized as a 3-D coordi-
nation network in a tetragonal crystal system, space group 
I41/a (Table S1). All Fe(II) centers in the structure of 
1·4H2O are surrounded by six nitrogen atoms and equiva-
lent by symmetry. The iron(II) coordination sphere con-
sists of four nitrogen atoms of aromatic 4-cyanopiridine 
rings and two cyanido ligands in a trans configuration 
(Figure 2a). The observed Fe-N bond lengths at 200 K are 
2.080(2) Å for Fe-NC and 2.243(2) or 2.258(2) Å for Fe-
Npyridine, in line with expectations for iron(II) in a high-spin 
(HS) state.25-34 Octacyanidotungstate(IV) forms four cya-
nide bridges with iron(II), leaving four terminal cyanides 
engaged in hydrogen bonding with water molecules with a 
CN…O distance of 2.867(5) Å (Table S2). Crystallization 
water molecules do not leave empty spaces in the frame-
work (no void spaces were detected for 1.3 Å probe 
radius,35 while the kinetic diameter of water is estimated 
to be 2.65 Å).36 Noteworthy, the water molecules also form 
O…NC contact with the nitrogen atom belonging to the 
nitrile group of 4-cyanopyridine (3.074(7) Å). Despite the 
aromatic nature of the pyridine rings, no π-π interactions 
are observed, since all pyridine molecules are separated by 
more than 4 Å. However, 4-cyanopyridine molecules inter-
act with each other through strongly polarized nitrile 
groups, which form -CN…C contacts characterized by the 
3.244(5) Å intermolecular distance. Cooling the crystal of 
1·4H2O below 190 K led to an immediate increase in crys-
tal mosaicity and the disappearance of high-resolution 
(<1.0 Å) diffraction peaks and therefore the crystal struc-
ture could not be analyzed at lower temperatures.  
 Thermogravimetric analysis (TGA) performed on 
a powder sample of 1·4H2O under dry nitrogen flow shows 
an immediate decrease in mass already at room tempera-
ture (Figure S1). Within four minutes of measurement and 
below 30 °C, the mass reached a plateau of 96.5% m/m0, 
and the sample mass remained constant up to 100 °C. This 
value is slightly higher than the expected m/m0 = 94.9% 
for the completely dehydrated compound, because the 
dehydration starts immediately after removing the crystals 
from the mother solution at room temperature. The com-
pleteness of water removal is also supported by the pow-
der X-ray diffraction pattern (PXRD) for the sample 
1·4H2O activated in vacuum at room temperature, which 
does not show reflections of the parent 1·4H2O phase 
(Figure S2).     
 Following the TGA results, the single crystal of the 
hydrated framework 1·4H2O was dehydrated in situ by 
purging with dry nitrogen gas atmosphere at 343 K. The 
resulting anhydrous phase {[FeII(4-CNpy)4]2[WIV(CN)8]}n 
(1) was cooled and the sc-XRD measurement was per-
formed at 200 K. Upon dehydration, the symmetry changes 
from I41/a in 1·4H2O to I𝟒̅2d in 1 and the unit cell volume 
is reduced by 7.3% (from 6288.0(2) Å3 for 1·4H2O to 
5827.2(3) Å3 for 1). In the dehydrated framework, there 
are four inequivalent nitrogen atoms coordinated to the 

Fe(II) center (Figure 2b), compared to three different Fe-N 
bonds in the hydrated form. The corresponding bond 
lengths are 2.085(7) Å for Fe-NC, and 2.207(13), 2.252(7) 
and 2.252(12) Å for Fe-Npyridine, suggesting a fully HS state 
of Fe(II) at 200 K, similarly to the framework before dehy-
dration. Importantly, as a result of water removal, the 
cyanido bridges underwent distinct bending, with the N-C-
Fe angle changing from 170.8(2)° to 162.4(7)°. On the 
other hand, the equatorial pyridine coordination became 
more ordered, as Npyridine1-Fe-Npyridine2 angles change from 
87.73(9)° and 92.27(9)° in 1·4H2O to 90.0(2)° in 1. The 
aforementioned changes lead to the reorganization of the 
coordination skeleton as visible along the c-axis, which is 
depicted in the Figure 2c-d, with very little change ob-
served along the a-axis (Figure S3). The selected bond 
lengths and angles in structures of 1·4H2O and 1 are sum-
marized in Table S2. After complete evacuation of water 
guest molecules, the anhydrous 1 shows no cavities for the 
1.3 Å radius probe molecule. This points to a breathing 
phenomenon, which can be described as a gate-closing 
process.16, 37 Although gate-opening (GO) and gate-closing 
(GC) processes were recently demonstrated in 
amorphous38 and microcrystalline24, 39, 40 cyanido-bridged 
frameworks, to our knowledge the transition from 1·4H2O 
to 1 constitutes the first example of gate-closing visualized 
by single-crystal XRD in a coordination polymer featuring 
only cyanido bridges.  

 
Figure 4. χT(T) dependence recorded for 1·4H2O at μ0Hdc = 0.1 T 

(a) and close-up of the hysteresis loop with the corresponding 

d(χT)/dT derivative (inset), χT(T) dependence recorded for 1 at 

μ0Hdc = 0.1 T and the fit of the Slichter-Drickamer model (Eq. 2) 

to the experimental data (b). 



 

The gate-opening/closing character of the 1↔1·4H2O 
transformation is further confirmed by the measurement 
of volumetric adsorption of water vapor for 1 at 288-308 K 
(Figure 3). Adsorption curves up to the threshold water 
pressure can be classified as a type III isotherms typical for 
nonporous materials according to IUPAC37, with approxi-
mately one water molecule per Fe2W formula unit being 
adsorbed. However, a sudden increase in the amount of 
adsorbed vapor characteristic of GO can be observed above 
40% relative humidity and the adsorbed volume after 
step-like increase corresponds to ca. 4.25 H2O, almost 
perfectly in line with {[FeII(4-CNpy)4]2[WIV(CN)8]·4H2O}n 
formulation deduced for 1·4H2O from sc-XRD measure-
ment. A small further increase in adsorption occurs at 
higher vapor pressures. We attribute the difference be-
tween the total observed value and the expected value to 
the significant adsorption of water on the surface of crys-
tals and the glass measurement tube. In the desorption 
branch, the adsorbed amount of water slowly decreases 
until it reaches 4.25 mol mol-1 around 35% relative humid-
ity. Below this pressure, a stepwise decrease in the amount 
of adsorbed vapor corresponding to the GC process can be 
observed.      
 The pronounced structural transformation that 
accompanies the gate-opening breathing process leads to 
several changes in the infrared (IR) spectrum of 1 (Figure 
S4a). Water adsorption is accompanied by the appearance 
of a broad O-H stretching band in 2800-3700 cm-1 range 
and the H-O-H bending band at 1629 cm-1, both confirming 
the presence of water molecules engaged in hydrogen 
bonding with cyanide ligands in the structure of 1·4H2O. 
Furthermore, the nitrile stretching bands change their 
structure (Figure S4b), with two unequal components at 
2237 and 2241 cm-1 in the case of 1 reaching equal intensi-
ties at 2240 and 2247 cm-1 for 1·4H2O. This is correlated 
with three symmetrically independent 4-cyanopyridine 
molecules in the structure of 1, as opposed to only two in 
1·4H2O. All other 4-cyanopyridine vibrations in the finger-
print region shift by 2-3 cm-1 toward higher energies upon 
water adsorption, which is interpreted as general stiffen-
ing of the coordination skeleton.   

