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ARTICLES

A Two-Step Spin Transition with a Disordered Intermediate State in a New
Two-Dimensional Coordination Polymer

I. Introduction

In spin crossover (SCO) compounds, transition metal ions
(being iron(ll) the most common one) undergo a spin conver-
sion, when the temperature changes, between high spin (HS)
and low spin (LS) states. The intensity of the cooperativity
between the SCO sites gives rise to different magnetic spin
crossover behaviorsgdescribed by the HS fraction, which can
be continuous or discontinuous and even show hysteresis wher][
the cooperativity is strong enough. The existence of hysteresis
and, therefore, bistability, opens application possibilities in areas
like sensors, molecular switches, and data storage de¥ices.

The spin conversion may also occur as a two-step clrve,
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The two-dimensional (2D) polymeric spin crossover (SCO) compound RE{aYIN),]. has been synthesized.

The compound shows a two-step spin transition detected by magnetic, heat capacity, and X-ray diffraction
measurements. The magnetic moment shows a high-temperature step (step 1) occurring at 146.3 K without
hysteresis, while the low-temperature step (step 2) happens at 84 K on cooling and 98.2 K on heating. These
measurements reveal a large amount of residual high spin (HS) species (23%) and that HS state trapping
occurs at cooling rates of arodri K mint or higher. The two-step behavior has been confirmed by heat
capacity, which gives, for steps 1 and 2, respectivAl; = 3.33 kJ mot?, AS, = 22.6 J mot! K1, and

AH; = 1.51 kJ mot?, AS, = 15.7 J mot! K~L. For step 2 a hysteresis of 10 K has been determined with
dynamic measurements. Powder X-ray diffraction at room temperature shows that the compound is isostructural
to Cd(py}Ag(CN),]. previously reported. Powder X-ray diffraction indicates that there is only one
crystallographic site for iron(ll) in the whole temperature range, confirmed bysllmuer spectroscopy. The

X-ray diffraction study at different temperatures do not show any superstructure in the region between the
transitions, discarding a crystallographic phase transition as the origin of the two-step behavior. However, an
unexpected increase of the thermal factor is detected on lowering the temperature and considered as a
manifestation of a disordered state between the two steps, consisting of a mixing of HS and LS species
without long-range order.

atures? This multiple site for the SCO ion can exist at room
temperature or be produced by some lower temperature struc-
tural transition. Dinuclear compounds can also show the two-
step transition. Structural analysis from Amoore €t sthowed
ordered HS-LS molecules at the intermediate plateau coming
from the different geometries around the two iron atoms in the
molecular unit. In other caség,the combined effect of elastic
intramolecular interactions (antiferromagnetic-like) and coopera-
ive intermolecular interactions (ferromagnetic-like) is respon-
sible for the magnetic behavior.

The most studied two-step SCO compound has been [Fe(2-
pic)s]CI,EtOH (2-pic= 2-picolylamine)® This compound was

and therefore, with an intermediate state between the HS statd"itially considered as the example of a two-step transition with

at high temperatures and the LS state at low temperatures. Thi
behavior has been a challenge for a theoretical explanation an
has attracted considerable attention in spite of the few example
reported in the literature.

The origin of the two-step transition in both mononuclear
and polymeric compounéss mostly due to the presence of
two or more lattice sites with different SCO transition temper-

&an intermediate state built from ordered clusters ofiS pairs,
Jwith a correlation length comparable to the next-nearest neighbor
Jistances and, therefore, without long-range ordetinge fact
that a unique iron crystallographic site was determined in both
the HS and LS states suggested that this behavior could be due
to a competition between long-range ferromagnetic-type and
short-range antiferromagnetic-type interactions. A new sight
appeared when Chernyshov et&leinvestigated this compound

