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Abstract
We report the analysis, by the advanced isoconversional method of Vyazovkin, of the thermal events of pyridine molecule 
loss and spin crossover occurring in the two-dimensional compounds of molecular formulas: Fe(Pyridine)2[Fe(CN)5NO] 
and Fe(Pyridine)2[Ni(CN)4]. Experimental thermogravimetric data were used to analyze the thermal evolution of pyridine 
molecules in both compounds. Calorimetry was used to study the spin crossover in Fe(Pyridine)2[Ni(CN)4], while SQUID 
magnetometric for Fe(Pyridine)2[Fe(CN)5NO]. The analysis of the effective activation energy of the pyridine loss process 
suggested that, in both compounds, the thermal evolution of these molecules is highly influenced by the particle size due to 
the occurrence of a structural transformation of the gate-opening type. The effective activation energy of the latter technique 
applied to compound Fe(Pyridine)2[Ni(CN)4] showed a behavior very similar to that expected for a solid–solid transition 
that occurs by the nucleation mechanism. The results obtained shed light on the way towards the application of the studied 
compounds in sensors and switches devises for molecular detection.
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Introduction

Spin crossover (SCO) phenomena has received great atten-
tion in recent decades [1–3]. This phenomenon is potentially 
useful due to the measurable changes caused by the spin 
transition in some macroscopic properties [1–3]. It can be 
observed in the cyanide-bridged Hofmann-type coordination 
polymers derived from the reversible change in the  Fe2+ spin 
states between the 1A1

(
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)

 and 5T2
(
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2g
e2
g

)

 configurations 

[4–9]. Recently, a reversible thermally induced SCO was 
reported for 2D ferrous nitroprussides stabilized via pyridine 
with formula Fe(Pyridine)2[Fe(CN)5NO] (FePyNP from 
now on )  [10 ]  and  fo r  t he  Hofmann- type 
Fe(Pyridine)2[Ni(CN)4] (FePyTCN from now on) [11]. 
Raman spectroscopy, Mössbauer spectroscopy and SQUID 
Magnetometry, among others, were used to understand the 
spin crossover phenomenon in both compounds. Thermal 
analysis was also used to verify the existence of the organic 
ligand bound to the iron atom and to identify the tempera-
tures at which layer decomposition events occur [10, 12].

The SCO in both FePyNP and FePyTCN can be used 
to design switches and sensor of temperature, pressure or 
even molecules, if their access to the interlaminar region 
is achieved [10–12]. Guest-induced gate-opening effect 
has been observed in the FePyTCN isostructural platinum 
compound, Fe(Pyridine)2[Pt(CN)4] [6]. The gate-opening 
phase transition allows the diffusion of molecules into the 
interlaminar region. However, this phase transition was 
observed in very thin films of the compound. The particle 
size at which sensitive responses of the material to external 
stimuli are observed could be tuned by modifying the com-
position of the interlayer space. In this sense, the controlled 
thermal evolution of pyridine molecules would be a useful 
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mechanism. The combination of SCO and guest-induced 
gate-opening effect with the possibility of tuning these prop-
erties by controlled modification of the interlayer composi-
tion offers FePyNP and FePyTCN compounds great poten-
tial as sensors and switches for molecules in fluid media.

Partial removal of pyridines molecules from the inter-
laminar region of FePyNP and FePyTCN compounds should 
convert both into molecular sieves. Host molecules could 
then diffuse to open metal sites in the interlaminar region 
and affect the conditions at which spin transitions occur, 
which would allow detection. However, to control the ther-
mal evolution of pyridine pillars in the interlaminar region 
is a great challenge due to the complexity of the thermo-
dynamic and kinetic processes occurring in this region. 
To achieve this, is mandatory a detailed and quantitative 
description of these processes.

In summary, the challenges in the post-synthesis modi-
fication of FePyNP and FePyTCN involve a quantitative 
description of both thermally stimulated events: the partial 
removal of pyridine molecules and the SCO. Furthermore, 
it would be desirable to use the same methodology in both 
cases. Isoconversional methods are a very useful tool in the 
description of the kinetics of thermally stimulated processes 
[13]. However, isoconversional methods have been rarely 
used in the description of the SCO [14]. The isoconversional 
methods should allow the study of both thermal events in 
FePyNP and FePyTCN with the same approach.

The aim of this study is to parameterize both, the thermal 
evolution of pyridine molecules and SCO, in FePyNP and 
FePyTCN, through their activation energy. This will allow 
us to evaluate the feasibility of pyridine partial post-synthe-
sis removal and tunability of the SCO process in this type 
of materials. For the former purpose, a mathematical decon-
volution analysis of derivative thermogravimetry curves 
obtained in open and hermetically sealed sample holders is 
performed to accurately identify the events associated with 
pyridine loss. For the latter purpose, calorimetric and mag-
netometric measurements are used to study the transition 
between HS and LS states.

Materials and methods

The FePyNP sample was obtained by sonication of an aque-
ous suspension of the 3D analog, Fe[Fe(CN)5NO]·H2O, in 
the presence of pyridine in the suspension. To obtain the 3D 
ferrous nitroprusside samples, aqueous solutions (0.01 M) of 
 Na2[Fe(CN)5NO]·2H2O and  FeSO4 were mixed, while stir-
ring. The formed precipitate was aged for at least three days 
within the mother liqueur and then separated and washed 
several times by centrifugation, until obtain a filtrate free of 
accompanying ions.

The FePyTCN sample was prepared by the precipita-
tion method [11]. In 20 mL of deionized water dissolved 
0.33 mmol of pyridine with 0.48 mmol of  K2[Ni(CN)4]. 
Mohr salt,  (NH4)2Fe(SO4)2·6H2O (0.78 mmol), was dis-
solved in 20 mL of deionized water as well. Then, both aque-
ous solutions were mixed under stirring at room tempera-
ture. A fine precipitate formed on aging is separated from the 
mother liqueur by centrifugation and washed several times 
with distilled water to remove the accompanied ions. The 
pasty solid is air-dried until constant mass.

Powder X-Ray diffraction (XRD) patterns were recorded 
at 300  K, in the Bragg–Brentano geometry with  CuKα 
radiation in a D8-Advance diffractometer (from Bruker). 
The powder patterns were indexed with the DicVol algo-
rithm [15]. Void volume was calculated with CALC VOID 
instruction of PLATON code [16], version 200322, using 
1 Å probe. The method used to calculate the crystallite size 
is the Halder-Wagner, implemented in the PDXL2 program 
(Rigaku, Japan). IR spectra were run at 300 K using an ATR 
device coupled to a Spectrum One (from Perkin Elmer) 
spectrophotometer.