Magnetic properties of 1·4H2O and 1  

Structural data at 200 K are consistent with both 1·4H2O 
and 1 being composed of paramagnetic Fe(II) ions (S = 2). 
Consequently, 1·4H2O is characterized by magnetic sus-
ceptibility and temperature product (χT) of 7.16(11) cm3 K 
mol-1 at 265 K (Figure 4a), which corresponds to two high-
spin iron(II) centers per Fe2W formula unit and the Landé 
factor gFe = 2.18(2). A relatively fast decrease of χT was 
observed below 192 K, at 140 K reaching 5.23 cm3 K mol-1. 
Below this point a decrease of χT was very gradual, reach-
ing 4.19 cm3 K mol-1 at 60 K (58.5% of the room tempera-
ture value). All changes of χT product at 192-60 K are at-
tributed to the spin cross-over phenomenon, which is 
confirmed by Mössbauer spectroscopy measurements 
performed on cooling (Figure S5 and Table S3). A further 
decrease of χT below 60 K is unlikely to result from SCO, as 
the accompanying structural deformation rarely occurs at 
such low temperatures. However, it can be satisfactorily 

described with the following Hamiltonian constructed in 
the PHI software41: 

𝑯̂ = 𝑫(𝑺𝐳
𝟐 − 𝟐) + 𝑬(𝑺𝐱

𝟐 − 𝑺𝐲
𝟐) + 𝒈𝐞𝐟𝐟𝜷𝑯⃗⃗⃗ 𝑺⃗⃗     (EQUATION 1) 

with the additional intermolecular interaction parameter 
zJ. Fitting the model described above to the χT(T) in the 
2-50 K range and M(H) at 2.0 K results in the following 
parameters: geff2 = 7.61(1), D = 9.1(1) cm-1, E = 2.5(1) cm-1 
and zJ = -0.012(1) cm-1 (Figure S6). The D and E values 
obtained are within the expected range for high-spin 
iron(II) centers,42-45 with a small zJ value resulting from HS 
Fe(II) being separated by long diamagnetic [-NC-WIV(CN)6-
CN-] linkers, as well as LS Fe(II) centers. However, it 
should be noted that this procedure yields only approxi-
mate parameters for the HS iron(II) centers in 1·4H2O, as 
the geff2 value in fact equals a molar fraction of HS iron(II) 
multiplied by the actual gyromagnetic ratio (geff2 = xHSgFe2). 
This results from the fact that the amount of HS centers in 
2-50 K range estimated from magnetic measurements is 
slightly higher than one FeHS per Fe2W formula unit, and 
the results of Mössbauer measurements suggest that HS 
centers at low temperatures are not equivalent. The χT 
thermal dependence is reversible on heating to 140 K, 
when it starts to diverge from that recorded on cooling. At 
230 K it reaches 6.43 cm3 K mol-1, which is much lower 
than the value of 7.16 cm3 K mol-1 observed upon cooling. 
After this point, a stepwise increase of χT occurs up to 7.02 
cm3 K mol-1 at 238 K and the initial high-spin state is fully 
recovered above 256 K. This discrepancy of the cooling 
and heating processes manifests itself as a thermal hyste-
resis of SCO, with Tsco (defined as a maximum of the 
d(χT)/dT derivative) equal to 187 K on cooling and 235 K 
on heating (Figure 4a, inset).  The presence of the hystere-
sis loop was confirmed by Mössbauer spectroscopy (Figure 
S5) and dynamic scanning calorimetry (DSC; Figure S7). 
The simultaneous presence of a wide hysteresis loop above 
180 K and an incomplete gradual transition below 140 K 
must result from elastic frustration of the framework.46, 47 
Because of the hysteretic behavior accounting only for 
0.25-0.3 mol Fe per Fe2W formula unit, as well as the ra-
ther blurred nature of the transition at 187 and 235 K, the 
signal intensity observed in the DSC measurement is rela-
tively weak (Figure S7a,b). Because of that, the enthalpy of 
the transformation was determined only for the transition 
on heating. Depending on the background subtraction 
procedure (Figure S7c) and the assumed amount of SCO-
active centers (0.25-0.3 per Fe2W), the resulting transfor-
mation enthalpy is ΔHSCO = 8.5-11.4 kJ mol-1 Fe, leading to 
ΔSSCO = 38-51 J K-1 mol-1.        
 Similarly to 1·4H2O, room temperature χT prod-
uct observed for 1 equals 7.56(18) cm3 K mol-1 (Figure 4b), 
as expected for two centers of high-spin iron(II) with gFe = 
2.24(3) cm3 K mol-1. No change in χT is observed down to 
ca. 150 K, below which point the gradual decrease starts. 
Below 100 K a fast decrease occurs reaching 0.38 cm3 K 
mol-1 at 50 K. The observed change represents 95% of the 
room temperature signal and is interpreted as a complete 
SCO transition, in line with the results of Mössbauer spec-
troscopy (Figure S8 and Table S4), which shows a pure HS 
state at 150 K and a pure LS state at 62 K. This points to-



 

wards weakly cooperative SCO transition that can be quan-
tified with the Slichter-Drickamer model48:  

𝒌𝐁𝒍𝒏 (
𝟏−𝜸𝐇𝐒

𝜸𝐇𝐒
) = ∆𝑯𝐇𝐋 − 𝑻∆𝑺𝐇𝐋 + 𝜞(𝟏 − 𝟐𝜸𝐇𝐒)        (EQ. 2) 

Fitting the experimental χT curve in the 50-250 K range 
yields the following parameters: ΔHHL = 4.74(3) kJ mol-1, 
ΔSHL = 51.0(3) J mol-1 K-1 and Γ = 1.12(1) kJ mol1 with R2 = 
0.99999. The determined SCO temperature TSCO = 
ΔHHL/ΔSHL = 93(1) K is very low, which for the ΔSHL in the 
typical range (40-80 J K-1 mol-1)49 must result from small 
ΔHHL. Interestingly, unlike other SCO compounds that 
demonstrate spin transition below 100 K, which become 
kinetically trapped in the HS state due to the slow dynam-
ics,50-53 1 demonstrates exactly the same SCO behavior also 
for a higher temperature sweep rate of 2 K min.-1 (Figure 
S9). To further study the observed transition, we per-
formed additional diffraction measurements at 140 K and 
80 K. When 1 is cooled by 60 K from 200 K to 140 K, Fe-N 
bonds are shortened by 0.001-0.036 Å (on average 
0.017(12) Å) for 4-cyanopiridine ligands and from 
2.085(7) to 2.082(7) Å (0.003 Å) for nitrogen atoms be-
longing to cyanido ligands, which is mostly attributed to 
the thermal expansion. On the other hand, cooling by an-
other 60 K down to 80 K leads to the much more distinct 
change of 0.112-0.221 Å (on average 0.17(4) Å) for 
4-cyanopiridine and 0.125(7) Å for cyanido ligands, re-
spectively. The sudden decrease of the bond length in the 
140-80 K temperature range is in line with the transition 
temperature determined from magnetic and Mössbauer 
measurements, and the variation of the bond length is 
consistent with observations for other SCO frameworks 
featuring [FeII(py)4(μ-NC)2] moieties.25-33 As the observed 
contraction of bond lengths falls in the typical range for 
similar assemblies, this raises the question about the 
source of unusually small ΔHHL. This could be explained by 
stabilization of the HS state or destabilization of the LS 
state. No such effect can be identified by comparison of 
intermolecular interactions in the structures of 1 at 140 
and 80 K (Table S2). Therefore, we hypothesize that a 
small value of ΔHHL may result from the destabilizing effect 
of intermolecular repulsion in the low-spin state of 1, 
which is expected to be sterically crowded, since the ex-
panded high-spin state lacks void spaces.   
 Although both 1·4H2O and 1 share the same con-
nectivity of the coordination skeleton, the above described 
SCO behavior of these two phases is very different. On the 
one side, 1·4H2O shows a 48 K wide hysteresis loop, un-
precedented among octacyanidometallate-based SCO 
frameworks.25-34, 54 This points to very high cooperativity 
of the system, but is accompanied by a relatively gradual 
χT change in the 60-140 K range in both the cooling and 
heating process. Interestingly, increasing the temperature 
sweep rate does not lead to a significant change in the 
width of the hysteresis loop (Figure S10), yet it decreases 
the total amount of iron(II) centers that undergo the SCO 
phenomenon. This suggests relatively slow kinetics of 
hysteretic SCO for 1·4H2O around 150 K, compared to the 
fast and gradual SCO observed for 1, leading us to two 
conclusions. First, given the slightly cooperative nature of 
SCO in 1, which comprises only [-NC-WIV(CN)6-CN-] bridg-
es as elastic interaction pathways, elastic frustration of 

