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ABSTRACT: The reactions of iron(Il) sulfate, 4-amino-
3,5-di-2-pyridyl-4H-1,2,4-triazole (abpt), and
pentacyanidonitrosylferrate(II) or hexacyanidoplatinate-
(IV) resulted in the formation of one-dimensional iron(II)
spin-crossover compounds [Fe(abpt),(u-Fe-
(CN)5(NO))], (1) and [Fe(abpt),(u-Pt(CN)y)], (2)
with the spin-transition critical temperature near or
above room temperature accompanied by thermochrom-
ism. Furthermore, it has been proven that the critical
temperature T, is influenced by the type of dianionic
polycyanidometallate within the series of discussed
systems, and it changes in the sequence of [Fe-
(CN)s(NO)I*™ < [Pt(CN))]*” < [Ni(CN),)]*" ~
[PA(CN),)]*~ ~ [Pt(CN),)]*".

S pin-crossover (SCO) is a fascinating phenomenon of
molecular bistability in the field of molecular magnetism'
and is mainly investigated for iron(II) coordination com-
pounds. In such a case, the interplay between diamagnetic low-
spin (LS) tzgéego and paramagnetic high-spin (HS) t2g4eg2
octahedral electronic configurations is driven by external
stimuli (e.g, temperature, pressure, and irradiation) and is
often accompanied by thermochromism, piezochromism, and
photochromism,” which can be utilized in the construction of
molecular devices.® Furthermore, the frontiers of spin-transition
research have recently been shifted toward “nano-world”,
revealing new applications.* Frequently, the metallocyanates
[M(CN),]’~ play an important role as building blocks in SCO
coordination chemistry.” The number of cyanido ligands, x, and
the total charge of the [M(CN), ]~ moiety, y, may determine
the final structural dimensionality of prepared compounds and,
together with the nature of transition metal M7, can
significantly affect the SCO properties. There are many
interesting SCO compounds employing dianionic metal-
locyanates, which are limited to square-planar tetracyanidome-
tallates, such as [M(CN),]*~ (M = Ni, Pd, Pt).>* Herein, we
report on the first utilization of the pentacyanidonitrosylferrate-
(I1), [Fe(CN)(NO)]*", and hexacyanidoplatinate(IV), [Pt-
(CN))]*", anions as octahedral bridging metallocyanates in
iron(Il) SCO chemistry. Pentacyanidonitrosylferrate(I) is
widely used in coordination chemistry, but only one trinuclear
compound, [{Fe"(salpet)},{u-Fe(CN);NO}], is known in
which the iron(Ill) centers undergo spin transitions.®
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Surprisingly, the coordination chemistry of
hexacyanidoplatinate(IV) is very poor in contrast to
tetracyanidoplatinate(II) and is mostly limited to the M',[Pt-
(CN),)] and M"[Pt(CN),)] species.” The reported iron(II)
coordination polymers [Fe(abpt),(u-Fe(CN);(NO))], (1) and
[Fe(abpt),(#-Pt(CN),)], (2) were prepared by the reaction of
FeSO,7H,0 and 4-amino-3,5-di-2-pyridyl-4H-1,2,4-triazole
(abpt) with Na,[Fe(CN);NO]-2H,0 or K,[Pt(CN);], respec-
tively.” The composition and purity of complexes 1 and 2 were
confirmed by elemental analysis, Fourier transform IR spec-
troscopy, and powder X-ray diffraction (PXRD). The single
crystals of 1 suitable for XRD analysis were prepared by slow
diffusion in silica gel.® Compound 1 revealed the one-
dimensional (1D) chain structure in which the planar
[Fe(abpt)]** cations are bridged by
pentacyanidonitrosylferrate(Il) (Figure 1).
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Figure 1. Part of the crystal structure of 1 showing the 1D chain motif
and interchain 7—7-stacking interactions (dashed lines). The hydrogen
atoms are omitted for clarity.