Both processes, SCO and thermal dissociation of pyri-
dine ligands, were studied by the isoconversional advanced 
method of Vyazovkin [17] (See section S5 of Supporting 
Information) to estimate the activation energy of the pro-
cesses, without proposing a specific mechanism function 
[18]. Isoconversional computations were made with python 
modules pICNIK [19] and pyDSC [20].

The conversion (equation (S1)) during thermal dissocia-
tion of pyridine ligands in both materials was based on mass 
loss, measured by thermogravimetry (TG). The thermogravi-
metric experiments were carried out at SDT Q600 V8.3 
Build 101 thermogravimetric analyzer from TA Instruments. 
Heating rates of 5 K  min−1, 7.5 K  min−1, 10 K  min−1 and 
12 K  min−1 were used under a nitrogen flux of 10 mL  min−1 
(Figures S5 and S6). The property used to follow the con-
version through SCO was the heat flux, in the case of FePy-
TCN, measured with the differential scanning calorimetry in 
a DSC 821 (Mettler-Toledo). The calorimeter was operated 
under  N2 flow (20 mL  min−1) at heating rates of: 4 K  min−1, 
6 K  min−1, 10 K  min−1 and 14 K  min−1, on cooling and heat-
ing, Figure S17. For the FePyNP SCO, zero field-cooling 
(ZFC) and field-cooling (FC) magnetic data were recorded 
with an MPMS-3 magnetometer (Quantum Design) from 90 
to 300 K with an applied magnetic field of 100 Oe, at dif-
ferent cooling/warming rates, of 0.25 K  min−1, 0.5 K  min−1 
and 2 K  min−1, Figure S18. The effective magnetic moment 
was calculated according to �eff = 2.828

√

�T  [21]. The 
experimental magnetic susceptibility values were previously 
corrected for the diamagnetic contribution according to the 
reported Pascal constant for the involved elements [21].

The resolution of the overlapped rate peaks in the deriv-
ative thermogravimetric (DTG) curve was accomplished 
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by mathematical deconvolution analysis (MDA) approach 
[27]. The DTG curves were fitted to a series of events cor-
responding to the molecular moieties leaving the matrix of 
the material as temperature increases (Figures S7–S10). 
However, the cyanide dissociations were coupled and 
could not be resolved coherently for any heating rate. On 
the other hand, the pyridine dissociations were separable 
enough to make a comparative analysis between the samples 
(Figures S11–S16).

As the data could not be directly treated with isocon-
versional methods from the individual deconvoluted curves 
due to incoherent displacement of the signals from different 
temperature ramps, the convolution of the curves assigned 
to the pyridine dissociations were used as input data for iso-
conversional computations. Table S2 reports the temperature 
range used in the isoconversional computations for FePyNP 
and FePyTCN.

Conversion of the SCO process measured by DSC for 
the FePyTCN was computed with python’s module pyDSC 
[20]. This module computes the baseline correction with an 
iterative self-consistent algorithm [22] based on the defini-
tion proposed by Van der Plaats [23]:

where Cpre
p ,C

post
p  and Cbl

p
 are the apparent heat capacities of 

the sample before, after and during the SCO event, respec-
tively and α is the conversion of the process defined as:

where Q̇ is the heat flux measured at the ith time and g(ti) is 
the baseline function evaluated at the ith time. The conver-
sion values obtained were used as input for pICNIK. The 
advanced method of Vyazovkin was used to study this sys-
tem from 170 to 200 K for the cooling series and from 205 
to 240 K for the heating series.

Conversion of the SCO process measured by MPMS-3 
magnetometer (Quantum Design) for the FePyNP was com-
puted as the high spin fraction conversion αHS with equation 
[24]:

The high spin fraction conversion quantifies the fraction 
of transition metal atoms in high spin configuration. This 
parameter deviates from a Boltzmann population law and 
can display two different behaviours: (i) either αHS increases 
continuously with increasing temperature and does not show 
a thermal hysteresis; (ii) or αHS shows a discontinuity with 
increasing temperature and a thermal hysteresis, which is 

Cbl
p
= (1 − �)Cpre

p
+ �Cpost

p

𝛼 ≡
�

ti
tbeg
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(
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)]

dt
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eff
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eff
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eff

characteristic of a first order phase transition (called spin 
transition).

The activation energy fitting errors are available in 
section S5 of supporting information. The same section 
includes graphs providing detailed information on the com-
putations performed. In addition, the experimental conver-
sion curves are compared with simulated ones, using the 
estimated kinetic parameters to validate the results obtained 
(section S6 of supporting information).

Results and discussion

Electronic and crystal structures of the FePyNP 
and FePyTCN

The electronic and crystal structures of the FePyNP and 
FePyTCN solids were reported previously [10, 11]. How-
ever, in this section we will discuss some aspects of both 
to support the discussion in the following sections. In addi-
tion, accessible volume and crystal morphology data will 
be reported. These data will be useful to understand some 
thermal processes.

The synthesis of both FePyNP and FePyTCN was con-
firmed by infrared spectroscopy (Figures S1 and S2) and 
powder X-ray diffraction (Figures S3 and S4). The powder 
diffraction pattern for FePyNP was properly indexed with 
an orthorhombic unit cell in the Ic2m space group, accord-
ing to CCDC database deposition number 1943304 [10]. 
Similarly, the FePyTCN powder pattern was indexed with 
a monoclinic cell in the C2/m space group, according to 
the CCDC database deposition number 1543147 [11]. The 
crystallite size was estimated by the Halder-Wagner method 
[25]. The average crystallite size was 633(36) Å and 359(57) 
Å for FePyNP and FePyTCN, respectively. The stacking of 
the sheets in the crystal corresponds to the family of planes 
{200}. The crystallite size of FePyNP in direction perpen-
dicular to {200} family of planes is 848(113) Å while for 
FePyTCN is 357(35) Å. The void volume of the unit cell for 
1 Å probe was 15.4% for FePyNP and 11.9% for FePyTCN. 
For probes greater than or equal to 1.5 Å, no free volume 
was obtained.

The FePyNP polymer layers consist of two Fe(II) ions 
alternately linked by bridging cyano groups (Fig. 1a). One 
of the iron atoms has a pseudo-octahedral coordination with 
five carbon atoms and one nitrogen atom. Four of the carbon 
atoms occupy equatorial positions of the pseudo-octahedron 
and belong to cyano groups. The fifth carbon atom occupies 
one of the axial positions and belongs to a cyano group. 
The nitrogen atom occupies the remaining axial position 
and belongs to a nitrosyl group. This iron atom and the 
groups coordinated to it form the building block nitroprus-
side, [Fe(CN)5NO)]2−. The second iron atom coordinates 
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with the nitrogen atoms of the equatorial cyano groups of 
the nitroprusside block, forming two-dimensional layers. 
Two pyridines molecules complete their coordination in an 
axial position to form: (Fe(Pyridine)2(NC)4)2+. The FePyNP 
framework has rippled sheets due to the existence of two 
configurations for the pyridine molecules in the interlayer 
region: a parallel face-to-face and parallel-displaced con-
figurations. For the FePyNP framework, half of the pyri-
dine rings are in face-to-face configuration with a distance 
between the centroids of 3.76 Å. The other half of the pyri-
dine rings are in the displaced-parallel configuration with a 
distance between the centroids of the rings of 5.32 Å.