1·4H2O must arise from the additional source of anti-
ferroelastic interactions.55 Most likely the appearance of 
hydrogen bonds increases cooperativity of the spin transi-
tion, but water molecules themselves act as stiff rods sepa-
rating iron(II) centers. Taking into account the lack of free 
void spaces in the nonporous 1, which accommodates 
water vapor only in the pore-opening transition, the steric 
effect of H2O molecules must prevent the contraction of the 
framework to the full LS state. As a result, SCO for 1·4H2O 
is incomplete (representing approximately half iron(II) 
centers) at low temperatures. On the other side, the unu-
sually fast kinetics of the SCO transition observed for 1 
below 100 K suggests a high degree of structural flexibility, 
which is confirmed by observation of the pore-opening 
behavior induced by water vapor.    

Gas adsorption studies for 1 

Structural flexibility deduced for 1 from magnetic and 
vapor adsorption studies encouraged us to test its adsorp-
tion capability with other gas molecules. However, no gas 
adsorption was observed for N2 and CO at 77 K, as well as 
NO at 121 K (Figure S11). On the other hand, at T ≥ 195 K, 
1 shows stepped CO2 adsorption (Figure 5a). The transi-
tion between nonporous and open-pore phase is almost 
binary, since no more than 5 cm3 g-1 of carbon dioxide is 
adsorbed below the gate-opening pressure. The total vol-
ume of adsorbed CO2 at 100 kPa reaches 62-68 cm3 g-1 (in 
205-194.7 K range), which corresponds to approximately 4 
CO2 molecules per Fe2W formula unit. This amount is also 
reflected in the isobar measurements of CO2 adsorption 
depicted in the Figure 5b. Thus, the formulation deduced 
for the CO2-adsorbed phase from adsorption experiments 
is {[FeII(4-CNpy)4]2[WIV(CN)8]·4CO2}n (1·4CO2), very simi-
lar to the composition observed for1·4H2O from sc-XRD. 
Powder X-ray diffraction measurements performed in situ 
under 100 kPa CO2 on cooling show the disappearance of 
the parent phase 1 and the appearance of a new phase 
below 215 K (Figure S12), in line with the gas adsorption 
isobars. Similarly, the 1·4CO2 starts to disappear at 230 K 
when heated, with concomitant restoration of 1. This 
proves that only one crystal phase of 1·4CO2 exists in the 
200-300 K range. The reversibility of the transition from 1 
to 1·4CO2 was also tested by PXRD under isothermal con-
ditions, with the powder pattern typical for 1 being re-
stored by vacuum pumping of 1·4CO2 (Figure S13). In 
order to determine thermodynamic parameters of these 
transitions, pressure-temperature points for a gate-
opening and a gate-closing process determined from iso-
therms and isobars were fitted to the Clausius-Clapeyron 
relationship (Figure S14): 

 𝐥𝐧  (𝒑 / 𝐤𝐏𝐚)  = 𝑨 + 
∆𝑯𝐭𝐫𝐚𝐧𝐬

𝑹

𝟏

𝑻
                (EQ. 3) 

This approach results in AGO = 19.1(5), ΔHGO = -25.0(8) kJ 
mol-1 and AGC = 16.8(4), ΔHGC = -23.0(7) kJ mol-1. These 
parameters were used to prepare the phase diagram of 
1/CO2/1·4CO2 system presented in Figure 5c. 



 

 
Figure 5. CO2 adsorption in 1 studied as isotherms at different 

temperatures (a) and isobars at different CO2 pressures (b), and 

phase diagram of  1/CO2/1·4CO2 system based on these results. 

The powder X-ray diffraction pattern observed for 1·4CO2 
resembles the powder pattern of 1·4H2O, although with 
two apparent differences (Figure S15). All reflections are 
shifted towards lower 2θ values, suggesting even bigger 
expansion of the crystal lattice upon CO2 adsorption as 
compared to the adsorption of H2O. Furthermore, even 
though the powder patterns for 1·4CO2 and 1·4H2O seem 
similar, many additional reflections are observed for the 
former (even after neglecting the remnant reflections of 
phase 1, depicted in the Figure S13). Therefore, the pow-

der pattern recorded for 1·4CO2 at 200 K could not be 
indexed in the tetragonal crystal lattice. The unit cell 
search using FOX software56 and the Le Bail refinement 
using JANA2006 software57 show good agreement for the 
orthorhombic cell (a = 20.364(3) Å, b = 19.950(3) Å, c = 
16.461(3) Å with Rwp = 1.83%, Figure S16). Although these 
parameters are similar to the tetragonal cell observed for 1 
at 200 K (Table S1), the expansion of the unit cell is ob-
served in all the crystallographic directions and is aniso-
tropic (Δa/a = 6.1%, Δb/b = 3.9% and Δc/c = 4.1%). The 
total 14.8% volume expansion from 1 (V200K = 5827.2(3) 
Å3) to 1·4CO2 (V200K = 6687(3) Å3), corresponds to 860 Å3. 
For Z = 4 (as observed in 1 and 1·4H2O), this is in line with  
{[FeII(4-CNpy)4]2[WIV(CN)8]·4CO2}n formulation, as 16 CO2 
molecules per formula unit are expected to occupy ≈744 
Å3

.  

  

 

Figure 6. Magnetic studies of 1 performed during in situ CO2 

adsorption: thermal dependence of χT for 1 under 100 kPa He 

atmosphere (black points) and under 100 kPa CO2 + 5 kPa He 

atmosphere (dark red line; average cooling rate 0.23 K min.-1) (a), 

as well as time dependence of χT (black points) and total pressure 

(dark red line) (b). The zero point in the figure (b) corresponds to 

the start of the measurement depicted with dark red points in the 

figure (a). Dotted lines represent CO2 adsorption/desorption effect 

(black) and CO2 resublimation/sublimation (dark red). 

In situ CO2 adsorption IR and Raman studies  

In order to better understand the host-guest interactions 
in the structure of 1·4CO2, we performed in situ IR and 
Raman spectroscopy studies under the CO2 atmosphere. 



 

Under in situ IR measurement conditions the octacyanido-
tungstate(IV) cyanide stretching mode is well visible (Fig-
ure S17). The small shift of this transition (≈4 cm-1) after 
gate-opening is hard to explain on its own, while the very 
strong bands of gaseous CO2 obscure the nitrile stretching 
bands of 4-cyanopyridine molecules. This issue is resolved 
by Raman spectroscopy measurement, in which no signal 
of gaseous CO2 is observed in the 2300-2000 cm-1 range 
(Figure S18). The single broad peak of 4-cyanopyridine’s 
nitrile can be observed in the Raman spectrum for 1 at 
2239 cm-1, which after CO2 adsorption shifts to 2245 cm-1 
in 1·4CO2. A similar change was observed in the IR spec-
trum of 1 after H2O adsorption (Figure S4b), despite the 
fact that the water molecule only weakly interacts with the 
nitrile group - the 3.074(7) Å O…NC distance in the struc-
ture of 1·4H2O is 0.13 Å longer than typically observed for 
hydrogen bonds involving nitriles58. Therefore, the lack of 
more significant shifts in the Raman spectrum of 
1·4CO2suggests that CO2 molecules are not involved in any 
stronger interactions in this structure.   

