crystals
Article

Structural Insights into the Two-Step Spin-Crossover
Compound Fe(3,4-dimethyl-pyridine)2[Ag(CN)2]2
José Alberto Rodríguez-Velamazán 1, * , Kosuke Kitase 2 , Elías Palacios 3 , Miguel Castro 3 ,
Ángel Fernández-Blanco 1 , Ramón Burriel 3 and Takafumi Kitazawa 2
1
2
3

*

Institut Laue-Langevin, 71 Avenue des Martyrs, CS 20156-38042 Grenoble, France; fernandez-blanco@ill.eu
Department of Chemistry, Faculty of Science, Toho University, Miyama, Funabashi, Chiba 274-8510, Japan;
6117004k@st.toho-u.ac.jp (K.K.); kitazawa@chem.sci.toho-u.ac.jp (T.K.)
Instituto de Ciencia de Materiales de Aragón (ICMA), CSIC—Universidad de Zaragoza, 50009 Zaragoza,
Spain; elias@unizar.es (E.P.); mcastro@unizar.es (M.C.); burriel@unizar.es (R.B.)
Correspondence: velamazan@ill.eu; Tel.: +33-(0)47-620-7260



Received: 24 May 2019; Accepted: 16 June 2019; Published: 19 June 2019

Abstract:
The crystal structure of the polymeric spin crossover compound
Fe(3,4-dimethyl-pyridine)2 [Ag(CN)2 ]2 has been solved and its temperature dependence followed
by means of single-crystal and powder X-ray diffraction. This compound presents a two-step spin
transition with relatively abrupt steps centred at ca. 170 K and 145 K and a plateau at around 155 K.
The origin of the two-step transition is discussed in light of these structural studies. The observations
are compatible with a mostly disordered state between the two steps, consisting of mixing of
high-spin and low-spin species, while weak substructure reflections in the mixed phase could indicate
some degree of long-range order of the high-spin and low-spin sites.
Keywords: iron (II), spin crossover; X-ray diffraction; coordination polymers