FePyTCN polymer layers are formed by Fe(II) and Ni(II) 
ions alternately linked by cyano groups (Fig. 1b). The Ni 
atom is coordinated to four cyano groups carbons to form 
the tetracyanonickelate building block [Ni(CN)4]2−. The tet-
racyanonickelate block has a planar square geometry. On the 
other hand, the iron atom, which has an octahedral geom-
etry, is coordinated to six nitrogens. Four of them occupy 
equatorial positions and belong to the cyano groups of the 
tetracyanonickelate block. In the axial positions, the two 
pyridine molecules are coordinated through their pyridinic 
nitrogens to complete the moiety [Fe(pyridine)2(NC)4]2+. 
The sheets in the FePyTCN network, are practically flat due 
to the absence of repulsive groups in the interlaminar region 
and to the planar square symmetry of the tetracyanonickelate 
block. For these reasons, all pyridines lie in a face-to-face 
configuration in the interlaminar region with a centroid–cen-
troid distance of 3.73 Å.

The pyridine molecules in the FePyNP and FePyTCN 
crystals are close enough to interact by dispersive and elec-
trostatic forces (Fig. 1). The strongest electrostatic interac-
tions are due to their dipole and quadrupole moments.

In FePyNP framework the nitrosyl group governs the 
electronic properties, its physicochemical characteristics, 

and the final properties of the materials formed with the 
nitroprusside molecular block [26]. The nitrosyl group has 
low-energy antibonding π* orbitals on the nitrogen that 
can subtract electron density from the iron atom in the 
[Fe(CN)5NO]2− molecular block, which reduces its ability 
to donate charge density to the nitrogen atom of the cyano 
groups (Fig. 2). On the contrary, in the FePyTCN material, 
the charge accumulation on the nitrogen of the cyano group 
is greater than for the FePyNP. The evidence of the accumu-
lated electron density on the nitrogen of the cyano ligands is 
found in infrared stretching frequencies of these groups for 
both materials. The cyano stretching frequencies [ν(CN)] 
are: 2182  cm−1 for FePyNP and 2158  cm−1 for FePyTCN. 
(Figures S1 and S2). The higher ν(CN) in FePyNP is attrib-
uted to the existence of less electron density on all the anti-
bonding 5σ CN orbitals (Fig. 2). Similar evidence of the low 
charge density on the nitrogen of the cyano ligands in the 
nitroprusside ion is derived from the XPS spectra [27]. The 
 N1S binding energy (BE) is significantly higher for nitroprus-
sides than the corresponding value for tetracyanometallates 
[27, 28].

Thermal evolution of FePyNP and FePyTCN 
materials

The thermogravimetric and its first derivatives profiles of 
FePyNP and FePyTCN samples (Figs. 3, 4) show multi-step 
processes. Multi-step processes commonly manifest them-
selves in the form of overlapped rate peaks in DTG [29]. 
The overlapped rate peaks should be deconvoluted into indi-
vidual rate peaks that can be expected to represent individual 
reaction steps. This can be accomplished by mathematical 
deconvolution analysis (MDA). In these sections, we per-
form MDA of the experimental data using Frazer-Suzuki 
functions and identify the individual reaction steps in order 

Fig. 1  Atomic packing within 
the unit cell for: a FePyNP and 
b FePyTCN
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to support thermokinetics analyses carried out in the follow-
ing sections. The TGA profiles for FePyNP and FePyTCN 
at heating rates of: 5 K  min−1, 7.5 K  min−1, 10 K  min−1, and 
12 K  min−1 are shown in Figures S5 and S6. The deconvo-
lution of DTG curves corresponding to pyridine losses in 
FePyNP and FePyTCN samples, using open pans, are shown 
in Figures from S7 to S14 of supporting information.

The DTG curve of FePyNP, performed in an open pan, 
shows three thermal events (Fig. 3a). The first one, from 
room temperature to approximately 323 K, can be assigned 
to the loss of water adsorbed on the surface of the FePyNP 
crystallites. The second and third events occur at higher tem-
peratures and overlap. To identify the overlapped thermal 

events, is useful to examine the curve run in a hermetically 
sealed pan with a pinhole in the lid (Fig. 3b). The use of 
hermetic pan with pinhole improves the resolution of the 
peaks in the DTG curve [30]. However, there are still over-
laps between them in our experimental results (Figures S15). 
This suggests that some events occur simultaneously. The 
second (at 518 K) and third (at 602 K) events in DTG curve 
could be deconvoluted with five Fraser–Suzuki functions 
[31]. The sum of the areas of the functions with maxima at: 
514 K, 518 K, 585 K, and 604 K; corresponds to the loss of 
two pyridine molecules (Table S1), while the function with 
maximum at 603 K has an area corresponding to the loss 
of one nitrosyl group per molecular formula (Figure S15). 

Fig. 2  Charge density redistri-
bution effects resulting from the 
complex ion and coordination 
polymer formation in a FePyNP 
and b FePyTCN materials
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According to Ávila et al. the pyridine molecules occupy two 
non-equivalent sites in the crystal structure [10] (Fig. 1a), so, 
the observed additional heterogeneity may be caused by dif-
fusive barriers arising from the reduction of the interlaminar 
space due to the loss of pillars and/or the changes caused 
in the layers by the same loss. All three events observed at 
temperatures above 723 K are related to the loss of the axial 
and equatorial cyano groups associated with the decomposi-
tion of the layers.

Turning now to the analysis of the curve of FePyNP in a 
sample holder with pinhole (Fig. 3b), we can state that the 
superposition of the peaks corresponding to the evolution 
of pyridine and nitrosyl groups cannot be resolved. There-
fore, the thermal evolution of FePyNP must be treated as a 
multi-step process [29]. In the following sections, we will 
analyze the effect of the nitrosyl group on the bonds between 
pyridine molecules and the layers.

The derivative of the thermogravimetric curve, of FePy-
TCN, performed in an open pan, shows five thermal events 
(Fig. 4a). The first one, from room temperature to approxi-
mately 328 K, can be assigned to the loss of water adsorbed 
on the surface of the FePyTCN crystallites. This behavior is 
like that observed for FePyNP. These events suggest that the 
surface of the crystallites of both compounds (FePyNP and 
FePyTCN) contain hydrophilic groups that interact weakly 
with water molecules. The second (at 502 K) and third (at 
533 K) events have overall mass loss corresponding to two 

pyridine molecules per formula unit. The remaining events 
begin after the evolution of the pyridine molecules above 
600 K. They correspond to the loss of the cyano groups of 
the Ni(CN)4 molecular block that forms the layers.

