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Magnetic interactions controlled by light in the
family of Fe(II)–M(IV) (M = Mo, W, Nb) hybrid
organic–inorganic frameworks†

Michał Magott, *a Magdalena Ceglarska, b Michał Rams, b

Barbara Sieklucka a and Dawid Pinkowicz a

Three new hybrid organic–inorganic frameworks employing octacyanidometallates and 4,4’-bypiridine

dioxide (4,4’-bpdo) as bridging molecules were prepared and characterized. The three-dimensional

coordination frameworks {[FeII(µ-4,4’-bpdo)(H2O)2]2[M
IV(CN)8]·9H2O}n (Fe2Mo, Fe2W and Fe2Nb; M = Mo,

W and Nb) are composed of cyanido-bridged chains, which are interconnected by the organic linkers.

Magnetic measurements for Fe2Nb show a two-step transition to the antiferromagnetic state, which

results from the cooperation of antiferromagnetic intra- and inter-chain interactions. Fe2Mo and Fe2W,

on the other hand, behave as paramagnets at 2 K because of the diamagnetic character of the corres-

ponding octacyanidometallate(IV) building units. However, after 450 nm light irradiation they show tran-

sition to the metastable high spin MoIV or WIV states, respectively, with distinct ferromagnetic intrachain

spin interactions, as opposed to the antiferromagnetic ones observed in the Fe2Nb framework.

Introduction

One-dimensional coordination polymers play a central role in
the field of molecular magnetism, which emerged with studies
of chain assemblies based on radical molecules1,2 and later
expanded with the discovery of Single Chain Magnets
(SCMs),3–8 one-dimensional analogues of Single Molecule
Magnets (SMMs).9 These materials are expected to enable
high-density information storage in future devices, due to
their molecular character.10–12 However, in order to achieve
functional control over these units, the appropriate chemical
tools need to be developed. In the case of SMMs, ordered
molecular architectures were prepared by embedding such
molecules in metal–organic frameworks.13–16 Among SCMs, a
similar strategy was employed for cobalt(II) compounds17 and
only a few examples of iron(II) chains ‘trapped’ inside higher
dimensional frameworks were described so far.18–20 The
alternative approach to future magnetic memory devices is
based on photo-switchable assemblies, where multiple mag-
netic states may be addressed with light.21–24 Introduction of

suitable building units into 1-D coordination polymers led to
the discovery of photo-switchable chain compounds showing
light-induced changes in the paramagnetic properties25–27 and
in some cases slow magnetic relaxation triggered by UV-vis
irradiation.28–32

Herein we demonstrate three analogous cyanido-bridged
chains based on iron(II) and three different octacyanidometal-
lates(IV), which are organized into a three-dimensional (3D)
architecture by an organic linker molecule – 4,4′-bipyridine
dioxide (4,4′-bpdo): {[FeII(µ-4,4′-bpdo)(H2O)2]2[M

IV(CN)8]·
9H2O}n (M = Mo, W and Nb; Fe2Mo, Fe2W and Fe2Nb). In the
case of Fe2Nb, the intrachain antiferromagnetic (AF) exchange
interactions mediated by the cyanido ligands between the NbIV

and FeII centers, and interactions transmitted through the
long 4,4′-bpdo molecules linking FeII centres and through
space, cause a transition to the AF phase below 5.6 K. On the
other hand, for compounds comprising diamagnetic octacya-
nidomolybdate(IV) (Fe2Mo) or octacyanidotungstate(IV) (Fe2W),
the irradiation by 450 nm light activates ferromagnetic intra-
chain interactions. To our knowledge, this is the first demon-
stration of the octacyanidometallate-centred photomagnetism
in FeII–M(CN)8 coordination polymers.