In situ CO2 adsorption magnetic studies 

The variation in magnetic properties of 1 upon in situ CO2 
adsorption was tested using a home-built gas cell (see 
Experimental section for details). A sample of 1·4H2O 
(14.9 mg) was activated inside the magnetometer chamber 
by 1 hour of vacuum pumping at 323 K and the gas cell was 
filled with 100 kPa He to facilitate good thermal contact. 
Then magnetic susceptibility was studied in the 250-5-250 
K range (Figure 6a, black curve), which perfectly repro-
duces the behavior of the anhydrous 1 presented in the 
Figure 4b. Subsequently, the sample was heated to room 
temperature, the He pressure was reduced to 5 kPa (to 
maintain thermal conductivity at low temperatures) and 
100 kPa CO2 was introduced. This was followed by sample 
cooling to 250 K, and the magnetic susceptibility was stud-
ied again with an average temperature sweep rate of 0.23 
K min.-1. In the 250-200 K range the behavior of 1 is re-
tained (Figure 6a, dark red curve), but when cooled from 
200 K to 193 K the χT increases from 7.54 to 7.80 cm3 K 
mol-1. This is a direct result of the CO2 adsorption and con-
version of 1 to 1·4CO2, as evidenced in the Figure 5b, 
which demonstrates the pressure in system that was stud-
ied in real time. The stepwise χT  increase induced by CO2 
adsorption is related to the small decrease in pressure 
(approximately 1.4 kPa), while the CO2 resublimation that 
starts below 188 K results in a large continuous drop of 
pressure. The observed temperature range of adsorption 
in the magnetic measurement is downshifted by ≈10 K as 
compared to the isobar adsorption measurement under 
100 kPa CO2 (Figure 5b, purple line), which is the result of 
the slow kinetics of the gate-opening process. The 
appearance of this 3.4% increase of χT is expected to result 
from the variation in gFe resulting from the CO2-induced 
framework expansion. The adsorption-related nature of 
this effect was additionally confirmed by the isothermal 
CO2 introduction experiment at 195 K (Figure S19), in 
which no change in magnetic susceptibility is observed 
upon a fast pressure increase below 40 kPa CO2, but a large 
variation of magnetization begins when the pressure in-
creases above 50 kPa (in line with the phase diagram de-

picted in Figure 5c).     
 Cooling 1·4CO2 below 190 K results in a very 
small change of χT (Figure 6a, dark red curve), which at 50 
K equals 7.07 cm3 K mol-1. The minor decrease is expected 
to result from antiferromagnetic interactions between 
high-spin iron(II) centers and zero-field splitting effect. In 
order to minimize the last one, the sample was activated 
again at 323 K and the experiment was repeated under 50 
kPa CO2 (Figure S20; regeneration of the gate-closed 1 
after activation was confirmed by repeated measurement 
of magnetic susceptibility under He atmosphere). The 
behavior of the sample under reduced pressure closely 
resembles that recorded under 100 kPa CO2, but the trans-
formation of 1 to 1·4CO2 happens below 198 K instead of 
200 K. Phase 1·4CO2 under 50 kPa CO2 was additionally 
characterized by the magnetization field dependence at 
several temperatures, and both χT(T)  and M(H) curves 
were fitted using equation 1 (Figure S21). The experi-
mental curves are well reproduced by the following set of 
parameters, assuming all iron(II) centers are in the high-
spin state: g = 2.27(5), D = 9.0(1) cm-1, E = 2.3(1) cm-1 and 
zJ = -0.085(1) cm-1. The obtained values of D and E are 
reasonable for a HS iron(II) (and similar to those observed 
for 1·4H2O), which clearly confirms that the magnetic 
behavior of 1·4CO2 can be properly described without 
assuming any degree of spin cross-over. At the same time 
zJ = -0.085(1) cm-1 for 1·4CO2 is much larger than zJ 
= -0.012(1) cm-1 for 1·4H2O. This could be expected for the 
framework that contains only HS centers, as opposed to 
1·4H2O, in which the HS sites are separated by 



 

Table 1. Summary of SCO compounds showing CO2 adsorption. 

Compound Type Porosity CO2 adsorbed / mol mol-1 Fe ΔV/V Impact on the SCO Ref. 

Fe(pz)[Pt(CN)4] 2-D microporous 1.1 n/a none 10 

Fe(pz)[Ni(CN)4] 2-D microporous 0.9 n/a none 11 

[Fe(btzx)3](ClO4)2 1-D microporous 0.9 <1%a 
ΔT1/2 = +9 K 

[LS stabilized] 
59 

[Fe(tpmd)(NCBH3)2] 3-D microporous 0.75-2.5 0.26% 
ΔT1/2 = -29 K 

[HS stabilized] 
60 

[Co(COO-terpy)2] 0-D 
microporous/ 
gate-opening 

1.2-2.0 1.6% 
ΔT1/2 ≈ +100 Kb 
[LS stabilized] 

61 

[Fe(4-CNpy)4]2[W(CN)8] (1) 3-D 
nonporous/ 

gate-opening 
2.0 15% HS only This work 

a 0.06% volume difference between CO2-adsorbed phase studied at RT and activated phase studied at 240(2) K  
b impossible to determine accurate value due to the very broad transition for the activated phase 

diamagnetic LS sites.    
 The characterization described above led us to 
the conclusion that the adsorption of carbon dioxide in 1 
quenches SCO and stabilizes the HS state in the whole 
2-200 K temperature range. This type of behavior very 
rare among iron(II) spin cross-over compounds, and as far 
as we know was never observed with CO2 as guest mole-
cules. Although CO2 adsorption in SCO compounds was 
previously reported in the literature, it was found to have 
negligible impact on the magnetic properties of Hofmann-
type frameworks10, 11 or lead to a small modulation of spin 
transition temperature in other compounds. 59, 60 The only 
exception was observed recently by Hayami et al. in a 
monomeric CoII compound, where CO2 adsorption stabiliz-
es the LS state by strong intermolecular interactions. 61 The 
exceptional stabilization of the HS state in 1·4CO2 is ex-
pected to originate from the large volume expansion re-
sulting from CO2-induced gate-opening (see Table 1). As 
deduced from X-ray diffraction, the introduction of H2O 
into closed-pore 1 leads to the 7.9% volume expansion, 
while for CO2 this effect is almost doubled with a 14.8% 
total volume increase. We speculate that this introduces 
the effect of “internal pressure” on iron(II) sites, with CO2 
molecules acting as long rigid rods, preventing network 
contraction associated with the spin transition. As such, 
this effect should not be restricted to CO2 only, but would 
also be expected for other gas molecules adsorbed in the 
breathing frameworks. Although we did not observe 
breathing behavior for 1 under N2, CO or NO atmosphere 
(Figure S11), we believe that this should inspire the search 
for other breathing SCO frameworks showing large volume 
change, as such frameworks could be utilized as highly 
selective sensors (as breathing frameworks are usually 
expected to show more selective gas adsorption than per-
manently microporous compounds,16, 37 as demonstrated 
herein).  