The thermal evolution of FePyTCN observed in Fig. 4 
and described in the previous paragraph does not correspond 
to the crystal structure reported for this compound [11]. 
In the crystal structure, both pyridines are equivalent and 
should evolve together with heating. The difference between 
the behavior expected from the crystal structure and the one 
observed experimentally could be driven by heating rates far 
away from quasi-static conditions or could be due to hetero-
geneities caused by defects. The thermogravimetry of the 
FePyTCN sample in a hermetic pan with pinhole was run to 
rule out the existence of heterogeneities caused by defects in 
the structure (Fig. 4b). An advantage of using the hermetic 
pan with pinhole was a better resolution of the peaks cor-
responding to pyridine losses and layer decomposition in the 
DTG curve (Figure S16). Moreover, under these conditions 
it could be observed that all pyridines evolve together at 
611 K in agreement with the crystallographic data. Careful 
attention should be paid to the event at 737 K in Fig. 4b, 
which can only be explained by the fact that some pyridine 
molecules are trapped in the interlayer after it collapses due 
to lack of pillars. The sum of the areas under this event and 
under the peak assigned to the pyridine evolution, corre-
spond to the mass loss of the two pyridines per molecular 
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formula. The cyano groups also evolve together (Fig. 4b). 
This suggests that pyridine pillars can be removed without 
destroying the layers. This is a notorious difference with 
FePyNP, in which it is not possible to separate the evolution 
of pyridines and nitrosyl groups. The layers stability is use-
ful if we want to replace the pillars with other molecules or 
increase the microporosity of the material.

Analysis of pyridine evolution by isoconversional 
methods

According to the void volume analysis, performed above, 
FePyNP and FePyTCN crystal structures are compact 
enough to limit the access of molecules to interlaminar 
region. This prevents the use of these compounds in switch-
ing or sensing devices. Besides, the pyridine molecules 
complete the coordination of the metallic atoms or nitrosyl 
groups. This limits the detection of molecules through 
changes in their electronic configuration. It is thus impor-
tant to remove some pyridine molecules in a controlled way 
to provide access to the interlaminar region and metals. To 
achieve this, it is necessary to deepen the kinetic description 
of the thermal evolution of the pyridine molecules.

In the previous section, it was shown that the thermal 
evolution of pyridines in FePyNP and FePyTCN is a multi-
step process. Moreover, in the case of FePyNP there is a 
strong overlap between the losses of pyridine molecules and 
nitrosyl groups. For both FePyNP and FePyTCN, it was con-
venient to use MDA to describe the thermal evolution of 
pyridines. The isoconversional methods can be used as a rea-
sonable approximation to analyze multi-step reactions [29]. 
So, the convolution of Fraser–Suzuki functions assigned to 
pyridine in the MDA can be analyzed by isoconversional 
methods and thus approach a quantitative description of the 
kinetics of the pyridine molecules loss.

The activation energy of the events associated with the 
evolution of pyridine molecules in the FePyNP has, in gen-
eral, a negative correlation with conversion (Fig. 5 and S19). 
The activation energy is about 110 kJ  mol−1 at low conver-
sions, while it decreases to about 80 kJ  mol−1 at high conver-
sions. The FePyTCN has a similar behavior (Fig. 5 and S19). 
In this case, the activation energy decreases from around 
90 kJ  mol−1 to around 70 kJ  mol−1. The average activation 
energy for FePyNP is 94 kJ  mol−1 while for FePyTCN it 
decreases to 84 kJ  mol−1. Bond distances cannot explain 
the difference of 10 kJ   mol−1 in the average activation 
energies. According to crystallographic data, the distance 
between the iron in the layer and the pyridine nitrogen atom 
in FePyNP is: 2.3358 Å, in parallel displaced configura-
tion of pyridine and 2.3321 Å in face-to-face configuration 
[10]. For FePyTCN, the distance between iron and pyridine 
nitrogen is 2.2703 Å [11]. In the latter case, all pyridine 
molecules are in face-to-face configuration. According to 

the bond lengths, the activation energy of pyridine in FePy-
TCN should be higher. However, the calculated activation 
energies are higher for FePyNP, suggesting that there is 
another contribution. In this case, it is the diffusion acti-
vation energy. The void volume of FePyNP is bigger than 
void volume of FePyTCN. This suggests that the diffusive 
barrier should be higher for FePyTCN, which also fails to 
explain the experimental results shown in Fig. 5. A possi-
ble explanation for the higher activation energy of FePyNP 
can be found by considering the average crystallite sizes in 
the direction of sheet stacking and the structural transfor-
mation of the gate-opening type, induced by guest. Guest-
induced gate-opening effect has been observed, by Sakaida 
et al. [6], in the FePyTCN isostructural platinum compound 
Fe(Pyridine)2[Pt(CN)4]. Here, the structural transformation 
of the gate-opening type could be induced by temperature 
and pressure generated during thermal loss of pyridines. 
Since the crystallite size is larger in the case of FePyNP, this 
compound will have a higher barrier to the transformation 
and thus to the diffusion of pyridine molecules out of the 
solid. Thus, pyridine molecules would have a higher diffu-
sive barrier in FePyNP, which would explain a higher value 
of the activation energy throughout the conversion domain.

Returning to the negative correlation of activation energy 
with conversion, let us first analyze the effect of changes in 
electronic configuration. There is a significant charge trans-
fer from the pyridine ligands lone pairs to the iron cations. 
This charge transfer is largely responsible for the decrease in 
the effective positive charge iron cations coordinated to pyri-
dine. The thermal evolution of pyridine molecules causes 
an increase in the effective charge of iron cation, which 
favors a greater charge donation towards it from equatorial 
cyano groups (Fig. 2). In general, this effect is propagated 
throughout the entire sheet, causing a charge transfer from 
the iron atoms that remain coordinated to pyridine molecules 
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to those that are not. Such charge transfer causes a progres-
sive strengthening of the iron-pyridine bonds with increasing 
conversion due to a decrease in the occupation of the anti-
bonding  eg orbitals of iron-pyridine bond. Consequently, the 
enthalpy to carry a mole of pyridines from the interlayer 
to the gas phase increase with conversion. This should be 
expressed as an increase in activation energy with conver-
sion, contrary to the observed behavior. Therefore, changes 
in electronic configuration should not be the predominant 
factor in the dependence of activation energy on conversion. 
Apparently, the negative correlation of activation energy and 
conversion is also associated with the diffusive barriers and 
hence, the gate-opening transformation. The partial loss of 
pyridine molecules reduces the tortuosity of the paths during 
diffusion. In addition, the combination of the temperature 
increases and the partial loss of pyridines, reduces the inten-
sity of the interaction between the layers. This decreases 
the chemical potential needed by the pyridine molecules to 
trigger the gate-opening transformation. The combination of 
the above effects would explain the experimentally observed 
decrease in activation energy with conversion.

