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ABSTRACT: Integration of the ON−OFF cooperative spin crossover 
(SCO) properties of FeII coordination polymers as components of 
electronic and/or spintronic devices is currently an area of great interest 
for potential applications. This requires the selection and growth of thin 
films of the appropriate material onto selected substrates. In this context, 
two new series of cooperative SCO two-dimensional FeII coordination 
polymers of the Hofmann-type formulated {FeII(Pym)2[MII(CN)4]·xH2O}n 
and {FeII(Isoq)2[MII(CN)4]}n (Pym = pyrimidine, Isoq = isoquinoline; MII 

= Ni, Pd, Pt) have been synthesized, characterized, and the corresponding 
Pt derivatives selected for fabrication of thin films by liquid-phase epitaxy 
(LPE). At ambient pressure, variable-temperature single-crystal X-ray 
diffraction, magnetic, and calorimetric studies of the Pt and Pd 
microcrystalline materials of both series display strong cooperative thermal 
induced SCO properties. In contrast, this property is only observed for higher pressures in the Ni derivatives. The SCO behavior of 
the {FeII(L)2[PtII(CN)4]}n thin films (L = Pym, Isoq) were monitored by magnetization measurements in a SQUID magnetometer 
and compared with the homologous samples of the previously reported isostructural {FeII(Py)2[PtII(CN)4]}n (Py = pyridine). 
Application of the theory of regular solutions to the SCO of the three derivatives allowed us to evaluate the effect on the 
characteristic SCO temperatures and the hysteresis, as well as the associated thermodynamic parameters when moving from 
microcrystalline bulk solids to nanometric thin films. 
KEYWORDS: spin crossover, Hofmann-type clathrates, coordination polymers, thin films, size-reduction effect, epitaxial growth 
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■ INTRODUCTION 
Switchable molecular materials have always attracted much 
attention since they are the origin of relevant physicochemical 
phenomena, but also because they are interesting platforms to 
explore potential applications in the areas of sensing, 
information storage, molecular actuators, and molecular 
electronic, and/or spintronic devices.1,2 

Iron(II) SCO complexes are an important class of switchable 
molecular materials, which reversibly change between the 
paramagnetic (S = 2) high-spin (HS) and the diamagnetic (S 
= 0) low-spin (LS) electronic states.3−9 The spin-state switch 
can be induced in a controlled mode through external 
perturbations such as temperature, pressure, light irradiation, 
or the inclusion of guest molecules. Moreover, the LS↔HS 
transitions can be easily detected following the inherent 
variation of several physical parameters such as dielectric 
constant,10,11 magnetic moment,6 structure,12,13 and color/ 
refractive index.14,15 Hence, due to the reversible, controllable, 
and detectable characteristics of SCO, the introduction of this 

 
switchable property into chemical systems is presented as an 
outstanding opportunity for developing new smart materi- 
als.16−18 In this conceptual framework, the design and synthesis 
of Hofmann-type two- and three-dimensional (2−3D) coordi- 
nation polymers containing SCO-active FeII centers (FeII− 
HCPs) has motivated considerable research in the last two 
decades, thereby affording relevant examples of synergy between 
host−guest chemistry and SCO behavior.5,19,20 

Of particular interest are the FeII−HCPs formulated 
{FeII(L)x[MII(CN)4]} where L is a bridging ditopic axial ligand 
(x = 1) or a terminal monotopic axial ligand (x = 2) and MII = Pt, 
Pd, or Ni.19 The FeII ions are equatorially connected through the 
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square-planar  [M(CN)4]2−  anions  yielding  infinite 
{FeII[MII(CN)4}∞ 2D layers, which are linked either by 
coordination bonds through a bridging axial ligand or via π−π 
intermolecular interactions between interdigitated terminal axial 
ligands thus affording 2D or 3D FeII−HCPs, respectively. 
Interestingly, these materials are amenable to being processed as 
thin films, opening the door to manufacture them as essential 
components of micro and nanosized SCO devices.21 A highly 
explored thin film growing technique is LPE, which is a 
particular case of the layer-by-layer (LbL) method.22−26 This 
process consists in successive immersions of a previously 
functionalized substrate into diluted solutions containing the 
precursors of the desired compound. This method was first 
validated for processing 3D FeII−HCPs which, excluding one 
case,27 require very low temperatures (−60 °C) for achieving a 

(XPS), and atomic force microscopy (AFM). Our study 
confirms the adequacy of the SQUID magnetometer measure- 
ments to assess the SCO in thin films above a threshold 
thickness value as previously proved for FePyPt. Indeed, the 
magnetic measurements unveil that, although the growth 
mechanism may depend on the axial ligand, overall, the single 
crystal to thin film transition provokes a drastic impact on the 
SCO properties. 