 

 

Photomagnetic properties of 1 and 1·4H2O 

The low-temperature elasticity of 1 and 1·4H2O was addi-
tionally tested by checking the possibility of inducing a 
high-spin state with visible light irradiation, the so-called 
Light-Induced Excited Spin State Trapping (LIESST) effect. 
62 To allow for efficient irradiation and preserve the anhy-
drous state in the magnetometer chamber, the polycrystal-
line sample of 1 was crushed in the agate mortar and the 
0.9 mg portion was sealed inside the polyethylene bag (all 
operations were carried out under argon atmosphere). The 
as-prepared sample reaches a slightly higher value of 1.15 
cm3 K mol-1 at 30 K, compared to 0.38 cm3 K mol-1 in bulk 
(Figure 7a, black line). This may result from either increase 
in the number of defects after crystal crushing or from a 
partial sample decomposition during sealing the polyeth-
ylene bag with an impulse heat sealer. However, the phase 
identity as 1 is indubitably confirmed by the appearance of 
the same TSCO as in bulk. Sample irradiation with λ = 638 
nm at 10 K leads to a fast increase of magnetization, which 
saturates after 120 minutes (Figure S22). After turning off 
the light and sample thermalization back to 10 K (since 
constant light irradiation heats the sample by 2-3 K), the 
χT stabilizes at 6.28 cm3 K mol-1 and shows no evolution in 
20 minutes. This was followed by cooling the sample down 
to 2 K and χT measurement at the heating rate of 0.3 K 
min.-1 (in order to accurately determine TLIESST) 63, 64, as 
demonstrated in the Figure 7a (red line). The χT product 
reaches a maximum of 7.02 cm3 K mol-1 at 35 K, which is 
very close to the 7.56 cm3 K mol-1 observed at room tem-
perature and therefore the LIESST for 1 is concluded to be 
almost quantitative. Furthermore, the TLIESST determined 
for 1 as an extremum of d(χT)/dT equals 53 K (Figure 
S23), which in accordance with the formula proposed by 
Létard et al. 65 yields T0 = 82 K. Despite the 3-D nature of 
the coordination skeleton in 1, the T0 value would classify 
it among iron(II) centers surrounded by six independent 
ligands. Both of these characteristics – the completeness of 
the photo-induced transition to the HS state and the low T0
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Figure 7. χT(T) variation recorded after 638 and 808 nm light 

irradiation for 1 (a) and 1·4H2O (b). Initial measurements and 

measurement after thermal relaxation were performed at 2 K 

min.-1 sweep rate, while measurements after light irradiation were 

performed at 0.3 K min.-1. 

value – further confirm the high degree of structural flexi-
bility in 1. Moreover, the photoinduced HS state in 1 at 10 
K is rather persistent, as in the repeated experiment in 
which 638 nm was followed by 808 nm irradiation (Figure 
S24 and Figure 7a, gray line), the photo-induced χT was 
only decreased from 6.00 to 4.70 cm3 K mol-1. Therefore, 
the reverse-LIESST effect66 triggered by λ = 808 nm light 
allows for deexcitation of only ≈25% metastable HS cen-
ters in 1.     
 Phase 1·4H2O was prepared for photomagnetic 
measurements in a similar way to 1 – by sealing 1.1 mg 
crushed crystals inside the polyethylene bag, but with a 
very small amount of the mother solution, which allows for 
a perfect reproduction of the magnetic characteristics of 
the bulk sample (Figure 7b, black line). Irradiation of 
1·4H2O with 638 nm light at 10 K leads to the immediate 
drop of χT due to the sample heating with light, which is 
followed by a small increase and saturation after 60 
minutes (Figure S25). The χT product at 10 K changes from 
3.64 cm3 K mol-1 before irradiation to 4.57 cm3 K mol-1 
immediately after turning the light off, which drops to 4.48 
cm3 K mol-1 in 15 minutes. The same as 1, this experiment 
was followed by cooling to 2 K and χT measurement with 

0.3 K min.-1 heating rate (Figure 7b, red line). The maximal 
observed value of 5.04 cm3 K mol-1 at 35 K is well below 
the level of 7.16 cm3 K mol-1 for the full HS phase. This 
makes LIESST for 1·4H2O quite inefficient, in line with 
previous conclusions on rigidity and slow dynamics of the 
framework at low temperature. Accordingly, the reverse-
LIESST effect with 808 nm light is more effective with the 
photo-induced χT decreasing from 4.53 to 3.85 cm3 K 
mol-1, which accounts for ≈76% metastable HS centers 
(Figure S26 and Figure 7b, grey line). Surprisingly, the 
TLIESST determined for 1·4H2O after 638 nm irradiation 
equals 55 K, very similar to 1 (Figure S27). This may be 
correlated with the presence of the LIESST effect only for 
those centers in the structure of 1·4H2O that undergo a 
spin transition in the temperature range close to the TSCO in 
1 (below 140 K). All the temperature-, light- and sorption-
induced changes in the spin state of 1 were summarized in 
the Figure S28. 

CONCLUSIONS 

In search of three-dimensional breathing spin cross-over 
frameworks, we have prepared a coordination polymer 
{[FeII(4-CNpy)4]2[WIV(CN)8]}n (1). It shows unusually low 
temperature of transition to the low spin state (T1/2 = 93 
K), resulting from a very small enthalpy change. Despite 
the low temperature of the structural transformation, the 
spin transition is complete and proceeds relatively fast (as 
compared to other compounds demonstrating low-
temperature SCO). This results from extreme flexibility of 
the framework, which is confirmed by the observation of a 
gate-opening behavior induced by H2O and CO2 molecules. 
To our best knowledge, the transition between 1·4H2O and 
1 is the first example of the gate-closing process studied by 
single-crystal XRD for a framework with only cyanides 
playing the role of a bridging ligand (without organic link-
ers). The breathing behavior resulting from water adsorp-
tion leads to the appearance of a 48 K wide hysteresis loop 
in case of  1·4H2O, unprecedented among other octacya-
nidometallate-based SCO compounds. More importantly, 
the inclusion of CO2, which is assisted by an almost 15% 
volume expansion upon the transition from 1 to 1·4CO2, 
results in the stabilization of the high-spin state in the 
entire temperature range studied. This shows that rigid 
gas molecules can induce spin change in the spin cross-
over framework not only by strong intermolecular interac-
tions, but also by the “internal pressure” effect of volume 
expansion.  

EXPERIMENTAL SECTION 

Potassium octacyanotungstate(IV) dihydrate was obtained 
according to the reported procedure.67 All other reagents 
were supplied by Sigma-Aldrich. Gases used for adsorption 
measurements were supplied by Nippon Sanso Holdings 
Corporation (He > 99.99995%, CO2 > 99.995%). 

Synthesis of {[FeII(4-CNpy)4]2[WIV(CN)8]·4H2O}n 
(1·4H2O) 

In the first vial K4[WIV(CN)8]·2H2O (0.026 mmol, 15 mg) 
was dissolved in 8 mL H2O, and in the second vial 
4-cyanopyridine (9.0 mmol, 936 mg), Mohr’s salt (0.048 



 

mmol, 19 mg) and ascorbic acid (0.011 mmol, 2 mg) were 
dissolved in 24 mL H2O with 15 minutes of sonication in 
the ultrasonic bath. Then both solutions were heated for 
30 minutes at 36 °C in a water bath. Afterwards, a solution 
of octacyanotungstate(IV) was dropwise added to the 
iron(II) containing mixture with hand stirring. The result-
ing clear yellow mixture was left at 36 °C to crystalize. The 
red octahedral crystals that appeared after 48 hours were 
collected by filtration. Yield: 10 mg (30%). Purity was 
confirmed by elemental analysis and powder X-ray diffrac-
tion (Figure S2). Anal. Calcd for crystal structure 
(C56H40Fe2N24O4W): C: 47.75%, N: 23.86%, H: 2,86%. 
Found: C: 48.72%, N: 24.38%, H: 2.57%. The discrepancy 
results from partial sample dehydration before the start of 
the measurement. Calcd for C56H37Fe2N24O2.5W: C: 48.68%, 
C: 24.33%, H: 2.70%. 