So far, we have compared the evolution of pyridines with 
temperature in FePyNP and FePyTCN samples thanks to 
MDA. This allowed us to suggest the occurrence of a gate-
opening structural transformation. The simulation of the 
convolutions of Frazer-Suzuki functions describing the loss 
of pyridines supported the reliability of the estimated effec-
tive activation energy (Figures S29 and S32). The next step 
would be to predict the kinetics to remove pyridines in a 
controlled manner, in order to design sensors and switches. 
However, the strong overlap of pyridine and nitrosyl group 
loss events in FePyNP sample, makes any attempt of con-
trolled pyridine removal, a major challenge. That is why, we 
will focus our efforts on FePyTCN sample.

The FePyTCN have atomic packing that allow diffusion 
of pyridine molecules between the layers but prevent it in 
perpendicular direction (Fig. 1). Because of this, the integral 
form of 2-D diffusion model is the one that most closely 
matches the experimentally estimated model for pyridine 
evolution (Fig. 6). However, the agreement of the experi-
mental data and the model is not sufficient to claim that the 
2-D model describes the data. There are multiple factors that 
prevent this. One of them is that the experimental data do not 
correspond to single-step processes with constant activation 
energy. Other factors are associated with the assumptions 
of the two-dimensional diffusion model [32]. These include 
the constancy of the diffusion coefficient, which in this case 
should not be fulfilled due to the gate-opening transforma-
tion and the changes that occur in the interlaminar region 
due to the evolution of pyridines. The function g(α) in Fig. 6 
was calculated using equation S6. This equation required the 
estimation of the pre-exponential parameter by the compen-
sation method (Figure S20).

The simplest way to treat the FePyTCN polymer to par-
tially remove pyridine molecules from the interlaminar 
region is to use a temperature program in which the sample 
is heated at a constant rate up to a certain temperature and 
then kept isothermal for a given time interval as shown in 
Fig. 6. The same figure compares the experimental data with 
the model-free predictions obtained using condition S12. 
Predictions are reasonably good up to conversions of 0.5. 
At higher conversions, the predictions diverge significantly 
from the experimental data. Two solid–solid phase transi-
tions can occur at ∝  > 0.5: the collapse of the interlaminar 
region due to an insufficient number of pyridine pillars and 
pyridine-induced gate-opening. The kinetic parameters may 
change significantly due to solid–solid phase transitions 
[13]. The solid–solid phase transitions cause the kinetics 
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of the thermal event to change as the temperature program 
changes, which would explain the divergence of the predic-
tion from the experimental data for ∝  > 0.5.

Analysis of spin crossover by isoconversional 
methods

The temperature-induced spin transition occurs when 
the zero-point energy difference, between spin states, 
has the same order of magnitude as the thermal energy: 
ΔE = ΔEHS

0
− ΔELS

0
≈ kBT [33]. Moreover, the temperature 

induced SCO in solid state is an entropy driven phenomenon 
in which, the coupling between electronic states and phonon 
system plays a fundamental role [34]. The entropy change 
during the spin transition depends on the electronic configu-
ration of the metal where it takes place. Both FePyNP and 
FePyTCN are Fe(II) complexes. Experimentally determined 
values of the entropy change of previous studied Fe(II) com-
plexes to the complete LS to HS transition per mole of iron 
atom, range from 35 J  mol−1  K−1 to 80 J  mol−1  K−1 [35–37].

Thermal SCO in FePyNP and FePyTCN was previously 
reported and qualitatively described [10, 11]. The LS to 
HS transitions were reported from 50 to 130 K for FeP-
yNP [10] and from 180 to 240 K for FePyTCN [11]. The 
transition temperature difference between the compounds 
was explained by the electron density of the nitrogen atoms 
of the equatorial cyano ligands. The higher the electron 
density of the nitrogen atoms, the stronger the Fe—N bond 
and higher the temperature for the spin transition. As we 
discussed in previous sections, the electron density on the 
nitrogen atoms of the equatorial cyano groups of FePyTCN 
is higher than in FePyNP and thus, the transition tempera-
ture [38]. The transition temperature of FePyTCN allows 
the SCO to be studied using a conventional DSC instrument. 
However, the transition temperature of FePyNP is below the 
operating temperature of conventional calorimeter. In this 
case, it was necessary to use a SQUID magnetometer with 
helium refrigerator.

Tunning of transition temperatures and hysteresis loop 
shape, position and width is necessary for design of sen-
sors and switches, based on the SCO phenomenon. Some 
control of the hysteresis loop can be achieved by parametriz-
ing the experimentally measured process rate as a function 
of temperature and extent of conversion. In the following 
subsections we will take a step forward in the quantitative 
description of the SCO in FePyNP and FePyTCN. For this 
purpose, we will use model-free methods based on isocon-
versional principle to determine the behavior of the activa-
tion energies as a function of conversion and to simulate 
SCO temperature evolution.

Calorimetric experiment with FePyTCN

Thermal stimulated spin crossover includes magnetic 
switching, induced by a temperature change, coupled with 
a structural transformation [33]. This suggests that the spin 
crossover can be described as a solid–solid transition that 
occur by the nucleation mechanism. In addition, the exist-
ing isoconversional treatment for solid–solid transition [13] 
can be used for spin crossover. In solid–solid transition that 
occur by the nucleation mechanism, the transition on heat-
ing involves superheating and transition on cooling involves 
supercooling. As a result, there is a significant gap between 
the temperatures, at which the transition on heating and on 
cooling becomes detectable. Such behavior was observed 
in the DSC curves of FePyTCN (Figure S17). This rein-
forces the hypothesis that the spin transition can be treated 
as a solid–solid transition that occurs by the nucleation 
mechanism.

The effective activation energy of the LS to HS transition 
in the FePyTCN compound has a value of 89 kJ  mol−1 for 
a conversion of 0.05 and decreases to 75 kJ  mol−1 when the 
conversion increases to 0.3 (Fig. 7 and S21). For conver-
sions from 0.3 to 0.76 the effective activation energy remains 
practically constant and then increases to 92 kJ  mol−1 at 0.94 
conversion. For the HS to LS transition, the effective activa-
tion energy reaches a value of − 100 kJ  mol−1 at 0.05 conver-
sion and begins to increase to approximately − 40 kJ  mol−1 
at 0.5 conversion. Above 0.5 conversion, the effective activa-
tion energy remains practically constant at − 40 kJ  mol−1.