1. Introduction
The quest for switchable magnetic compounds represents one of the major topics in the field of
molecular magnetism. One of the most typical examples of molecular switching in the solid state
is that of spin-crossover (SCO) compounds. These systems can interconvert between low-spin (LS)
and high-spin (HS) states as a result of different stimuli, like a change in temperature, pressure,
the application of electric and magnetic fields, by light irradiation, or by adsorption/desorption of
guest molecules [1–5].
It is well-known that the SCO phenomenon is explained from ligand-field theory considerations [6].
The LS state is the ground-state of SCO compounds, being the stable state at low temperatures and
involving high ligand-field strength, while the HS state becomes stable at high temperatures and
involves low ligand-field strength [7]. Usually, the LS to HS spin transition encompasses an increase of
the metal–ligand bond lengths and, indeed, the interplay between the ligand field strength dependence
on the metal–ligand distance and the electron–electron repulsion can be considered the mainspring for
the SCO [6]. Most commonly, spin crossover compounds contain Fe(II) in a 3d6 electronic configuration,
the spin transition occurring between a diamagnetic LS state (S = 0) and a paramagnetic HS state (S = 2),
and a number of them present an N6 first coordination sphere. For these compounds, the change in the
Fe–N distances from the LS to the HS state is typically ~0.2 Å [8,9]. The structure around the central
ions has therefore a particular relevance for understanding the properties of these compounds [10].
A particularly successful synthetic route for spin-crossover compounds with interesting
functional properties is that of the SCO Hofmann-type coordination polymers, where cyanometalate
complexes connect the SCO centres forming extended networks with different dimensionalities
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and topologies [11,12]. Since the first compound of this type reported by Prof. Kitazawa in
1996 [13], a number of SCO compounds with a large display of functional properties have been
described [3,14]. Some time ago we reported the synthesis and characterisation of the 2D spin-crossover
compound Fe(py)2 [Ag(CN)2 ]2 (py = pyridine) [15], and later we described the magnetic, photomagnetic,
calorimetric, Mössbauer and reflectivity studies of the derived Fe(X-py)2 [Ag(CN)2 )]2 family (X = H;
3-methyl; 4-methyl; 3,4-dimethyl; 3-Cl) [16]. The main characteristic of this series is the two-step
character of the transitions in most of the compounds, which is also observed in the relaxation of the
photoinduced HS metastable state. The compounds derived by halogen substitution in the position
3 of the pyridine, Fe(3-Xpy)2 [M(CN)2 ]2 (X = F, Cl, Br, I and M = Ag, Au) have been reported by the
group of Prof. J. A. Real [17,18]. The 3-Fpy derivatives also present two-step transitions (at ambient
pressure for the Ag compound and at 0.18–0.26 GPa for the Au one). In turn, the use of the bicyclic
ligand 1,6-naphthyridine, has allowed a wide thermal hysteresis centred near room temperature to be
obtained [19]. In other closely related systems, also derived from [MI (CN)2 ]– (MI = Ag, Au) building
blocks, like Fe(3-F-4-methyl-py)2 [Au(CN)2 ]2 [20] or Fe(4-(3-pentyl)py)2 [Au(CN)2 ]2 [21], two-step
transitions are also observed. Finally, opening the focus to the Fe(II) Hofmann-like coordination
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2. Materials and Methods
Fe(3,4-dimethyl-pyridine)2 [Ag(CN)2 ]2 was synthesized as described previously [15,16]. Single
crystals were formed by a slow diffusion method after more than 2 days at room temperature from an
aqueous mixture of (i) FeSO4 (NH4 )2 SO4 ·6H2 O and 3,4-dimethyl-pyridine in 10 mL of water and (ii)
K[Ag(CN)2 ] in 10 mL of water. The colour of the samples changed from white (powder)/colourless
(crystals) at room temperature (HS) to purple at low temperature (LS). The elemental analysis of the
samples confirmed the organic contents.
The crystal structures were determined by single-crystal X-ray diffraction using a BRUKER
APEX SMART CCD (Bruker, Billerica, MA, USA) area-detection diffractometer with monochromatized
Mo Kα radiation (λ = 0.71 Å) at 298 K, 155 K and 90 K. The diffraction data were treated using
SMART and SAINT (Bruker (2012). Bruker AXS Inc., Madison, WI, USA), while the absorption
corrections were performed using SADABS [24]. The structures were solved by direct methods with
SHELXTL [25]. All non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were
generated geometrically. Graphical representations of the structures were produced using the program
VESTA [26]. COD 3000244 and 3000245 contain the Supplementary Materials crystallographic data for
this paper. These data can be obtained free of charge via http://www.crystallography.net/search.html.
Powder X-ray diffraction patterns were recorded at room temperature, 210 K, 155 K and 80 K
using a D-max Rigaku system, with a Cu rotating anode generator operated at 35 kV, 80 mA and a
graphite monochromator to select the CuKα radiation. Step-scanned patterns were measured between
2Ө = 5◦ and 60◦ (in steps of 0.03◦ ). Data have been analysed using the FULLPROF program [27].
3. Results and Discussion
The crystal structure of Fe(3,4-dimethyl-pyridine)2 [Ag(CN)2 ]2 in both the HS and LS states was
determined by single-crystal X-ray diffraction at room temperature and 90 K, respectively. At these
temperatures the crystals of this compound are respectively colourless and purple (Figure 1a), which
is an indication of the spin transition. An additional structural determination was performed in the
plateau region, at 155 K (see below). The compound crystallizes in the monoclinic P21 /c space group,
which is maintained after the spin transition. There is only one crystallographically independent
Fe(II) site in both high-temperature and low-temperature structures. The Fe(II) atom is surrounded
by six N atoms corresponding to four CN groups belonging to two crystallographically independent
[Ag(CN)2 ]− units in the equatorial positions and two 3,4-dimethyl-pyridine ligands in the axial ones
(Figure 1b).
At room temperature, we distinguish two types of Fe–N bond distances, the axial ones
[Fe–N(1) = 2.211(4) Å; Fe–N(2) = 2.208(4) Å] being longer than the equatorial ones [Fe–N(3) = 2.155(4) Å;
Fe–N(4) = 2.162(4) Å; Fe–N(5) = 2.162(4) Å; Fe–N(6) = 2.180(4) Å] (Figure 1). These Fe–N distances were
consistent with a HS state. The two independent [Ag(CN)2 ]− units were very similar and display an
almost linear geometry; the C–Ag–C bond angle is in the 175.7(6)–177.9(2)◦ range. These groups connect
two iron atoms defining chains parallel to the diagonals of the bc-plane, thus forming two-dimensional
corrugated layers (Figure 2). The layers are organized in pairs, held together by strong argentophilic
interactions (Figure 2), which are attractive interactions occurring between silver centres when two or
more low-coordinated silver cations appear in pairs or groups in molecular structures with distances
between them lower than the sum of van der Waals radii of Ag atoms (3.44 Å) [28]. The Ag–Ag
distance in the double layer is 2.9853(7) Å, while the distance between double layers is 7.1273(8) Å.
The two-dimensional mesh is penetrated by the 3,4-dimethyl-pyridine ligands from the upper and
lower layers. The stacking of the pyridine rings was held by π−π interactions. Some of the displacement
ellipsoids of C atoms, in particular those of the methyl groups, are significantly larger than in the rest
of the structure (Figure 1), probably a consequence of some degree of disorder (static or dynamic) in
these groups involving uncertainty in the position of H atoms.