*To whom all correspondence should be addressed. Phone: 34- With X-ray diffraction and detected a superstructure inside the
976762528; fax: 34-976761957, e-mail: mcastro@unizar.es. temperature range of the intermediate state, indicating the
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presence of two nonequivalent iron(ll) sites and a long-range 4
order of the HS and LS molecules. However, Kusz ét have

not detected the expected superstructure during the decay of

the metastable HS state induced after irradiation with green light __
(514 nm) at 10 K. In 2004, Grunert et &l.reported a new ©
polymeric SCO compound with a three-dimensional structure. =
Their compound undergoes a two-step transition with only one (,,2
crystallographic site for iron(ll) in the whole temperature range, & ar
confirmed by X-ray diffraction and NM&sbauer spectroscopy. =
The coexistence of HS and LS species between the two steps l;
is supported by a considerable elongation of the displacement 1+
ellipsoids of the N atoms around iron(ll). Some examples of
two-step spin transition have been reported where erder
disorder phenomena seems to play an important role in the SCO 0 : . . ! . . : ;
behavior!® Recently, Matouzenko et &t. have reported a 0 50 100 150 200 250
mononuclear complex with a unique iron(ll) crystallographic

site which undergoes a two-step transition without structural figure 1. Magnetic behavior of Fe(py)Ag(CN)2]. shown as;T vs
transition. The two-step behavior is here related with the two T. Cooling at 0.35 K min! (0) and subsequent heatinglK min~?
different geometries of the FgNoordination core generated (M). Cooling @ 1 K min~* (O) and heating &1 K min~* (@) after a
by an ordet-disorder phenomenon in the ligand. rapid cooling (10 K min?).

Our compound, Fe(py)Ag(CN),],, follows the same syn-
thetic strategy of other Hofmann-like clathrate compounds
previously reported, like Fe(pyNi(CN)4]*> and Fe(3-CNpyy
[AG(CN),]2,%® in the search of more versatile systems with a
improved communication between the active SCO centers. In ;| Results and Discussion
this paper we report the study of this polymeric compound by
powder x-ray diffraction’ magnetiC, Msbauer Spectroscopy, ILA. Magnetic Measurements. The magnetic behavior of
and calorimetric measurements. This is the first compound with Fe(Pyx(Ag(CN).)2 is shown in Figure 1, using thel product

two-dimensional topology showing a two-step spin transition. Versus temperature representation (whgrestands for the
magnetic susceptibility), for cooling and heating measurements

Il. Experimental Section performed at various rates. These curves reveal a spin conversion
occurring in two steps. At high temperature, this product reaches
Fe(py}Ag(CN)2]. was prepared by the method applied for 3 66 cnf K mol~2 in agreement with the expected values for a
Cd(py:[Ag(CN)z]2." Under N gas, L(t)-ascorbic acid (0.44 {5 jron(ll) ion. As the temperature decreases, a constant value
9) and pyridine (1 mL) were dissolved into water (35 mL). We is maintained down to around 180 K followed by a large
added 0.49 g of Mohr salt Fe(NH(SOs)2:6H,0 and K[Ag- decrease to 2.25 ¢k mol~! at 135 K (step 1). Between 135
(CN)2] (0.50 g) to this solution. Yellow powder crystals and 110 K,yT shows a smooth decrease defining a small
precipitated immediately. The precipitate was filtered through plateau, and finally, below 110 K, it falls reaching a value which
a membrane. Elemental analysis gives (found/calc %): C, 31-42/depends on the cooling rate (step 2). This value is 0.85, 1.08,
31.50; H, 1.88/1.88; N 15.57/15.75. and 1.4 crd K mol~* at 50 K for cooling rates of 0.35, 1, and
Powdered samples of around 13 mg were measured on aj0 K min ?, respectively. Therefore, after the spin transition
MPMS-XL Quantum Design SQUID magnetometer between 5 there is a presence of HS species, and thermal trapping of the
and 300 K on both cooling and heating modes, at different rates, HS state exists if the cooling rate is high enough. The decrease
in an external field of 1 T. of the magnetic moment at lower temperatures is most likely
>Fe Mtssbauer experiments were carried out on powder due to the zero-field splitting of the HS species, as often happens
samples on cooling from 290 to 90 K on a Wissel$dbauer in SCO compounds.
spectrometer consisting on a MDU-1200 driving unit and a A heating measurement performetilaK min~! after the
MVT-100 velocity transducer, incorporating a Seiko model 7800 fast cooling shows the HSLS relaxation at 75 K, while this
multichannel analyzer. The sample (60 mg) was kept in a Heli- process cannot be seen on the heating curve after the slowest
Tan LT-3 gas-flow cryostat (Advanced Research System Inc.) cooling rate. Therefore, there is a residual HS fraction of around
equipped with a 9620 digital temperature controller from 239% and an additional 7% and 16% of HS species are trapped
Scientific Instruments, and tFéCo(Rh) source was maintained  with cooling rates of 1 and 10 K mid, respectively. This

by a graphite monochromator. A D-max Rigaku diffractometer
was used as detector, in steps of 0.@3ata have been analyzed
using the FULLPROF prograff.