To understand the behavior of the effective activation 
energy shown in Fig. 7, we must follow the reasoning used to 
explain phase transitions that proceed by nucleation. Around 
spin transition temperature, the rate of the transition is close 
to zero. Heating a solid above transition temperature, accel-
erates the transition from LS phase to HS phase. The tem-
perature dependence of the rate is positive above transition 
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temperature and if it is fitted to the Arrhenius equation, it 
would yield positive activation energy. Squares in Fig. 7 
shows the positive values of the effective activation ener-
gies of LS to HS transition. When cooled below spin transi-
tion temperature, the HS phase transforms to LS phase. The 
rate of the transition increases with decreasing temperature. 
Below transition point, the temperature dependence of the 
rate is negative. Fitting it to the Arrhenius equation would 
result in negative activation energy, as shown in Fig. 7 (tri-
angles) for the transition.

The effective activation energy of the HS to LS transi-
tion has the monotonically increasing dependence with 
conversion commonly observed in solid–solid transitions 
[13]. The effective activation energy of LS to HS transition 
should decrease monotonically with the conversion. How-
ever, this is only valid up to a conversion of 0.76 and then 
increases. The increase of the effective activation energy at 
high conversions was also observed in FePyNTP and will be 
explained in the next section.

The FePyTCN experimental calorimetric curve and 
model-free simulations, obtained using the (S12) condition 
and the calculated activation energies, show no significant 
differences (Figures S33 and S34). This suggests the possi-
bility of tuning properties, from predictions under different 
conditions, by means of the described parameterization and 
the (S12) condition.

SQUID magnetometric experiments with FePyNP

Transition states in minimum energy paths for solid–solid 
phase transformations have zero stress and zero force on the 
nuclei [39]. The activation energy, i.e. the free energy dif-
ference between the transition and the initial states, have an 
enthalpic and an entropic contributions ( E = ΔH − TΔS ). 
In thermoinduced SCO phenomena, the enthalpy has two 
contributions: the electronic (ΔHel) and the vibrational 
(ΔHvib). The former is due to the change in the electronic 
configuration because the spin transition, while the last one 
increase with decreasing bond lengths. Interactions between 
charged species in the interlayer region of FePyNP also con-
tribute to the total enthalpy [40, 41]. Electrostatic interac-
tions decrease with the expansion of the solid because the 
distance between the charged species increases. Therefore, 
electrostatic interactions and enthalpy have an inverse cor-
relation. The entropy has the same contributions as enthalpy 
in solid state. Electronic contribution (ΔSel), favors the LS 
configuration when the temperature is below the transition 
temperature and HS configuration above it. The vibrational 
contribution (ΔSvib) is related to electron–phonon coupling 
and elastic properties of the crystal lattice.

The LS to HS transit ion in iron atom of 
(Fe(Pyridine)2(NC)4)2+ moiety produces stress in FePyNP 
unit cell. The stress arises due to the charge accumulation at 

the 5σ orbital of the nitrogen atom in the axial cyanide func-
tional group and π* orbitals of the oxygen in the nitrosyl 
group. In addition, for short pilar molecules as pyridine, 
such electron density is responsible for the appearance of a 
repulsive force between adjacent layers [42]. The unit cells 
in the transition state have zero stress, as hypothesized in 
previous paragraph. The difference between the stressed and 
transition-state cell explains why the effective activation 
energy is initially about 600 kJ  mol−1 at conversion values 
smaller than 0.42 (Fig. 8). As the conversion rises, the LS to 
HS transition is accompanied by entropic gain of 
ΔSel = R log

[

(2S + 1)HS∕(2S + 1)LS
]

= 13.4 J∕(molK) , due 
to change in spin multiplicity at e2

g
t4
2g

 electronic configura-
tion of Fe(II). The activation of new vibrational modes all 
over the solid framework due to the volume change also 
increases entropy (ΔSvib). This strong entropic contribution 
causes a decrease in the effective activation energy, as 
observed from a conversion degree of 0.45 to 0.83 (Fig. 8). 
Up to a conversion of 0.83, entropic effects predominate over 
enthalpic ones. However, the LS to HS transition finds in the 
repulsive interaction between charge centers a driving force 
because it contributes to the separation of adjacent layers. 
The formation of the high-temperature structure increases 
the interatomic distance between de axial cyano and nitro 
groups from adjacent layers weakening the repulsive interac-
tion. The expansion process of the unit cells favors the 
enthalpic contribution (ΔHvib) to the activation energy. The 
predominance of this contribution explains the increase in 
effective activation energy from a conversion of 0.83 and 
above.

During the HS to LS transition while cooling the sample 
(Fig. 8), the opposite behavior is observed. Through the first 
half of the process, the effective activation energy is around 
60 kJ  mol−1 indicating that the system has less stress in the 
HS configuration. Around a conversion degree of 0.49, the 
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effective activation energy begins to increase to a maximum 
value of 120 kJ  mol−1 around a conversion of 0.59. In this 
range of conversions, the contraction of bond distances 
ensures that enthalpic contributions ( ΔHel + ΔHvib ) exceed 
entropic ones (− TΔS). At conversions higher than 0.59, the 
effective activation energy begins to decrease again due to 
the increase in the − TΔS component.

In the transition from HS to LS, the energy maximum 
is located at 116 K while in the transition from LS to HS 
the energy minimum is located around 130 K, showing a 
hysteresis of around 15 K. The existence of a hysteresis 
loop reveals that the observed spin transition is a coopera-
tive process (Figure S18). Both, the HS to LS and LS to HS 
transitions, involve a solid-state nucleation process of the 
phase to be formed and the growth of these nuclei. These 
two concomitant events take a certain time in a dynamic 
process where the temperature changes continuously. This 
explains the nature of the observed hysteresis.

Model-free simulations from (S12) condition and the 
estimated activation energies, were effective in describing 
the FePyNP experimental magnetic curves when cooling 
and heating (Figures S30 and S31, respectively). Prediction 
of the magnetic curve on cooling (HS to LS) shows small 
deviations at conversions very close to zero and one (Fig-
ures S30). These degrees of conversion are not of practical 
interest since intermediate values of conversion degree are 
usually used in device design.

Conclusions

There is some overlap between the thermal events associated 
with the losses of pyridine molecules and nitrosyl groups of 
FePyNP that could not be resolved experimentally. There-
fore, it is not possible to remove pyridine molecules in this 
compound without compromising the stability of the layers. 
Consequently, it is not recommended to remove pyridine 
molecules, by thermal treatments, to provide access to host 
molecules in the interlaminar region.

The thermal events of pyridine loss and layer decompo-
sition are completely resolved in FePyTCN sample. Such 
behavior makes FePyTCN with partial pyridine losses a 
potentially useful material for molecular detection.