dimethyl-pyridine)2[Ag(CN)2]2 deduced from magnetic susceptibility measurements (from Reference
[Error! Bookmark not defined.]) and photographs of the crystals at the temperatures of the structural
determination. (b) Representation of a fragment of the structure of Fe(3,4-dimethylpyridine)2[Ag(CN)2]2 at room temperature (red) and 90 K (blue) containing its asymmetric unit and
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At 90 K, the structure is isostructural with that at room temperature, but with significant changes
related with the spin transition. An overall contraction of the cell is observed (Table 1), and is more
relevant in the bc-plane (parallel to the 2D layers) than in the a-direction. The most significant changes
are those associated with the contraction produced in the [FeN6 ] coordination octahedron associated
with the spin transition. The average Fe–N bond distance shortens by 0.219 Å, as expected for a
complete SCO in an iron(II) complex. Again we distinguish two types of Fe–N bond distances, the axial
ones [Fe–N(1) = 1.997(5) Å; Fe–N(2) = 2.001(4) Å], longer than the equatorial ones [Fe–N(3) = 1.939(4) Å;
Fe–N(4) = 1.943(4) Å; Fe–N(5) = 1.942(4) Å; Fe–N(6) = 1.940(3) Å] (Figure 1). The contraction in the
bc-plane results in slightly more corrugated 2D layers. The Ag–Ag distance in the double layer is
reduced to 2.9263(6) Å, while the distance between double layers is slightly increased to 7.1300(11) Å as
a consequence of the transition. The larger displacement ellipsoids observed at high temperature are
no more present at low temperature; however, the methyl groups make a slight turn to accommodate
in the LS structure (Figure 1).
Table 1. Crystallographic data for Fe(3,4-dimethyl-pyridine)2 [Ag(CN)2 ]2 at different temperatures.
Formula
Formula weight
T (K)
Crystal system
Space Group
Z
a (Å)
b (Å)
c (Å)
β (◦ )
V (Å3 )
Fe–N(1) (Å)
Fe–N(2) (Å)
Fe–N(3) (Å)
Fe–N(4) (Å)
Fe–N(5) (Å)
Fe–N(6) (Å)

C18 H18 Ag2 Fe N6
298 K
monoclinic
P 21 /c
4
10.0093(8)
15.0039(11)
14.8435(11)
91.4390(10)
2228.5(3)
2.211(4)
2.208(4)
2.155(4)
2.162(4)
2.162(4)
2.180(4)

589.97
155 K
monoclinic
P 21 /c
4
9.898(8)
14.609(12)
14.573(12)
91.356(10)
2107(3)
2.09(2)
2.08(2)
2.01(2)
2.08(3)
2.03(3)
2.04(3)

90 K
monoclinic
P 21 /c
4
9.9550(13)
14.2900(19)
14.3979(19)
91.090(2)
2047.8(5)
1.997(5)
2.001(4)
1.939(4)
1.943(4)
1.942(4)
1.940(3)

No. of measured, independent and
observed [I > 2σ (I)] reflections (Rint )

10391, 3404, 2672 (0.023)

9951, 3900, 2788 (0.084)

13965, 4884, 4043 (0.030)