Complex 1 crystallizes in the Pl space group, and its
molecular structure including a labeling scheme is depicted in
Figure S1 in the Supporting Information (SI). At 100 K, the
Fe—N bond length interval of SCO affecting the iron center
Fel with the {FeNs} chromophore is 1.953(4)—2.010(3) A,
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and it covers the interval found in abpt-containing iron(II)
SCO compounds in the LS state.” There are two types of
significant interchain noncovalent contacts: (i) the z—zn-
stacking interactions between the pyridyl rings of the abpt
ligand with the centroid’s distance equal to 3.5389(1) A (Figure
1); (ii) the N—H--N hydrogen bonds between the amino
group of abpt and cyanido ligands of pentacyanidonitrosylfer-
rate (Figure S2 in the SI). These interactions are expanded into
different directions, and as a result of this, the quasi-three-
dimensional structure is formed. The polycrystalline samples
also undergo thermochromism, which is demonstrated in
Figure 2. Compound 1 changes color from dark brown at 77 K
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Figure 2. Pictures showing the thermochromism of compounds 1 and
2 at different temperatures.

to red at 400 K. Also, the orange color of 2 converts into
yellowish brown upon heating.

The magnetic data of 1 and 2 were measured in the
temperature interval of 5—400 K under an applied field of 1 T
and are displayed in the form of molar susceptibilities and
effective magnetic moments in Figure 3. For both compounds,
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Figure 3. Temperature dependence of the effective magnetic
moments, molar susceptibilities, and total HS molar fractions for 1
and 2. Empty symbols: experimental data. Full lines: calculated data
using a model and parameters listed in the text.

the magnetic susceptibility is monotonically decreasing upon
heating and reaching its minimum at ca. 210 K. Afterward, an
increase of the molar susceptibility is observed, which indicates
the spin transition in 1 and 2. The effective magnetic moments
at lower temperature (250 K) reach plateaus of 1.96 pj for 1
and 1.73 py for 2. Because the LS iron(II) complexes are
diamagnetic, these low-temperature nonzero susceptibilities
and effective magnetic moments can be explained by the
incomplete SCO and, hence, the occurrence of the HS iron(1I)
fraction. Similar incomplete SCOs were reported for two other
1D chains containing the abpt ligand, namely, [Fe(abpt),(u-
tepd)], (tcpd = (C[C(CN);])™) and [Fe(abpt),(sNi-
(CN),)],, in which the residual HS fractions were 30% and
13%, respectively.'® Upon heating, the gradual increase of the
effective magnetic moments is observed above ca. 200 K and
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the final values of ¢ are 5.10 pg for 1 and 5.01 pg for 2 at T =
400 K. The theoretical (spin-only) HS value of the effective
magnetic moment for S = 2 is 4.90 ugy (g = 2.0), but usually
iron(II) has a g factor close to the value of 2.2,"" which would
result in pg = 5.39 pp. Thus, we might presume that, even at
such a high temperature, the SCO is not completed. It is worth
mentioning that this magnetic behavior was reproducible also
after several cycles of heating and cooling and also for different
batches of compounds 1 and 2. In order to quantitatively
describe the SCO behavior of the compounds under study, an
Ising-like model was used.'” The three free parameters define
the HS mole fraction x'yg as a function of the temperature, and
they are as follows: A = energy difference between the HS and
LS states; y = cooperativness; r.4 = effective degeneracy ratio
between the HS and LS states. In the next step, the molar
susceptibility is calculated as y,,0 = (x"ys + %us)¥us + (1 — "4
— X.us)XLsy Where X is the mole fraction of the residual HS
state observed at low temperature and x"yg is the rescaled HS
fraction calculated from an Ising-like model as x"yg = x'ys(1 —
%,ns)- The total HS mole fraction xyg is then equal to xpyg =
x"ys + %55 and is shown in Figure 3. The molar susceptibility of
the HS state yys was calculated using the Curie—Weiss
equation, and jy; is equal to zero. Finally, the parameters A, y,
Tefp %) Sus and Oyg were varied during the fitting procedure.
The resulting parameters were gyg = 2.25, Oyg = —2.5 K, x5 =
14%, A = 1287 K, ryg = 79, and y = 218 K for 1 and gy = 2.22,
Ops = 2.7 K, x5 = 11%, A = 1640 K, r 4 = 166, and y = 234
K for 2. The fitted g factors reveal the expected values for HS
octahedral iron(II), and negative Weiss constants reflect the
zero-field splitting of residual HS iron(II) centers and their
possible intrachain interactions mediated by bridging metal-
locyanates. The calculated enthalpy and entropy of spin
transition are AH = 10.7 k] mol™' and AS = 363 J K™
mol™ for 1 and AH = 13.6 k] mol ™ and AS = 42.5 J K™! mol™
for 2. These parameters adopt typical values for iron(1I) SCO
compounds. Estimated critical temperatures (T.) based on the
condition that xyg = 0.5 are 300 K for 1 and 325 K for 2. With
the aim of more deeply understanding the SCO development in
this class of coordination polymers, the transmission *’Fe
Mossbauer spectra were collected at different temperatures. In
order to improve the signal-to-noise ratio and to simplify the
analysis by suppressing the absorption of the nitroprusside
anion, an isotopically enriched sample, [*"Fe(abpt),(u-Fe-
(CN)s(NO))], (1"), was used. First, the spectrum of 1’
measured at 25 K consists of four doublets with parameters of
6, = =020 mm s}, AE,; = 1.68 mm s7h, 8, = 0.52 mm s},
AEy, =048 mm s, §; = 1.13 mm s, AE; =374 mm s/,
and &, = 1.22 mm s~', AE,, = 3.04 mm s~ (Figure 4). The
first doublet may be assigned to LS iron(II) of pentacyanidoni-
trosylferrate."®> The second doublet corresponds to [Fe-
(abpt),]** in the LS state. Finally, the third and fourth doublets
correspond to [Fe(abpt),]** in the HS state. The areas of the
absorption peaks are in the ratio A;:A,:A5:A, = 3.6:72:7.4:17
and, hence, x5 = (A; + A,)/(A, + Ay + A,), which results in
Xps X 100% = 25%. The next spectrum was measured at 400 K.
Now, the signal of nitroprusside was totally suppressed, and the
LS state absorption was found to be expressed by a doublet
with parameters of §, = 0.24 mm s, AE, = 0.97 mm s~ and
two doublets with &, = 0.76 mm s~', AE,, = 1.50 mm s™! and
8, =0.95 mm s, AE,, =225 mm s™!, which are assigned to