The analysis of the activation energy associated with 
the loss of pyridine molecules in FePyNP and FePyTCN 
suggests that the thermal evolution of these molecules is 
determined by the particle size due to the occurrence of a 
structural transformation of the gate-opening type.

Calorimetric and SQUID magnetometry experiments, 
combined with the isoconversional methods to analyze the 
thermograms, revealed details of the coupling of the spin 
transition with the phonon system. In particular, SQUID 
magnetometry made it possible to identify the conversion 

domains in which the spin transition predominated over pho-
non effects and vice versa.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 024- 12949-4.

Acknowledgements The authors thank the financial support provided 
by PAPIIT IN108423.Thanks also to the DGAPA-UNAM Postdoc-
toral Scholarship Program. We also thank the technical support of: 
Karla Eriseth Reyes Morales and Salvador López Morales. Additional 
thanks to Nicolas Kano Chavira for developing some useful functions 
to compute the kinetic parameters.

Author contributions Conceived and designed the analysis: JB; Col-
lected the data: YA, PAM, JR-H; Contributed data or analysis tools: 
YA, PAM, JR-H; Performed the analysis: YA, ER, IAI, JR-H, JB; 
Wrote the paper: YA, ER, IAI, JB.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Enriquez-Cabrera A, Rapakousiou A, Bello MP, Molnár G, 
Salmon L, Bousseksou A. Spin crossover polymer composites, 
polymers and related soft materials. Coord Chem Rev. 2020;419: 
213396.

 2. Tissot A, Kesse X, Giannopoulou S, Stenger I, Binet L, Rivière E, 
Serre C. A spin crossover porous hybrid architecture for potential 
sensing applications. Chem Commun. 2019;55:194–7.

 3. Kitazawa T. Synthesis and applications of new spin crossover 
compounds. Crystals. 2019;9:382.

 4. Pham CH, Cirera J, Paesani F. Molecular mechanisms of spin 
crossover in the Fe(pz)[Pt(CN)4] metal–organic framework upon 
water adsorption. J Am Chem Soc. 2016;138:6123–6.

 5. Manna B, Chaudhari AK, Joarder B, Karmakar A, Ghosh SK. 
Dynamic structural behavior and anion-responsive tunable lumi-
nescence of a flexible cationic metal-organic framework. Angew 
Chem Int Ed. 2013;52:998–1002.

 6. Sakaida S, Otsubo K, Sakata O, Song C, Fujiwara A, Takata M, 
Kitagawa H. Crystalline coordination framework endowed with 
dynamic gate-opening behaviour by being downsized to a thin 
film. Nat Chem. 2016;8:377–83.

 7. Kitazawa T, Gomi Y, Takahashi M, Takeda M, Enomoto M, 
Miyazaki A, Enoki T. Spin-crossover behaviour of the coordina-
tion polymer FeII(C5H5N)2NiII(CN)4. J Mater Chem. 1996;6:119–
21. https:// doi. org/ 10. 1039/ JM996 06001 19.

 8. Molnár G, Guillon T, Moussa NO, Rechignat L, Kitazawa T, 
Nardone M, Bousseksou A. Two-step spin-crossover phenom-
enon under high pressure in the coordination polymer Fe(3-
methylpyridine)2[Ni(CN)4]. Chem Phys Lett. 2006;423:152–6.

https://doi.org/10.1007/s10973-024-12949-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/JM9960600119


3096 Y. Avila et al.

 9. Sakaida S, Haraguchi T, Otsubo K, Sakata O, Fujiwara A, Kita-
gawa H. Fabrication and structural characterization of an ultrathin 
film of a two-dimensional-layered metal–organic framework, 
{Fe(py)2[Ni(CN)4]}(py=pyridine). Inorg Chem. 2017;56:7606–9.

 10. Avila Y, Plasencia Y, Osiry H, Martínez-dlCruz L, González 
Montiel M, Reguera E. Thermally induced spin transition in a 
2D ferrous nitroprusside. Eur J Inorg Chem. 2019;2019:4966–73. 
https:// doi. org/ 10. 1002/ ejic. 20190 0837.

 11. Alejandro RR, Osiry H, Reguera E. Thermal induced spin transi-
tion in a series of iron(II) layered inorganic-organic solids. Role 
of the intermolecular interactions in the interlayer region. J Solid 
State Chem. 2020;282:121070. https:// doi. org/ 10. 1016/j. jssc. 
2019. 121070.

 12. Avila Y, Rodríguez-Hernández J, Crespo PM, González MM, 
Reguera E. 2D ferrous nitroprussides stabilized through organic 
molecules as pillars: preparation, crystal structure and related 
properties. J Coord Chem. 2021;66:1–19. https:// doi. org/ 10. 1080/ 
00958 972. 2020. 18706 82.

 13. Vyazovkin S. Isoconversional kinetics of thermally stimulated 
processes. Springer; 2015.

 14. Bushuev MB, Nikolaenkova EB, Krivopalov VP. Non-iso-
thermal kinetics of spin crossover. Phys Chem Chem Phys. 
2017;19:16955–9. https:// doi. org/ 10. 1039/ C7CP0 3442C.

 15. Louer D, Vargas R. Indexation automatique des diagrammes 
de poudre par dichotomies successives. J Appl Crystallogr. 
1982;15:542–5.

 16. Spek AL. Platon. A multipurpose crystallographic tool; 2021.
 17. Vyazovkin S. Modification of the integral isoconversional method 

to account for variation in the activation energy. J Comput Chem. 
2001;22:178–83. https:// doi. org/ 10. 1002/ 1096- 987X(20010 130) 
22:2% 3c178:: AID- JCC5% 3e3.0. CO; 2-#.

 18. Vyazovkin S, Burnham A, Criado J, Pérez-Maqueda L, Popescu 
C, Sbirrazzuoli N. ICTAC kinetics commitee recommendations 
for performing kinetic computations on thermal analysis data. 
Thermochim Acta. 2011;520:1–19. https:// doi. org/ 10. 1016/j. tca. 
2011. 03. 034.

 19. Ramírez E, Hernández-López S, Torres-Garcia E, Reyes-Morales 
K, Balmaseda J. pICNIK: a python package with isoconversional 
computations for non-isothermal kinetics. Comput Phys Commun. 
2022;278: 108416. https:// doi. org/ 10. 1016/j. cpc. 2022. 108416.

 20. Cisse A, Peters J, Lazzara G, Chiappisi L. PyDSC: a simple 
tool to treat differential scanning calorimetry data. J Therm 
Anal Calorim. 2021;145:403–9. https:// doi. org/ 10. 1007/ 
s10973- 020- 09775-9.

 21. Drago RS. Physical methods for chemists, 2nd edn, Chap. 11; 
1962.

 22. Malakhov DV, Abou Khatwa MK. Constructing a self-consistent 
integral baseline by using cubic splines. J Therm Anal Calorim. 
2007;87:595–9.