Experimental section

K4[Nb
IV(CN)8]·2H2O,

33 K4[MoIV(CN)8]·2H2O,
33 K4[W

IV(CN)8]·
2H2O

34 and 4,4′-bypiridine dioxide35 (4,4′-bpdo) were obtained

†Electronic supplementary information (ESI) available: Experimental details,
powder X-ray diffraction patterns, magnetic measurements, UV-vis and IR
spectra, and CIF files. CCDC 2155441–2155443. For ESI and crystallographic
data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d2dt00777k
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according to published procedures. All other reagents were
purchased from Sigma-Aldrich and used as supplied.

{[FeII(µ-4,4′-bpdo)(H2O)2]2[M
IV(CN)8]·9H2O}n (Fe2Mo for M =

Mo, Fe2W for M = W, and Fe2Nb for M = Nb)

A solution of Fe(NH4)2(SO4)2·6H2O (0.084 mmol, 33 mg) and
4,4′-bypiridine dioxide hemihydrate (0.4 mmol, 80 mg) in
12 mL of water was dropwise added to a solution of the
respective potassium octacyanidometallate(IV) (0.05 mmol,
25 mg for octacyanidomolybdate(IV) and octacyanidoniobate
(IV), 28 mg for octacyanidotungstate(IV)) dissolved in 10 mL of
water. After 24 hours needle-shaped crystals were collected by
decantation. Typical yield in 10 repetitions: 15–20 mg (30–40%
based on Fe). Sample purity was confirmed by powder X-ray
diffraction (Fig. S1–3†) and elemental analysis. EA Found for
Fe2Mo: C 32.69, H 3.93, N 16.31; calculated for
Fe2MoC28N12O17H42: C 32.77, H 4.12, N 16.38. Found for
Fe2W: C 29.74, H 4.08, N 15.05; calculated for
Fe2WC28N12O17H42: C 30.18, H 3.80, N 15.08. Found for Fe2Nb:
C 32.95, H 3.88, N 16.52; calculated for Fe2NbC28N12O17H42: C
32.83, H 4.14, N 16.43. The infrared spectra of the three com-
pounds are demonstrated in the ESI (Fig. S4–6†).

Results and discussion
Crystal structures

The three coordination polymers Fe2Mo, Fe2W and Fe2Nb are
isomorphous and crystallize in a self-assembly process as
needle-shaped crystals in C2/c space group (Table S1† in the
ESI†). Iron(II) cations are linked by octacyanidometallate(IV)
anions to form vertex-sharing coordination chains (Fig. 1a).
Within each chain, the [MIV(CN)8]

4− moieties form four coordi-
nation bridges to four iron(II) centres, while the four remaining
cyanido ligands are engaged in hydrogen bonds with crystalli-
zation water molecules. The coordination sphere of Fe(II) con-
sists of two nitrogen atoms of the bridging CN− ligands, two
oxygen atoms of 4,4′-bipyridine dioxide molecules in the trans
geometry and is completed by two water molecules in the cis
configuration (Fig. S7†). Organic linkers bridge iron(II) cations
in the anti-configuration,36 connecting inorganic {FeII–NC–
MIV} chains into a three-dimensional I1O2 organic–inorganic
framework37 depicted in Fig. 1b. In all three reported com-
pounds, the octacyanidometallate moiety attains a dodecahe-
dral geometry and the iron(II) centres exhibit a slightly dis-
torted octahedral environment, as verified by the continuous
symmetry measures using SHAPE software38 (Table S2†). The
coordination frameworks are stabilized by numerous hydrogen
bonds between the water molecules, nitrogen atoms of term-
inal cyanides and oxygen atoms of 4,4′-bipyridine dioxide.
Interestingly, there are also relatively short contacts between
terminal cyanides and centroids of bpdo aromatic rings
(Fig. S8†). The corresponding N3–centroid distances are 3.290
(3) Å for Fe2Mo and Fe2W, and 3.230(2) Å for Fe2Nb. The differ-
ence of 0.06 Å may be explained by the elongation of the
appropriate MIV–CN bond from 2.160(3) Å to 2.255(3) Å upon

substitution of Mo/W with Nb or by a larger electron density at
the N3 atom of the [NbIV(CN)8] moiety in Fe2Nb. The presence
of these structural motifs may indicate a significant role of
anion–pi interactions in the self-assembly process, which was
previously studied for other cyanidometallate-based assem-
blies with π-deficient molecules/ligands.39,40