Single crystal X-ray diffraction 

Sc-XRD experiments for 1·4H2O and 1 were performed 
using Bruker D8 Quest Eco diffractometer (Mo Kα sealed 
tube radiation source, Triumph® monochromator). Single 
crystals of 1·4H2O were moved directly from the mother 
liquor into NVH oil to avoid loss of the crystallization sol-
vent. A single crystal of 1 was prepared in situ by heating 
1·4H2O mounted on the goniometer head in the dry nitro-
gen stream using the Cryostream device (Oxford Cryosys-
tems). Absorption corrections, data reduction and unit cell 
refinements were performed using SADABS and SAINT 
programs included in the Apex3 suite. The structures were 
solved using intrinsic phasing and refined anisotropically 
using weighted full-matrix least-squares on F2.68-70 Hydro-
gen atoms of the ligands were placed in calculated posi-
tions and refined as riding on the parent atoms. Structural 
diagrams were prepared using Mercury CSD 2020.3.0.35 
CCDC 2240344 (1·4H2O at 200 K) and 2240345-2240347 
(1 at 200, 140 and 80 K, respectively) contain the supple-
mentary crystallographic data for this paper. These data 
can be obtained free of charge via 
www.ccdc.cam.ac.uk/data_request/cif, or by emailing 
data_request@ccdc.cam.ac. uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033. 

Powder X-ray diffraction 

PXRD data for phase purity confirmation (Figure S2) were 
obtained using Bruker D8 Advance diffractometer (Cu Kα 
radiation) at room temperature for ground crystalline 
samples of 1·4H2O loaded into glass capillaries under 
mother liquor (0.7 mm in diameter). Sample of 1 was ob-
tained by drying 1·4H2O in vacuum (p ≈ 10-2 mbar) for 2 
hours and inserted into glass capillary in oxygen- and wa-
ter-free atmosphere of a glovebox (O2 < 0.1 ppm, H2O < 0.5 
ppm) and sealed with silicone grease. Results were sub-
jected to background correction using the DIFFRAC algo-
rithm implemented in the DIFFRAC.EVA V5 software. 
 PXRD data for in situ CO2 adsorption measure-
ment were collected for samples in 0.5 mm diameter glass 
capillaries using Rigaku Ultima IV diffractometer (Cu Kα 
radiation). In order to allow vacuum treatment and CO2 
introduction, capillary was connected to stainless-steel 
(SUS) lines connected to a gas-handling system (BELSORP 

MAX; Microtrac BEL inc.). The temperature was controlled 
by a N2 gas stream. Results were background corrected by 
subtracting the pattern recorded for the empty sample 
stage at room temperature. Unit cell for 1·4CO2 was de-
termined for the uncorrected measurement using FOX 
software, 56 and Le Bail refinement was performed in 
JANA2006 software. 57 

Volumetric adsorption measurements 

The adsorption isotherm measurements were recorded on 
an automatic volumetric adsorption apparatus (BELSORP 
MAX; Microtrac BEL inc.) for ca. 25 mg sample of 1·4H2O 
activated by heating to 323 K under vacuum (p ≈ 10-4 
mbar). For isotherm measurements of N2 and CO at 77 K 
and CO2 at 195 K, liquid nitrogen or dry ice/methanol bath 
were used. In the case of water vapor isotherm tempera-
ture was controlled using a water bath. For isobar meas-
urements and isotherm measurement at different temper-
atures (including NO at 121 K), a home-built cryostat 
(ULVAC-Cryo) was utilized.  

Spectroscopic measurements 

Infrared spectra for 1·4H2O were recorded using a Nicolet 
iN10 MX FT-IR microscope in transmission mode (a small 
amount of powdered sample was spread on a BaF2 pellet). 
Sample of 1 was obtained by in situ dehydration of 1·4H2O 
with dry nitrogen purge inside a Linkam THMS350V tem-
perature controlled stage. In situ CO2 adsorption was stud-
ied using JASCO FT/IR-4200 spectrometer for the sample 
of 1 mixed with KBr and dispersed in between two CaF2 
windows inside the cryostat (RC102, CRYO industries) 
connected to a gas-handling and pressure monitoring sys-
tem (BELSORP MAX, Microtrac BEL inc.). Raman spectra 
during in situ CO2 adsorption were studied using JASCO 
NRS-4500 Raman microscope using a cryostat system 
(RC102, CRYO Industries) connected with a gas-handling 
and pressure-monitoring system (BELSOR MAX, Microtrac 
BEL inc.). Quartz and CaF2 were equipped over the sample 
room and the vacuum insulating shield of the cryostat, 
respectively. The sample was inspected using an objective 
lens (Olympus SLMPLN20x) and was irradiated with a 532 
nm Raman excitation laser. The transmission 57Fe Möss-
bauer spectra were collected using a Wissel spectrometer 
with a bath liquid nitrogen cryostat. Polycrystalline sample 
of 1·4H2O (ca. 50 mg) was inserted into a polyethylene 
(PE) bag with a mother liquor to prevent its dehydration 
and sealed using an impulse heat sealer. Sample of 1 (ca. 
50 mg) was obtained by drying 1·4H2O in vacuum (p ≈ 10-2 
mbar) for 2 hours, and then sealed inside PE bag in oxy-
gen- and water-free atmosphere of a glovebox (O2 < 0.1 
ppm, H2O < 0.5 ppm). The samples were mounted for the 
measurements inside a copper ring. Mössbauer spectra 
were fitted with the use of WinNormos-for-Igor software 
package, assuming Lorentzian shape of the resonance 
lines. In case of 1·4H2O two additional doublets (with a 
large value of quadrupole splitting) originating from the 
iron species in solution were included to improve quality 
of the fits. Those signals (marked with purple asterisks in 
the Figure S5) were excluded from the calculation of the 
relative fractions of different iron(II) forms in the solid, 



 

which were determined from the ratio of the areas of the 
corresponding doublets attributed to 1·4H2O. 

Magnetic and photomagnetic measurements 

Magnetic and photomagnetic studies for 1 and 1·4H2O 
were performed using a Quantum Design MPMS-3 Ever-
cool magnetometer in magnetic fields up to 7 T. Polycrys-
talline sample of 1·4H2O (10.9 mg) was inserted into a 
polyethylene (PE) bag with a minimal amount of mother 
liquor and sealed using an impulse heat sealer. Sample of 1 
(8.6 mg) was obtained by drying 1·4H2O in vacuum (p ≈ 
10-2 mbar) for 2 hours, and then sealed inside PE bag in 
oxygen- and water-free atmosphere of a glovebox (O2 < 0.1 
ppm, H2O < 0.5 ppm). Both samples were mounted onto 
the quartz sample holder using Kapton tape. The experi-
mental data were corrected for the diamagnetism of the 
sample. Samples were prepared for photomagnetic meas-
urements in the PE bags in a similar manner, but only 
small amount (ca. 1 mg) was used, and PE bags were 
placed between two layers of adhesive tape (5 mm diame-
ter) and inserted into the plastic straw. Irradiation was 
performed using laser diodes (power at the sample posi-
tion 10-20 mW/cm2). Diamagnetic corrections were de-
termined by comparison with bulk measurements.   