 23. Van der Plaats G. A theoretical evaluation of a heat-flow differen-
tial scanning calorimeter. Thermochim Acta. 1984;72:77–82.

 24. Gütlich P, Goodwin HA. Spin crossover-an overall perspective. 
Spin Crossover Transit Met Compd. 2004;I:1–47.

 25. Monshi A, Foroughi MR, Monshi MR. Modified Scherrer equa-
tion to estimate more accurately nano-crystallite size using XRD. 
World J Nano Sci Eng. 2012;2(154):160.

 26. Reguera L, Avila Y, Reguera E. Transition metal nitroprussides: 
crystal and electronic structure, and related properties. Coord 
Chem Rev. 2021;434: 213764. https:// doi. org/ 10. 1016/j. ccr. 2020. 
213764.

 27. Cano A, Lartundo-Rojas L, Shchukarev A, Reguera E. Con-
tribution to the coordination chemistry of transition metal 

nitroprussides: a cryo-XPS study. New J Chem. 2019;43:4835–48. 
https:// doi. org/ 10. 1039/ C9NJ0 0141G.

 28. Cano A, Monroy I, Ávila M, Velasco-Arias D, Rodríguez-Hernán-
dez J, Reguera E. Relevant electronic interactions related to the 
coordination chemistry of tetracyanometallates. An XPS study 
New J Chem. 2019;43:18384–93. https:// doi. org/ 10. 1039/ C9NJ0 
4173G.

 29. Vyazovkin S, Burnham AK, Favergeon L, Koga N, Moukhina E, 
Pérez-Maqueda LA, Sbirrazzuoli N. ICTAC Kinetics Committee 
recommendations for analysis of multi-step kinetics. Thermochim 
Acta. 2020;689: 178597.

 30. Blaine R. TGA Characterization of gypsum in Stucco; 2015.
 31. Perejón A, Sánchez-Jiménez PE, Criado JM, Pérez-Maqueda LA. 

Kinetic analysis of complex solid-state reactions. A new decon-
volution procedure. J Phys Chem B. 2011;115:1780–91. https:// 
doi. org/ 10. 1021/ jp110 895z.

 32. Khawam A, Flanagan DR. Solid-state kinetic models: basics and 
mathematical fundamentals. J Phys Chem B. 2006;110:17315–28. 
https:// doi. org/ 10. 1021/ jp062 746a.

 33. Gütlich P, Goodwin HA, Garcia Y. Spin crossover in transition 
metal compounds I. Berlin: Springer; 2004.

 34. Biernacki SW, Clerjaud B. Thermally driven low-spin∕ high-spin 
phase transitions in solids. Phys Rev B. 2005;72:66.

 35. Bousseksou A, McGarvey JJ, Varret F, Real JA, Tuchagues J-P, 
Dennis AC, Boillot ML. Raman spectroscopy of the high- and 
low-spin states of the spin crossover complex Fe(phen)2(NCS)2: 
an initial approach to estimation of vibrational contributions to the 
associated entropy change. Chem Phys Lett. 2000;318:409–16. 
https:// doi. org/ 10. 1016/ S0009- 2614(00) 00063-4.

 36. Kahn O. Magnetism: a supramolecular function. Berlin: Springer; 
2013.

 37. Gütlich P, Hauser A, Spiering H. Thermal and optical switching of 
Iron(II) complexes. Angew Chem Int Ed Engl. 1994;33:2024–54. 
https:// doi. org/ 10. 1002/ anie. 19942 0241.

 38. Avila Y, Crespo PM, Plasencia Y, Mojica HR, Rodríguez-
Hernández J, Reguera E. Thermally induced spin crossover in 
Fe(PyrDer)2[Fe(CN)5NO] with PyrDer = 4-substituted pyridine 
derivatives. New J Chem. 2020;44:5937–46. https:// doi. org/ 10. 
1039/ D0NJ0 0595A.

 39. Caspersen KJ, Carter EA. Finding transition states for crystal-
line solid–solid phase transformations. Proc Natl Acad Sci. 
2005;102:6738–43.

 40. Cardona-Serra S, Sanvito S. Influence of the dipolar interac-
tions on the relative stability in spin crossover systems. J Comput 
Chem. 2017;38:224–7.

 41. Vela S, Paulsen H. Deciphering crystal packing effects in the spin 
crossover of six [FeII(2-pic)3]Cl2 solvatomorphs. Dalt Trans. 
2019;48:1237–45.

 42. Avila Y, Scanda K, Díaz-Paneque LA, Cruz-Santiago LA, 
González M, Reguera E. The nature of the atypical kinetic effects 
observed for the thermally induced spin transition in ferrous nitro-
prussides with short organic pillars. Eur J Inorg Chem. 2022;6:66. 
https:// doi. org/ 10. 1002/ ejic. 20220 0458.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/ejic.201900837
https://doi.org/10.1016/j.jssc.2019.121070
https://doi.org/10.1016/j.jssc.2019.121070
https://doi.org/10.1080/00958972.2020.1870682
https://doi.org/10.1080/00958972.2020.1870682
https://doi.org/10.1039/C7CP03442C
https://doi.org/10.1002/1096-987X(20010130)22:2%3c178::AID-JCC5%3e3.0.CO;2-#
https://doi.org/10.1002/1096-987X(20010130)22:2%3c178::AID-JCC5%3e3.0.CO;2-#
https://doi.org/10.1016/j.tca.2011.03.034
https://doi.org/10.1016/j.tca.2011.03.034
https://doi.org/10.1016/j.cpc.2022.108416
https://doi.org/10.1007/s10973-020-09775-9
https://doi.org/10.1007/s10973-020-09775-9
https://doi.org/10.1016/j.ccr.2020.213764
https://doi.org/10.1016/j.ccr.2020.213764
https://doi.org/10.1039/C9NJ00141G
https://doi.org/10.1039/C9NJ04173G
https://doi.org/10.1039/C9NJ04173G
https://doi.org/10.1021/jp110895z
https://doi.org/10.1021/jp110895z
https://doi.org/10.1021/jp062746a
https://doi.org/10.1016/S0009-2614(00)00063-4
https://doi.org/10.1002/anie.199420241
https://doi.org/10.1039/D0NJ00595A
https://doi.org/10.1039/D0NJ00595A
https://doi.org/10.1002/ejic.202200458

	Isoconversional analysis of thermally stimulated events on pillared cyanometallates
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Electronic and crystal structures of the FePyNP and FePyTCN
	Thermal evolution of FePyNP and FePyTCN materials
	Analysis of pyridine evolution by isoconversional methods
	Analysis of spin crossover by isoconversional methods
	Calorimetric experiment with FePyTCN
	SQUID magnetometric experiments with FePyNP

	Conclusions
	Acknowledgements 
	References