Magnetic properties

Fe2Mo and Fe2W comprise paramagnetic iron(II) centres linked
by diamagnetic octacyanidometallates(IV). At 250 K they show
the χT product of 7.4 cm3 K mol−1 (Fig. 2), indicating that both
iron(II) cations are in the high spin state, as can be anticipated
for the N2O4 coordination environment of FeII based on the
structural data. Below 50 K, these compounds show a distinct
decrease of χT, down to 2.0 cm3 K mol−1 at 1.8 K for Fe2Mo
and 2.3 cm3 K mol−1 at 1.8 K for Fe2W due to the zero field
splitting (zfs) effect and antiferromagnetic interactions

Fig. 1 Schematic representation of cyanido-bridged coordination
chains along crystallographic a axis (a) and coordination layers formed
by 4,4’-bpdo linker molecules along crystallographic c direction (b) in
the structure of Fe2Mo.
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between the FeII centres. The magnetization versus field curves
recorded at 1.8 K reach at 7 T values 5.4 Nβ and 5.7 Nβ for
Fe2Mo and Fe2W, respectively (Fig. 2, insets). These values are
far from the saturation value of 8.8 Nβ expected for two iron(II)
ions with g = 2.2, and such behaviour is in line with zfs effect.
Measured dependences were quantitatively analysed with the
following Hamiltonian:

Ĥ ¼
X

n

½�2JFeFe~Sn �~Snþ1 þ DðSnz2 � 2Þ þ gFeβ~H~Sn�

assuming that the iron(II) cations with S = 2, as linked by bpdo
ligands, are AF coupled into chains. To facilitate calculations,
a finite model of a ring comprising 4 such spins was used to
fit simultaneously χT (T ) and M(H) dependences using
MAGPACK41 based program. The best fit parameters JFeFe
(superexchange coupling constant) and D (zfs parameter) sum-
marized in Table 1 are similar for both compounds. The
reported JFeFe values are in line with previous studies of
systems bridged by the 4,4′-bpdo linker,42,43 as well as D para-

meters falling in the expected range for iron(II) systems.44–47

Nonetheless, the obtained J and D should be treated rather as
approximate values, as our model does not account for super-
exchange interactions transferred by long [–NC–MIV(CN)6–CN–]
linkers and dipole–dipole interactions between neighbouring
iron(II) ions.

The peaks of specific heat (Fig. 3), observed at Tc = 1.20 K
and 1.30 K for Fe2Mo and Fe2W, respectively, demonstrate the
magnetic ordering of these compounds. The entropy change
for Fe2Mo is 5.71 J mol−1 K−1 from 0.5 to 5 K, which is very
close to Rln 2 corresponding to ordering of a spin doublet
system, such as the ground state Sz = ±2 doublet of FeII in
Fe2Mo. In both cases, over 60% of the entropy change is
observed above Tc, in line with the dominant exchange within
Fe-bpdo-Fe chains, and much weaker inter-chain inter-
actions.48 As aforementioned, the iron(II) cations in Fe2Mo and
Fe2W are connected via diamagnetic octacyanidomolybdate(IV)
and octacyanidotungstate(IV) linkers. For the Fe2Nb analogue,
the presence of the spin s = 1/2 of the octacyanidoniobate(IV),
results in higher χT = 7.6 cm3 K mol−1 at 250 K and most
importantly, leads to the decrease of χT that starts already
below 100 K, indicating antiferromagnetic exchange, JFeNb, via
FeII–NC–NbIV bridges (Fig. S9†). Upon further temperature
decrease, the χ(T ) measured in fields below 0.8 T reaches a
maximum at Tc2 = 5.6 K (Fig. 4a), and another inflection at Tc1
= 3.7 K is observed, resulting in the even faster susceptibility
decrease. The specific heat of Fe2Nb (Fig. 3) shows a λ-shaped
peak typical for 3D ordering at 5.50 K and also a small feature

Fig. 2 Temperature dependence of χT at 0.1 T and magnetic field
dependence of magnetization at 1.8 K (inset) recorded for Fe2Mo (a) and
Fe2W (b). Green lines demonstrate the result of χT (T ) and M(H) fitting.