at room temperature. trapping is usually associatédvith the presence of a crystal-
Heat capacity measurements have been performed in alographic phase transition but it can also exist if the HS to LS
commercial adiabatic calorimeter from Termis L&A pow- relaxation at the thermal spin transition temperature is slow

dered sample of 48.12 mg was sealed in an oxygen-free coppeenough, which is the case in [Fe(nd#BF4)2].2? Therefore,

vessel whose contribution (known by a separate experiment)considering that the structural transition is discarded by our

was subtracted from the total heat capacity in order to obtain X-ray experiments (see the following), the local distribution of

C, of the sample. The conventional heat pulse method was usecthe plateau is probably frozen by the rapid cooling.

to obtainC, values. To map the transition on heating and cooling  In the heating measurement performedLak min=! after

and to estimate the thermal hysteresis, a dynamic procedure washe slowest cooling, step 2 appears at higher temperature,

used!® showing a thermal hysteresis which indicates a first-order
X-ray diffraction patterns were taken at different temperatures character for this step of the transition, while the high-

between RT and 80 K, using a Cu rotating anode generatortemperature step remains identical. The transition temperatures

operated at 35 kV, 80 mA. Thia; + Ko, pair was selected areT; = 146.3 K for step 1T,,up = 98.2 K andT,,gown= 84 K
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Figure 3. Heat capacity of Fe(py)Ag(CN),]z in the spin transition
temperature range obtained by adiabatic calorimetry. The dotted line
stands for the estimated non-anomalous heat capacity. Inset: Anomalous
heat capacity obtained with dynamic measurements of step 2 on heating
(dotted line) and on cooling (continuous line).

Isomer shifts (IS) were given relative teFe at room temper-
ature. The data of the HS fraction were obtained assuming equal
MdossbauerLamb factors for HS and LS states. The isomer
shift and quadrupole splitting (QS) values at 290, 240, and 180
K indicate that the iron(ll) ions are in one kind of HS sites and
the Massbauer spectra at 130 and 90 K show that one kind of
HS states and one kind of LS states coexist. No evidence of
iron(l1l) impurities is found in these results.

III.C. Heat Capacity. The heat capacity values obtained by
adiabatic calorimetry are shown in Figure 3. The curve shows
two peaks at 146.5 and 99 K in accordance with magnetic
measurements. After subtracting a smooth non-anomalous
contribution, the enthalpy and entropy variations associated to
step 1 areAH; = 3.33 kJ mof?, AS; = 22.6 J mot'K~! and

1 the magnitudes associated to step\Pl, = 1.51 kJ mot?1, AS,
= 15.7 J mot?. Considering that the total values of enthalpy
and entropy stand for about 77% of spin conversion, the

v/ mms

Figure 2. Md&ssbauer spectra of Fe(plAg(CN),]. at selected tem-

peratures.

TABLE 1: Md'ssbauer Parameters for Fe(pyyAg(CN)2]

complete transition would givdH = 6.29 kJ mot?!, AS, =
49.7 J motlK 1, that lie in the lower range of the generally
observed value® The fraction of the observed entropy of step

T ) I.S. Q.S. Lexp HS fraction 2 represents 31% of the overall entropy, in agreement with
(K) site (mms?) (mms?) (mmsT) (%) magnetic results. Dynamic measuremé&hlsve been done in
290 HS 1.07 0.74 0.31 100 the same temperature range at a scan rate of less than 0.15 K
0.26 min~1 on cooling and heating. The inset of Figure 3 only shows
240 HS 111 0.85 002'?0 100 the data of step 2 since, in agreement with the magnetic
180 HS 1.14 0.98 034 100 behavior, no hysteresis has been detected for step 1. The thermal
0.30 hysteresis of around 10 K, similar to the one observed by
130 HS 1.16 1.07 0.30 74(3) magnetic measurements, indicates a first-order character. The
% ||-_|SS %i% 120 0(-)43?1 24?2(??))) difference between the measured temperature of the calorimetric
S 018 0.38 58(3) vessel and the real temperature of the sample has been estimated

for the heating (81 K min~1) and cooling (at 0.35 K mint)

to be of less than 1 K, which discards a kinetic origin for the
hysteresis.