In situ CO2 adsorption magnetic measurements 

Magnetic susceptibility measurements under CO2 atmos-
phere were performed using a Quantum Design MPMS-XL 
on a polycrystalline sample of 1·4H2O (ca. 15 mg), which 
was placed inside the gelatin capsule with ca. 100 mg of 
polyester wool to ensure its immobilization. The capsule 
was pierced with a needle and placed inside a straw, which 
was attached to the home-built SUS (stainless steel) sam-
ple rod described elsewhere. 18 The SUS tube was connect-
ed to the gas-handling system (BELSORP MAX; Microtrac 
BEL inc.). The sample was activated in situ by heating it to 
323 K and vacuum pumping (p ≈ 10-4 mbar). Measure-
ments for the sample in the activated state (1) were per-
formed under 100 kPa He to ensure good thermal contact 
of the sample with the magnetometer cavity. Measure-
ments for 1 under CO2 atmosphere were performed with 
an additional 5 kPa He in the system, in order to preserve 
thermal conductivity after complete CO2 resublimation. 
The connection of the SUS sample rod to the gas-handling 
system was left open for the entire measurement time in 
order to enable constant monitoring of the gas pressure in 
the system. All the measurements were conducted in the 
temperature stabilization mode. Diamagnetic corrections 
were determined by comparison of the measurement for 
activated 1 with the bulk measurement for 1 in the PE bag. 

Additional measurements 

TGA was performed using a NETZSCH TG 209 F1 Libra 
under a flow of nitrogen (20 mL min.-1) and a temperature 
scanning rate of 2 °C min.-1. DSC was performed using a 
NETZSCH DSC214 Polyma for the sample in a closed-lid 
sample holder at a temperature sweep rate of 5 K min.-1. 
Elemental analyzes were performed using an ELEMENTAR 
Vario Micro Cube CHNS analyzer. 
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Table S1. Crystallographic data obtained from SCXRD for 1·4H2O and 1. 
 
 1·4H2O (200 K) 1 (200 K) 1 (140 K) 1 (80 K) 

CCDC 2240344 2240345 2240346 2240347 
Formula C56H40Fe2N24O4W C56H32Fe2N24W 

FW / g mol-1 1408.67 1336.60 
Crystal system Tetragonal Tetragonal 
Space group I41/a I4̅2d (refined as an inversion twin) 

a = b / Å 19.7947(3) 19.1966(4) 19.1481(4) 18.8695(4) 
c / Å 16.0477(3) 15.8129(5) 15.7535(6) 15.4503(5) 

V / Å3 6288.0(2) 5827.2(3) 5776.0(3) 5501.2(3) 
Z 4 4 4 4 

ρcalc / g cm3 1.488 1.524 1.537 1.614 
Abs. coeff. / mm-1 2.34 2.52 2.54 2.67 

F(000) 2808 2648 
Radiation source Mo Kα Mo Kα 
Crystal size / mm 0.24 x 0.10 x 0.08 0.12 x 0.11 x 0.06 

θ range / ° 2.6-28.2 2.7-26.0 2.7-26.0 2.8-28.3 
Rint 0.027 0.050 0.051 0.063 

Parame-
ters/restraints 

204/3 193/3 193/0 193/0 

GOF on F2 1.10 1.14 1.16 1.11 
R1 (refl. with I > 

2σ(I)) 
0.020 0.039 0.038 0.034 

wR2 (all reflections) 0.054 0.075 0.079 0.067 
Largest diff. peak 
and hole / e Å-3 

0.75/-0.41 1.49/-2.49 1.34/-2.66 1.74/-2.46 

 

 

Figure S1. Thermogravimetric analysis of 1·4H2O recorded at a heating rate of 2 K min.-1 

under a dry nitrogen atmosphere. 

 



 

 

Figure S2. Powder X-ray diffraction pattern simulated from a single-crystal structure for 

1·4H2O (blue line), experimental  pattern for 1·4H2O (black line), experimental pattern for 1 

(1·4H2O activated at room temperature in vacuum – p ≈ 10-2 mbar; gray line) and simulated 

from a single-crystal structure for 1 (red line). 

 

 

 



 

 

Figure S3. Crystal structures of 1·4H2O (a) and 1 (b) as seen along the crystallographic a-

axis. 4-cyanopyridine molecules were omitted for clarity; W – dark blue, Fe – orange, O – 

red, N – blue, C – gray. 

 

Table S2. Selected distances and bond length in structure of 1·4H2O and 1. 

  1·4H2O (200 K) 1 (200 K) 1 (140 K) 1 (80 K) 

Bond lengths / Å 

Fe-NCN1 2.080(2) 2.085(7) 2.082(7) 1.958(5) 
Fe-Npy3 2.243(2) 2.207(13) 2.171(13) 2.016(9) 
Fe-Npy5 2.258(2) 2.252(7) 2.237(7) 2.070(6) 
Fe-Npy7 - 2.252(12) 2.251(13) 2.059(8) 

Angles / ° 

NCN1-Fe-NCN1 180.0 175.8(4) 175.8(4) 174.2(3) 
NCN1-Fe-Npy3 89.14(7) 87.9(2) 87.9(2) 87.1(2) 
NCN1-Fe-Npy5 89.38(8) 89.3(2) 89.1(2) 89.7(2) 
NCN1-Fe-Npy7 - 92.1(2) 92.1(2) 92.9(2) 
Npy3-Fe-Npy5 87.73(9) 90.0(2) 90.0(2) 90.6(1) 
Npy3-Fe-Npy7 - 180.0 180.0 180.0 
Npy5-Fe-Npy5 180.0 180.0(4) 179.9(4) 178.8(3) 

 Fe-NCN1-CCN1 170.8(2) 162.4(7) 161.7(7) 165.2(5) 

Intermolecular 
distances / Å 

hydrogen bond  
OH-NCN 

O-NCN 

OH-Nnitrile 

O-Nnitrile 

 
1.98(5) 

2.867(4) 
2.30(5) 

3.074(5) 

 
- 
- 
- 
- 

 
- 
- 
- 
- 

 
- 
- 
- 
- 

hydrogen bond 
CH-N 
C-N 

 
2.695(4) 
3.553(5) 

 
2.696(11) 

3.43(2) 

 
2.661(10) 

3.39(1) 

 
2.738(7) 
3.44(1) 

nitrile-nitrile  
N-C 

 

 
3.244(6) 
3.461(7) 

 
3.234(16) 
3.362(10) 

 
3.224(12) 
3.354(9) 

 
3.193(9) 
3.296(6) 

 



 

 

Figure S4. Infrared spectra of 1 and 1·4H2O recorded at room temperature using IR micro-

scope in transmission mode (a) and close-up of the 2280-2000 cm-1 demonstrating the CN 

stretching band of 4-cyanopyridine ligands (b). 

 

 

 

 

 



 

 

Figure S5. Sequence of experimental Mössbauer spectra obtained for 1·4H2O on cooling 

from 260 to 80 K and subsequent heating to 260 K (black points), and simulation (color 

lines). Purple asterisks denote small signals originating from the mother solution surrounding 

the solid. They were included in the fitting procedure, but the corresponding components were 

removed from Figure S5 for the sake of clarity. 



 

Table S3. 57Fe Mössbauer spectra parameters for 1·4H2O. 