the HS states of [Fe(abpt),]*". Then, xys = (A, + A3)/ DA, =
93%. The observed lowered values of the isomer shifts at
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Figure 4. *’Fe Mossbauer spectra for 1’ measured at T = 25 K (left)
and 400 K (right). Experimental data: empty squares. Calculated data:
full lines. Calculated doublets of pentacyanidonitrosylferrate: green.
Calculated doublets of LS and HS iron(II) in [Fe(abpt),]**: blue and
red (pink), respectively.

elevated temperature can be explained by the second-order
Doppler effect'* and are comparable to the parameters found
for [Fe(abpt)z(ﬂ—Ni(CN)4)]n.mb The coexistence of two HS
doublets in the isotopically enriched sample can be explained
by the presence of structural deformations and different
distributions of *’Fe in the solid state. The latter may be
supported by a comparison of the Mdssbauer spectra of 1 and
1" measured at 25 K (Figure SS in the SI). This distribution of
HS absorption was found to be much more pronounced in the
isotopically enriched [*"Fe(abpt),(u-Pt(CN)¢)], (2') at differ-
ent temperatures ranging from 5 to 440 K, as discussed in detail
in the SI (Figure S6). The course of xyg from the Mdssbauer
spectroscopy of both compounds copies the main features
acquired by magnetic data analysis, which are the existence of a
residual HS fraction at low temperature and a residual LS
fraction at the highest temperature. However, the exact values
are somewhat different as a result of neglect of the divergence
of the Lamb—Mo0ssbauer factors and their temperature
dependence for each of the present iron(II) ions in the studied
compounds.

With the aim of elucidating the role of dianionic
polycyanidometallates (PCMs) in the [Fe(abpt),(u-PCM)],
series on the SCO phenomenon, the compounds with
tetracyanidopalladate(IT) (3) and tetracyanidoplatinate(II) (4)
were also synthesized (see the SI). By a comparison of the
magnetic properties of the whole series (Figure S7 in the SI),
the shift of the SCO critical temperature T, was observed in the
sequence of [Fe(CN)s(NO)]*™ < [Pt(CN)¢)]*~ < [Ni-
(CN),)]* = [Pd(CN),)]*” = [Pt(CN),)]*". Then, we can
conclude that principally the number of cyanido ligands and the
geometry of PCM (square-planar vs octahedral) are crucial
aspects of the variation of T.. Thus, the outcome of this work
can serve as a hint to finely tune T, in other SCO systems
analogously as a series of monoanionic pseudohalides or
polynitriles.
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X-ray structure details, calculation details of magnetic data and
Mossbauer analyses, and experimental procedures. This ma-
terial is available free of charge via the Internet at http://pubs.
acs.org.
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