IlI.D. X-ray Diffraction. Our compound results to be

processes for step 2, respectively. The spin conversions of theisostructural with a derived one in which Cd replaces Fe, whose
high and low-temperature steps correspond to 45% and 32% ofcrystal structure has been solved by single-crystal X-ray
the iron(ll) sites, respectively.

111.B. Mo ssbauer SpectroscopyThe Mssbauer spectra of
a powder sample of Fe(pyRAg(CN),]. were recorded at

diffraction1” Therefore, the starting parameters for the X-ray
powder diffraction analysis have been taken from the structure
of the Cd compound. The structure has been refined by imposing

temperatures between 90 and 290 K (Figure 2) and the resultssoft constraints to the €C, C—N, and C-H distances (limited

are in agreement with the magnetic data. The obtainédsMo

within a standard deviation of 0.02 A), preserving the shape of

bauer parameters and the deducted HS fraction are listed inthe pyridine molecule and the cyanide bond length, in order to
Table 1. The spectra were analyzed with a doublet for the HS reduce the number of refinable parameters. Values are taken
site and a singlet for the LS site. At low temperature, where from current literaturé* The refinement allowed us to determine
HS and LS species coexist, the fit has been done consideringthe Fe-N distances quite well from powder patterns. An overall

the same widthl ey, for both lines of the HS doublet, while at
high temperature, a differeftey, is considered for each line.

“thermal” parameter has also been used. At temperatures above
200 K the refinement converges and gives a good calcutation
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Figure 4. X-ray diffraction patterns at 200 K (black symbols) and 100 K (gray symbols), and Rietveldt refinement at 200 K (continuous line),
using the structural model of Cd(p{Ag(CN),]. as starting parameters and imposing soft constraints-t€ @nd C-N distances. Ticks are the

positions of the Bragg reflections.

experimental agreement (see Figure 4 for the diffraction pattern average FeN distances at 125 Kid(Fe — N)O= 2.17(2) A,

at 200 K) with the exception of a peak af 2= 30.0°> which

are lower than at 200 K, but still quite above the expected value

has been identified as the most intense reflection (110) of Ag- for a LS state (2.0 A}, consistent with a random mixing of

(CN), a small byproduct of the synthesis. The averageNe
distance[d(Fe — N)C= 2.24(2) A, is slightly higher than usual
for the HS staté. An unusually large thermal parameter is

iron(ll) ions in LS and HS states. The volume change of the
unit cell on cooling at a rate of around 0.8 K miris depicted
in Figure 6, showing the two step behavior. This volume change

observed, probably due to the too restrictive constraints (but between 77 and 200 K i&V = 63.9(6) A3, or 32.0(3) & per

the refinement diverges if all the atomic coordinates are left
free) or may be due to some disorder in the atomic positions.
As shown in Figure 5, the iron(ll) ion is coordinated to four
N atoms of the CN group and two N atoms of the pyridine
ligand. The polymeric structure of Fe(pfAg(CN),]2 involves
a two-dimensional Fe{NCAgCN—Fey4)s network with a
rhombus mesh from which a pair of unidentate pyridine ligands
protrude at the trans positions of the iron(ll) ion. It has a simple
layer structure of stacked 2D networks, whose mesh is

penetrated by the py ligands from the upper and lower layers.

There is only one crystallographic site for iron(ll) in the structure
at room temperature.

iron ion, a little higher than the typical values for a complete
LS—HS transition (near 30 Aper iron atom)@

Unexpectedly, the refined “thermal factor” undergoes an
increase between 150 and 100 K as shown in Figure 6. The
diffraction patterns taken at 200 K (HS) and 100 K (end of the
plateau) are shown in Figure 4. There is a decrease of the
intensity of all the high-angle Bragg reflections at 100 K with
respect to those at 200 K, which is in agreement with a lower
“thermal factor” at 200 K, discarding a bad artifact of the
refinement. The higher thermal factor at 100 K is consistent
with having the average FeN distance coming from the
presence of iron ions in two distinct spin states in the same

On lowering the temperature, the structural parameters crystallographic position, since no superstructure reflections have

change, but no modification of the structure type is observed

been detected. The “thermal factor’Bs= 872 [W2Dwhere2(

(see Table 2). In the 200 K structure there are two equivalent is the quadratic average displacement of each atom with respect

iron(ll) ions in the unit cell related by the base centering of the

to the mean position, in our case due to disorder induced by

C2/m space group. Magnetic measurements suggest that thethe presence of HS and LS states.