Table 1 Parameters derived from simultaneous fitting of χT (T ) and
M(H) dependence for the paramagnetic frameworks Fe2Mo and Fe2W

Compound g D/cm−1 JFeFe/cm
−1

Fe2Mo 2.22(3) −10.1(1) −0.073(5)
Fe2W 2.22(2) −10.0(1) −0.069(3)

Fig. 3 Specific heat of Fe2Mo, Fe2W and Fe2Nb, measured at zero mag-
netic field.
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at 3.55 K. Zero-field cooled (zfc) and field cooled (fc) magneti-
zation curves for Fe2Nb show no divergence (Fig. S10†), there
is no frequency dependence of AC magnetic signal (Fig. S11†)
and magnetic hysteresis loop is not observed at 1.8 K
(Fig. S12†). A two-step transition is also present in the magne-
tization field dependence (Fig. 4b). The first step is visible
around μ0Hc1 = 0.95 T at 1.8 K, while a more subtle step starts
around μ0Hc2 = 3.8 T (Fig. S13†). All these measurements con-
sistently show that Fe2Nb has an AF ground state magnetic
structure, but there is also another ordered structure between
Tc1 and Tc2, that is also fully compensated AF at H = 0. An
identification of involved metamagnetic processes can be
inferred by comparison with Fe2Mo, where at a field 0.5 T a
similar step in M(H) curve starts to form (Fig. 2a, inset). This
suggests that the transition at Hc1 in Fe2Nb is caused by over-
coming of JFeFe interaction by external field, i.e. flipping spins
of whole Fe2Nb chains. The condition for such spin–flip:
−4zJFeFeS2 = 2βHc1(2gFeS − gNbs) takes into account z = 4 spin
interaction paths JFeFe per one Fe2Nb unit, and effectively
Ising-like exchange in the zfs ground state. This, for S = 2, gFe =
2.2 and gNb = 2.0, leads to JFeFe = −0.10 cm−1, slightly stronger
than for Fe2Mo.

A smaller M(H) step at Hc2 remains to be related to flipping
of Nb spins when the field overcomes the JFeNb interaction. A
similar estimation as before leads to JFeNb = −0.24 cm−1 using
−4zJFeNbSs = 2βgNbHc2s for s = 1/2 and z = 4.

Assuming similar zfs in Fe2Nb as in Fe2Mo, the excited zfs
state of Fe(II) is above 30 cm−1, which excludes its direct inter-
fering with the ground magnetic state in the measured field
range. However, still more complicated scenarios of magnetic
structures sequence are possible, such as spin rearrangement,
because the AF structure is expected to be non-collinear, due
to presence of two different orientations of Fe(II) in the crystal
lattice, and anisotropic zfs ground state of Fe(II).

Photomagnetic properties

Octacyanidomolybdate(IV) and octacyanidotungstate(IV) were
demonstrated to behave as photomagnetic chromophores
(intrinsic photomagnetic units).27,49–52 As aforementioned,
both [MoIV(CN)8]

4− and [WIV(CN)8]
4− are characterized by dia-

magnetic S = 0 ground state, where d2 electrons are paired on a
single lowest lying orbital. However, after blue light irradiation
MoIV and WIV may be excited to the metastable S = 1 state,
which in the case of K4[MoIV(CN)8]·2H2O was demonstrated to
arise from the photoinduced cyanide dissociation, yielding
heptacyanidomolybdate(IV).53 The initial diamagnetic state
may be recovered by heating the sample above a certain temp-
erature at which the thermal relaxation is very fast.