T / K Fe site δIS / mm·s-1 ΔEQ / mm·s-1 fraction / % 

260(1) ↓ Fe1 (FeII HS) 1.05(1) 0.83(1) 100(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

- 

- 

- 

- 

- 

- 

220(1) ↓ Fe1(FeII HS) 1.17(1) 1.01(1) 100(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

- 

- 

- 

- 

- 

- 

180(1) ↓ Fe1 (FeII HS) 1.14(1) 0.91(1) 50(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

1.08(1) 

0.35(1) 

1.42(2) 

0.42(1) 

16(1) 

34(1) 

140(1) ↓ Fe1 (FeII HS) 1.11(1) 1.09(1) 29(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

1.10(1) 

0.44(1) 

1.43(2) 

0.60(1) 

26(1) 

45(1) 

80(1) ↓ Fe1 (FeII HS) 

Fe2 (FeII HS) 

1.14(1) 

1.13(1) 

1.19(1) 

1.53(2) 

28(1) 

23(1) 

 Fe3 (FeII LS) 0.45(1) 0.62(1) 49(1) 

140(1) ↑ Fe1 (FeII HS) 1.22(1) 0.92(1) 35(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

1.12(1) 

0.36(1) 

1.48(1) 

0.46(3) 

19(1) 

46(1) 

180(1) ↑ Fe1 (FeII HS) 1.16(1) 0.89(1) 40(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

1.07(1) 

0.36(1) 

1.40(2) 

0.44(1) 

22(1) 

38(1) 

220(1) ↑ Fe1 (FeII HS) 1.09(1) 0.86(1) 51(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

1.05(1) 

0.36(1) 

1.27(3) 

0.45(1) 

22(1) 

27(1) 

260(1) ↑ Fe1 (FeII HS) 1.05(1) 0.82(1) 100(1) 

 Fe2 (FeII HS) 

Fe3 (FeII LS) 

- 

- 

- 

- 

- 

- 

 



 

 

 

Figure S6. χT(T) under μ0Hdc = 0.1 T (a) and M(H) at T = 2.0 K (b) recorded for 1·4H2O. 

Green lines demonstrate the best fit to the equation 1 described in the text of the main article, 

which affords the following parameters: geff
2 = 7.61(1), D = 9.1(1) cm-1, E = 2.5(1) cm-1 and 

zJ = -0.012(1) cm-1. 

 

 

 

 



 

 

Figure S7. Dynamic scanning calorimetry (DSC) curves recorded at a scanning rate of 5 K 

min.-1 on cooling (a) and heating (b) of 1·4H2O, as well as different types of background sub-

traction procedures used for determination of ΔHHL value from the heating curve (c).  

 



 

 

Figure S8. Mössbauer spectra obtained for 1 on cooling (black points) and single-component 

simulated signals (blue lines). 

 

 

 

 



 

Table S4. 57Fe Mössbauer spectra parameters for 1. 

T / K Fe site δIS / mm·s-1 ΔEQ / mm·s-1 fraction / % 

250(1) ↓ Fe (HS) 1.04(1) 1.33(1) 100 % 

 Fe (LS) - - - 

150(1) ↓ Fe (HS) 1.05(1) 0.82(1) 100 % 

 Fe (LS) - - - 

62(1) ↓ Fe (HS) - - - 

 Fe (LS) 0.50(1) 0.56(1) 100 % 

 

 

 

Figure S9. χT(T) dependence recorded for 1 at 2 K min.-1 on cooling (full circles) and heating 

(open circles) under μ0Hdc = 0.1 T. 

 



 

 

Figure S10. χT(T) dependence recorded for 1·4H2O at 0.6 K min.-1 with temperature stabi-

lized at each point (open circles) and with constant 2 K min.-1 sweep (black points) under 

μ0Hdc = 0.1 T. 

 

 

Figure S11. Volumetric measurement of gas adsorption for N2, NO, CO and CO2 in 1 

(1·4H2O activated at 323 K). Full circles – adsorption, open circles – desorption. Solid lines 

are guides for the eye. 

 



 

 

 

Figure S12. Powder X-ray diffraction patterns obtained for 1 under 100 kPa CO2 atmosphere 

on cooling (a) and heating (b). 

 

 

Figure S13. Powder X-ray diffraction patterns recorded for 1 at 200 K under vacuum (black 

line), under 100 kPa CO2 atmosphere (dark red line), and after CO2 removal (gray line). As-

terisks denote the remnant reflections of phase 1 in 1·4CO2, which result from a small amount 

of powdered sample localized outside the cryocooler stream.  

 



 

 

Figure S14. Clausius-Clapeyron fits of gate-opening (adsorption) and gate-closing (desorp-

tion) CO2 pressure-temperature dependence for the transformation of 1 to 1·4CO2 (and re-

verse). 

 

 

Figure S15. Comparison of the experimental PXRD pattern for 1·4CO2 at 200 K (dark red 

line) and the simulated pattern for 1·4H2O at 200 K (blue line). The dotted lines show the 

shift in the position of the first two reflections, which in case of 1·4H2O correspond to the 

(101) and (200) Miller indices. 

 



 

 

Figure S16. Comparison of the experimental PXRD pattern for 1·4CO2 at 200 K (black 

points) and the Le Bail simulation for the orthorhombic unit cell (a = 20.364(3) Å, b = 

19.950(3) Å, c = 16.461(3) Å and V = 6687(3) Å3; red line), as well as the differential plot (Ic-

Io, blue line). The following regions containing reflections of phase 1 were excluded from 

simulation: [7.04, 7.30], [12.70, 13.00], [14.73,14.90] and [19.63,19.90]. 

 



 

 

Figure S17. IR spectra recorded for 1 under 100 kPa CO2 atmosphere at 280 K (purple line), 

220 K (green line), 200 K (corresponding to the transition to 1·4CO2, red line) and after heat-

ing back to 280 K (which restores the initial 1, gray line). 



 

 

Figure S18. Raman spectra recorded for 1 under 100 kPa CO2 atmosphere at 280 K (purple 

line), 220 K (green line), 200 K (corresponding to the transition to 1·4CO2, red line) and after 

heating back to 280 K (which restores the initial 1, gray line). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S19. Time dependence of χT at μ0Hdc = 0.1 T (black line) and CO2 pressure in the sys-

tem (dark red line) during isothermal in situ CO2 sorption experiment performed for 1 at 195 

K.  

 

 

Figure S20. χT(T) at μ0Hdc = 0.1 T recorded for 1 under 100 kPa He atmosphere (black line), 

after the in situ 100 kPa CO2 adsorption experiment shown in the Figure 6, and the following 

measurement under 50 kPa CO2 + 5 kPa He atmosphere (dark red line). 

 

 



 

 

 

Figure S21. χT(T) under μ0Hdc = 0.1 T (a) and M(H) at T = 2-10 K (b) recorded for 1·4CO2 (1 

under 50 kPa CO2 atmosphere). Solid lines demonstrate the best fit to the equation 1 de-

scribed in the main article text, which gives the following parameters: g = 2.27(5), D = 9.0(1) 

cm-1, E = 2.3(1) cm-1 and zJ = -0.085(1) cm-1. 

 

 

 

 

 

 

 

 



 

 

Figure S22. χT(t) dependence recorded for 1 at μ0Hdc = 0.1 T during the 638 nm irradiation 

experiment. 

 

 

Figure S23. Derivative of χT(T) curves for 1 after light irradiation (depicted in the Figure 4a).   



 

 

Figure S24. χT(t) dependence recorded for 1 at μ0Hdc = 0.1 T during the 638 and 808 nm irra-

diation experiment. 

 

 

Figure S25. χT(t) dependence recorded for 1·4H2O at μ0Hdc = 0.1 T during the 638 nm irradi-

ation experiment. 



 

 

Figure S26. χT(t) dependence recorded for 1·4H2O at μ0Hdc = 0.1 T during the 638 and 808 

nm irradiation experiment. 

 

 

Figure S27. Derivative of χT(T) curves for 1·4H2O after light irradiation (depicted in the Fig-

ure 4b).   

 

 



 

 

 

Figure S28. Schematic depiction of temperature-, light- and sorption-induced changes in the 

spin state of 1. 

 

 

 

 

 

 