plateau contains around one-half of the iron ions in HS state

and another half in LS state. If these HS and LS ions were
distributed in a spatially ordered way, a structural transition
would be expected between 125 and 180 K making both iron
ions nonequivalent by losing th@ centering or doubling the
unit cell. The loss of theC centering would produce new
reflections withh + k = 2n + 1 and the doubling of the cell
some reflections with half-odd indexes, but our experimental

The disorder can be explained, like in previously reported
exampleg? as a result of an antiferromagnetic-like short-range
interaction between LS and HS species efficiently transmitted
via the cyanide bridges of the polymeric network. The-t&5
transition goes along with a drastic change in the-Re
distances. The short-range order produced by this interaction
gives an intermediate phase in which half of the iron ions are
in HS state and another half in LS state. The position of the

diffraction patterns do not reveal these superstructures. Theatoms would also be somewhat disordered near an average
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Figure 5. View of the structure of Fe(py)Ag(CN);].. Inset: Coordination environment of the Fe atom.
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TABLE 2: Crystallographic Data and Reliability Factors 2° 870 . r r . .
T(K) 200 125 77 <><><> .
space group C2/m Q/m C/m <><>
a(h) 8.4799(16) 8.3599(11) 8.2737(15) o
b(A) 13.8959(19) 13.735(2) 13.592(3) 840
() 7.3088(14) 7.1842(11)  7.0967(17) . °
BC) 94.293(12) 94.759(10) 95.118(14) Lom & 10
V(A3 858.8(3) 822.1(2) 794.9(3) % o U
Ry/Rup 7.72/9.76 7.61/9.62 9.04/11.3 S g0l o - 3
Rex/Reragg 8.35/6.30 8.71/5.62 8.80/5.61 ~ \
7 1.36 122 1.64 N 6
B 9.3(3) 8.5(3) 10.0(4) \
780 1 .l 1 1 1
position, specially near the iron, what would be interpreted as 50 100 150 - /KZOO 250 300

a large “thermal factor” by the Rietveldt refinement program
of a powder pattern. A similar type of disorder has been recently Figure 6. Volume change of the unit ce{) and thermal parameter
reported in single-crystal samples by Matouzenko &t ahd vs temperaturel) obtained by X-ray diffraction.

Ortega-Villar et al® In the latter, the authors detect an
anomalous behavior of the thermal parameters of some nitrogen
atoms when cooling across the two-step transition. The high
thermal parameters are related with a dynamic disorder that In summary, a new two-dimensional polymeric spin-crossover
becomes static at low temperature. In our compound, the compound, Fe(py)Ag(CN),],, has been synthesized, which is
anomalous increase & between 150 and 100 KAB = 3) isostructural with a previously reported one in which Cd replaces
corresponds to a mean displacement of 0.20 A, of the order of Fel” Iron occupies only one crystallographic site at every
the change of the FeN distance upon the HSLS transition. temperature. Calorimetric and magnetic measurements show that
The absence of superstructure reflections and the double steghis compound undergoes an incomplete two-step spin-crossover
observed by various techniques are also explained. transition. The powder X-ray diffraction study at different

IV. Conclusion
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temperatures can be explained with a disordered state at the
plateau between the two steps, consisting in a random mixing V-
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(7) Real, J. A.; Gaspar, A. B.; Mz, M. C.; Giilich, P.; Ksenofontov,
Spiering, H.Top. Curr. Chem2004 233 167.
(8) Koppen, H.; Miler, E. N.; Kbhler, C. P.; Spiering, H.; Meissner,

of HS and LS species at a long-range scale. The disorder ISE . Gitlich. P. Chem. Phys. Letl982 91, 348,

manifested through a “thermal factor” that increases while

o

(9) Spiering, H.; Kohlhaas, T.; Romstedt, H.; Hauser, A.; Brun-Yilmaz,

temperature decreases, and by the absence of superstructure.: Kusz, J.: Gtlich, P. Coord. Chem. Re 1999 192 629.

peaks in the diffraction pattern. Efforts are in progress to obtain

single crystals, which can give a definitive insight into the origin
of the two-step transition.
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