In order to test the possibility of a photomagnetic switching
in Fe2Mo and Fe2W, the samples of both compounds were
cooled to 10 K and subjected to 450 nm light irradiation. This
irradiation wavelength was selected based on UV-vis spectra of
Fe2Mo and Fe2W depicted in Fig. S14.† Both compounds show
broad transition in 450–650 nm range. This band is associated
with iron(II)–centred d–d transitions and the d–d transition of
the [MoIV(CN)8] and [WIV(CN)8] moieties, respectively.27,53,54

After turning the light on, the sudden drop of the χT is
observed (Fig. S15†), which is related to the heating of the
samples by ca. 2 K due to the light absorption. Upon contin-
ued irradiation, the χT slowly increases as the octacyanidome-
tallate(IV) moieties are gradually converted from the S = 0 to
the photoexcited S = 1 state. However, even after prolonged
irradiation (20 h and nearly 40 h for Fe2Mo and Fe2W, respect-
ively) no saturation has been observed, indicating that the
photo-conversion to the high-spin state could not be fully com-
pleted. Finally, turning the light off leads to the sudden
increase of the χT, resulting from the sample temperature equi-
libration. For Fe2Mo, a total increase of χT from 5.4 to
11.4 cm3 K mol−1 is observed after 23 hours of 450 nm
irradiation at 10 K, while in the case of Fe2W, the χT product
changes from 5.4 to 9.4 cm3 K mol−1 as a result of 39 hours of
light exposure. After turning the light off both compounds
show no evolution of the magnetic signal (within 30 minutes).
Therefore, both Fe2Mo and Fe2W clearly show light-induced
transition to the metastable state with negligible relaxation at
10 K.

After light irradiation at 10 K both Fe2Mo and Fe2W were
cooled to 2 K and magnetic field dependence of magnetization

Fig. 4 Temperature dependence of χ for various magnetic fields (a) and
magnetic field dependence of magnetization at various temperatures (b)
recorded for Fe2Nb. Solid lines are guides for an eye.
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was recorded (Fig. 5). In the case of Fe2W, the magnetization
after irradiation is higher in the whole 0–7 T magnetic field
range, reaching 6.15 Nβ as compared to 5.65 Nβ at 7 T before
irradiation. The M(H) dependence with M values higher in the
whole 0–7 T magnetic field range as compared with the “dark”
initial state, indicates ferromagnetic superexchange inter-
actions between the FeII and photo-induced S = 1 WIV centres,
as opposed to antiferromagnetic superexchange observed in
Fe2Nb. The M(H) curve for Fe2Mo also shows higher magneti-
zation values after irradiation, with the value at saturation of
6.1 Nβ at 7 T as compared to 5.5 Nβ for the initial “dark” state.
However, in the 2–3.5 T magnetic field range there is a distinct
overlap of the experimental points recorded before and after
light irradiation. This might result from the unaccounted an-
isotropy of the photo-induced S = 1 MoIV centres53 and/or anti-
ferromagnetic interactions between the photo-induced chain
fragments in Fe2Mo, which seem to be responsible for the
long-range antiferromagnetic ordering in Fe2Nb.

Measurements of magnetization field dependence after
blue light irradiation were followed by χT (T ) measurements at
0.1 T in 2–150 K range, which are depicted in Fig. 6 (above
150 K the signal of the sample is almost completely obscured
by the diamagnetism of the sample holder, hence, the
measurements were stopped at this temperature). The χT for
the irradiated states of both compounds shows a significant
increase upon heating starting from 2 K and reaching the
maximum value of 11.1 cm3 K mol−1 at 11 K for Fe2Mo and
9.5 cm3 K mol−1 at 15 K for Fe2W. The appearance of the
maximum indicates ferromagnetic intra-chain interactions via
cyanido bridges that compete with the antiferromagnetic inter-
chain ones via 4,4′-bpdo linkers. Further heating leads to the
gradual decrease of χT for both compounds, at 150 K reaching
8.7 and 7.6 cm3 K mol−1 for Fe2Mo and Fe2W, respectively.
Both values are noticeably higher than 7.3 cm3 K mol−1

observed before irradiation, indicating that at 150 K the
thermal relaxation is still slow and the initial state is not fully

Fig. 5 Magnetic field dependence of magnetization at 2.0 K recorded
for Fe2Mo (a) and Fe2W (b) before light irradiation (black points) and
after 450 nm light irradiation (red points).