R[F2 > 2σ(F2 )], wR(F2 ), S

0.030, 0.067, 1.04

0.109, 0.313, 1.85

0.040, 0.141, 1.01

above the transition) closely resembles the diffractogram at room temperature. Changes in some
intensities are observed at 155 K (in the plateau of the spin transition), in particular in the 25° < 2Ө <
30° region, with the pattern appearing as a mixture of those at room temperature and 80 K, where the
diffractogram again corresponds with the structure determined by single-crystal diffraction in the LS
state at 90 K. The cell volume decreases continuously with temperature, with the contraction being
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Figure 3. Left: Powder X-ray diffraction pattern of Fe(3,4-dimethyl-pyridine)2 [Ag(CN)2 ]2 at room
Figure 3. Left: Powder X-ray diffraction pattern of Fe(3,4-dimethyl-pyridine)2[Ag(CN)2]2 at room
temperature. Experimental (red symbols) and calculated patterns (black line), and Bragg peak positions
temperature. Experimental (red symbols) and calculated patterns (black line), and Bragg peak
(vertical green marks). Inset: detail of the experimental patterns at room temperature, 210 K, 155 K and
positions (vertical green marks). Inset: detail of the experimental patterns at room temperature, 210
80 K; the arrows indicate the positions of the (0 2 2) and (2 0 0) reflections. Middle: lattice parameters
K, 155 K and 80 K; the arrows indicate the positions of the (0 2 2) and (2 0 0) reflections. Middle: lattice
obtained by powder X-ray diffraction vs. temperature. Right: thermal displacement parameter and
cell volume vs. temperature.

From the magnetic measurements, we can infer that the proportion of iron centres in the HS
and LS states in the plateau region is around one-half/one-half (see Figure 1a and Reference [16]).
Nothing in the powder diffraction patterns suggests that these are distributed in an ordered way, which,
together with the fact that a single crystallographically independent Fe site is present in both the HS
and LS structures, rather supports a scenario with an equal mixture of HS and LS species not ordered
at long range, in the same way as in the Fe(pyridine)2 [Ag(CN)2 ]2 compound [15]. In line with this
scenario, if we refine an overall “thermal” displacement factor, B, as a function of temperature (together
with the cell parameters, but keeping invariant the rest of the structural parameters determined by
single-crystal diffraction), we observe an anomalous increase in the region of the plateau of the spin
transition (Figure 3-right), which is consistent with having an average of Fe(II) ions in two different
spin states. The spin transition involves a significant change in the Fe–N distance, and therefore the
anomalous “thermal” factor is in this case due to positional disorder caused by the presence of HS and
LS species in the same crystallographic position.
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The single-crystal data at 155 K can be interpreted as well as a structure described in the monoclinic
P21 /c space group, with only one crystallographically independent Fe(II) site. However, the quality
of the refinement is poorer as a result of the disorder related with the coexistence of HS and LS
states and the presence of twinning. In particular, some atomic displacement ellipsoids present an
abnormal shape, due to the uncertainty in the distances, specifically those that are more affected
by the change in spin state. In agreement with the powder diffraction results, the a-axis appears
anomalously more contracted than at 90 K, although the cell volume follows a continuous decrease
with temperature. In the single-crystal data, there are some weak but observed reflections at 155 K of
type (h0l) with l = odd, i.e., forbidden by the P21 /c space group (unobserved in the powder diffraction
data). These reflections would indicate two non-equivalent Fe sites, and some degree of order in the
position of the atoms in HS and LS state, although crystal twinning could account (at least in part) for
these forbidden reflections. A refinement with the triclinic space group P-1 was also tested. The refined
cell has alpha = 90.11(2)◦ , beta = 91.53(1)◦ , gamma = 91.22(2)◦ . The results in the P-1 group show very
slightly shorter Fe–N distances in one of the two inequivalent Fe sites, being in all cases intermediate
between those at room temperature and at 90 K. This can be interpreted as though, most probably, a
symmetry breaking occurs in the plateau region implying some order of HS and LS species, but cannot
be clearly resolved due to a low degree of long-range ordering (disorder) and twinning. Refining the
data in the P-1 group gives very similar results as for the P21 /c group, and the use of the less symmetric
group is therefore not clearly justified. Then, the most plausible situation is a distribution of HS and LS
species with a low degree of long-range order (and probably with some short-range order, but the
present diffraction experiments are not sensitive to it). This kind of mostly disordered state has been
explained for previously reported examples [15,29] as a result of competing long and short-range ferroand antiferro-elastic interactions, respectively, between SCO centres, transmitted via the bonds of the
polymeric network.
4. Conclusions
We have investigated the origin of the two-step spin-crossover transition of
Fe(3,4-dimethyl-pyridine)2 [Ag(CN)2 ]2 by means of single-crystal and powder X-ray diffraction.
The structure has been solved in both high-spin (room temperature) and low-spin states (90 K).
The structure is described in the monoclinic P21 /c space group, which is maintained across the spin
transition, with a single crystallographically independent Fe(II) site. The observations in the plateau
region between the two steps of the spin transition (155 K) are compatible with a state between the
two steps consisting of an equal mixture of high-spin and low-spin species with a low degree of
long-range order.
Supplementary Materials: Supplementary crystallographic data at 155 K are available online at http://www.mdpi.
com/2073-4352/9/6/316/s1.
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