RESULTS 
Synthesis. Single crystals of FeLM·xH2O [LM = PymPt (x = 

0, 0.5, 1), PymPd (x = 0, 1), PymNi (x = 0), IsoqPt (x = 0), 
IsoqPd (x = 0), and IsoqNi (x = 0)] were obtained by slow 
diffusion of two aqueous solutions containing a mixture of FeII/ 
Pym or FeII/Isoq (1:2.5) and K [MII(CN) ] (MII = PtII PdII or 

2 4 
regular epitaxial growth. Then, thin film fabrication was 
extended to 2D systems which were proved to be successfully 
grown at room temperature. This was demonstrated by 
Kitagawa and co-workers for ultrathin films (16 nm thick) of 
the 2D−FeII−HCPs system {FeII(Py)2[PtII(CN)4]} (Py = 
pyridine, FePyPt) which, contrary to powder samples, display 
structural gate-opening accompanying the uptake of analytes.28 
More recently, an exhaustive characterization of the SCO 
property and its evolution with thickness reduction of ultrathin 
films of this compound was reported by us.29 By using 
synchrotron X-ray absorption spectroscopy (XAS) studies we 
showed that films of FePyPt display SCO bahaviors similar to 
that of the microcrystalline sample above 15 layers. However, 
downsizing below this critical value resulted in a reduction of the 
cooperativity and completeness of the spin transition. Following 
the same bottom up approach we have recently reported the 
preparation and characterization of ultrathin films of two new 
2D−FeII−HCPs formulated as {Fe(L)2[Pt(CN)4]} [(L = 
pymidine (Pym, FePymPt) and isoquinoline (Isoq, FeIsoqPt)] 
(Scheme 1). This study was exclusively focused on the impact of 
the axial ligand over the structural flexibility and charge transport 
properties of the films.30 

 

Scheme 1. Pyridine (Py), Pyrimidine (Pym), and 
Isoquinoline (Isoq) Axial Ligands Used for the 2D SCO 
{Fe(Lax)2[M(CN)4]} Coordination Polymers 

NiII) in a 1:1 ratio with respect to FeII (see the Experimental 
Section for more details). The reasonably good yields, ca. 50− 
60%, allowed us to carry out all physical characterizations from 
samples exclusively constituted of single crystals which were 
proved to be of a pure phase when comparing the experimental 
and simulated X-ray diffraction spectra (Supporting Information 
Figure S1). According to the crystallographic data (vide infra), 
Pt and Pd pyrimidine compounds crystallize with ca. one loosely 
attached molecule of water per FeII ion. Indeed, in the open air at 
room temperature FePymM·1H2O (M = Pt, Pd) partially (MII = 
Pt) or totally (MII = Pd) lose the water molecule to give 
FePymPt·0.5H2O or FePymPd. Furthermore, thermal treat- 
ment of FePymPt·0.5H2O (i.e., 400 K during 30 min) affords 
complete dehydration to give FePymPt. However, this sample is 
hygroscopic and, hence, partially readsorbs water from air 
moisture (SI Figure S2). 

SCO Properties. Magnetic Measurements. The thermal 
dependence of the χMT product (χM = molar magnetic 
susceptibility and T is the temperature) for FeLM·xH2O was 
measured in the heating and cooling modes at 2 K min−1 for all 
derivatives. In order to avoid the desorption of the included 
water molecules, FePymPt·1H2O and FePymPd·1H2O were 
measured in their mother liquor. At room temperature, the χMT 
value is ca. 3.40 cm3 K mol−1 for both compounds indicating that 
the FeII centers are essentially in the HS state (Figure 1a, b). This 
value remains almost constant upon cooling down to 202 K/212 
K for Pt/Pd derivatives and below this temperature χMT 
abruptly drops reaching a value of 0.5 (Pt) and 0.4 (Pd) cm3 K 
mol−1 at 160 K. This behavior is associated with a reversible 
strong cooperative and almost complete thermal spin transition 
with T  av = (T ↓+T ↑)/2 = 221 (Pt) and 223 (Pd) K (being 