Fig. 6 Temperature dependence of χT at 0.1 T recorded for Fe2Mo (a)
and Fe2W (b) before light irradiation (black points), after 450 nm light
irradiation (red points) and after thermal relaxation at 240 K (blue
points).
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restored. The analysis of the slope of the χT curves after
irradiation presented in Fig. 6 suggests that Fe2W undergoes
thermal relaxation more readily than Fe2Mo. In order to
enforce complete restoration of the initial state, both com-
pounds were heated to 240 K and kept at this temperature for
1 hour (higher temperatures were avoided to prevent dehydra-
tion of the compounds). The χT (T ) curve obtained for Fe2Mo
after thermal relaxation still does not overlap perfectly with the
initial one below 80 K, indicating the presence of the
“remnant” paramagnetic molybdenum centres still present
after the irradiation. The χT (T ) curve recorded after the
thermal relaxation for Fe2W, on the other hand, shows perfect
agreement with that recorded before the irradiation experi-
ment. This indicates that octacyanidotungstate(IV) either shows
better reversibility of the photo-induced transition or under-
goes thermal relaxation in lower temperature range than the
octacyanidomolybdate(IV), which is in line with similar pre-
vious observations for {[MnII(imH)]2[M

IV(CN)8]}n (M = Mo, W)
compounds.55,56

Conclusions

We have designed, obtained and characterized three new
hybrid organic–inorganic I1O2 coordination frameworks com-
posed of inorganic cyanido-bridged chains interconnected by
organic linker molecules to form a 3D coordination architec-
ture. In the case of octacyanidomolybdate(IV)- and octacyanido-
tungstate(IV)-based Fe2Mo and Fe2W compounds, the iron(II)
centres are only weakly interacting through the 4,4′-bpdo
ligands and their magnetic behaviour is governed mainly by
significant zero-field splitting effects associated with FeII. In
the case of Fe2Nb, the magnetic interactions between spins of
iron(II) and niobium(IV) transmitted through the short CN-
bridges lead to the emergence of an antiferromagnetic order-
ing below 5.6 K with an additional magnetic transition. The
complex magnetic behaviour of Fe2Nb results most probably
from the hybrid organic–inorganic architecture of this com-
pound with the antiferromagnetic FeII–NC–NbIV interactions
giving rise to the long-range ferrimagnetic correlation along
the inorganic chains, which are further antiferromagnetically
coupled to yield a complex 3D magnetic structure. Fe2Mo and
Fe2W, on the other hand, show photomagnetic behaviour. The
light-induced activation of high spin MoIV or WIV centres,
respectively, leads to the appearance of ferromagnetic FeII–NC–
MoIV/WIV superexchange interactions. Therefore, by the appro-
priate combination of the chemical design and physical
stimuli (light and temperature) one can achieve paramagnetic
(Fe2Mo and Fe2W before irradiation), antiferromagnetic
(Fe2Nb) and ferromagnetically-coupled states (Fe2Mo and
Fe2W after irradiation) within the {[FeII(µ-4,4′-bpdo)
(H2O)2]2[M

IV(CN)8]·9H2O}n (M = Nb, Mo, W) family of com-
pounds. Moreover, when the photo-irradiated Fe2Mo and Fe2W
are heated to 240 K in order to reverse the photo-induced
changes, the ground diamagnetic state of the octacyanidome-
tallate(IV) chromophores can be fully recovered only for Fe2W.

This is in line with our previous studies of MoIV/WIV photo-
magnetic assemblies55,56 and may indicate better reversibility
of the photomagnetic effects in octacyanidotungstate(IV)-based
compounds.
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