1/2 1/2 1/2 
T1/2 the temperature at which ΔGHL = 0 when the HS and LS 
molar fractions of interconverted species are 0.5 and T1/2

↓/T ↑ 
1/2 

corresponding to the T1/2 values derived from the cooling/ 
warming modes). The hysteresis loops (ΔT1/2 = T ↓ 

1/2 
↑ 

1/2 
 

 

Here, we focus on the structure and SCO characterization of 
two new series of FeII−HCPs {FeII(Pym)2[MII(CN)4]}·xH2O 
[MII = Pt and x = 0 (FePymPt), 0.5 (FePymPt·0.5H2O), 1 
(FePymPt·1H2O); MII = Pd and x = 0 (FePymPd), 1 
(FePymPd·1H2O); MII = Ni and x = 0 (FePymNi)] and 
{FeII(Isoq)2[MII(CN)4]}  [MII=  Pt(FeIsoqPt),  MII  =  Pd- 
(FeIsoqPd) and MII = Ni(FeIsoqNi)] which were studied by 
single crystal X-ray diffraction, thermal-dependent magnetic 
susceptibility, and calorimetric measurements. Furthermore, 
thin films based on the tetracyanoplatinate counterparts of both 

are 41 (Pt) and 26 (Pd) K wide (see SI Table S1). 
As mentioned above, crystals of FePymPt·1H2O lose ca. half 

molecule of water at room temperature to afford FePymPt· 
0.5H2O. This induces a narrowing of the hysteresis by 13 K 
(ΔT1/2 = 28.5 K), mainly affecting the cooling branch of the 
hysteresis, which moves from T1/2

↓ = 200 to 213 K, while the 
heating branch remains virtually unchanged (T1/2

↑ = 241.5 K). 
Then, according to the thermal analysis, this hemihydrate 
derivative was desolvated in situ in the SQUID magnetometer at 
400 K for 30 min. The resulting FePymPt compound shows a 
cooperative spin transition centered at slightly higher temper- 

systems were elaborated, and characterized by grazing incidence atures (T av = 237 K, ΔT 1/2 = 20.5 K) than those of the 
X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy hemihydrate species. In contrast, desolvated compound 

 
 

− 
 

) 
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Figure 1. χMT vs T plots for: (a) FePymPt·xH2O [x = 1 (blue), 0.5 (green) and 0 (red)]; (b) FePymPd·xH2O [x = 1 (blue) and 0 (red)]; (c) FeIsoqM 
[M = Pd (red), Pt (blue)]. 

FePymPd, obtained from the spontaneous water desorption of 
FePymPd·1H2O at room temperature, shows a cooperative 
SCO slightly shifted toward lower temperatures (with respect to 
the homologous solvate derivative) centered at T av = 206 K 
with ΔT1/2 = 15.4 K. 

FeII compound with the low temperature region featuring the 
depopulation of the Ms microstates due to zero-field splitting of 
the S = 2 state. At 0.34 GPa, the compound clearly shows an 
almost complete cooperative SCO characterized by a thermal 
hysteresis, ΔT1/2, 21 K wide, despite this fact, the HS↔LS 

The SCO behavior of FeIsoqM (M = Pt, Pd) is similar to that change is not very abrupt. The corresponding cooling and 
found for the desolvated Pym derivatives but much more heating equilibrium temperatures are T ↓ = 144 K and T ↑ 

1/2 cooperative with average T and ΔT equal to 178 and 36 K 165 K (T av = 154.5 K). The SCO becomes practically 
1/2 1/2 1/2 

↓ for FeIsoqPt and 164 and 39 K for FeIsoqPd (Figure 1c). Given that the FePymNi and FeIsoqNi derivatives remain in 
complete at 0.5 and 0.74 GPa characterized by [T1/2 = 176 K, T  ↑ = 198 K and ΔT = 22K (T  av = 187 K)] and [T  ↓ = 

1/2 5 ↑ 
1/2 1/2 1/2 av 

HS at 10 Pa for the studied temperature range (2−300 K), we 213.5 K, T1/2 = 237.0 K and ΔT1/2 = 23.5 K (T1/2 = 225 K)], 
have investigated their magnetic behavior at higher pressures 
(see SI Table S1). For FePymNi, magnetic measurements were 
carried out at 105 Pa, 0.34, 0.50, and 0.74 GPa (Figure 2 up). At 
105 Pa the thermal dependence of χMT is characteristic of a HS 

 

 

 
Figure 2. χMT vs T plots for FePymNi (up) and FeIsoqNi (down) at 
indicated pressures. 

respectively. For FeIsoqNi, the thermal dependence of χMT was 
investigated at 105 Pa, 0.18, 0.35, and 0.54 GPa (Figure 2 down). 
At 0.18 GPa the magnetic curve slightly deviates from the pure 
paramagnetic behavior denoting an incipient SCO behavior 
which is patent at 0.35 GPa. However, although cooperative, at 
this pressure it is rather incomplete with ca. 40% of 
transformation to the LS state and an estimated T1/2 ≈ 130 K. 
An additional 20% of conversion was observed at 0.54 GPa with 
T1/2 ≈ 154 K. 

The pressure dependence of T1/2 follows the Clapeyron 
relationship (T1/2(P)= T1/2 + P(ΔV/ΔS) with a slope equal to 
179 K/GPa for FePymNi (SI Figure S3). For FeIsoqNi, even if 
there are only two points, the 163 K/GPa slope is also in the 
range observed for SCO complexes with linear dependence of 
T1/2(p) versus p.31 

For both compounds, complete relaxation of pressure 
afforded the same paramagnetic behavior, indicating the 
complete reversibility of the measurements. 

Calorimetric Measurements. Differential scanning calo- 
rimetry (DSC) measurements were performed in the heating 
and cooling modes to evaluate the SCO behavior of samples 
FePymPt·0.5H2O, FePymPd, FeIsoqPt, and FeIsoqPd. The 
resulting ΔCp versus T plots are depicted in SI Figure S4 
together with the magnetic curves for comparison. Exothermic 
and endothermic anomalies were detected in the respective 
cooling and heating modes for all compounds and were 
associated to the corresponding SCO processes. The maxima/ 
minima of these anomalies are placed at 211/234 K, 201/211 K, 
and 165/196 K, 147/187 K for FePymPt·0.5H2O, FePymPd, 
FeIsoqPt, and FeIsoqPd, respectively, in quite good agreement 
with that observed with the magnetic measurements. The 
calculated enthalpy (ΔH) and entropy (ΔS) average variations 
related to the spin transitions are ΔHav = 16.5 (FePymPt· 
0.5H2O), 14.6 (FePymPd), 10 (FeIsoqPt), and 11.2 (FeI- 
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soqPd) kJ·mol−1; ΔSav = 74 (FePymPt·0.5H2O), 70.8 
(FePymPd), 55.1 (FeIsoqPt), and 60.5 (FeIsoqPd) J·K−1· 
mol−1. These values are in the range of those expected for spin 
transitions in cyanide bridged FeII compounds.19 

Structural Analysis. Single crystal X-ray diffraction 
measurements were performed for the LS/HS configurations 
of FePymPt·0.5H2O (180/260 K), FePymPd·1H2O (120/250 
K), FeIsoqPt and FeIsoqPd (120/220 K). The structure of the 
FePymNi and FeIsoqNi derivatives were determined at 120 and 
100 K, respectively. Relevant crystallographic parameters are 
gathered in SI Tables S2 and S3. 

Structure of FePymPt·0.5H2O and FePymPd·1H2O. At 180/ 
120 K, the isostructural crystals of FePymPt·0.5H2O/FePymPd· 
1H2O are dark red and present the orthorhombic Cmmm space 
group. Representative bond lengths and angles are collected in 
SI Table S4. The structure consists of a crystallographically 
unique FeII center featuring a [FeIIN6] octahedral site whose 
axial positions are coordinated by two equivalent Pym rings. 
These act as terminal monotopic ligands while the equatorial 
positions are filled with four cyanide groups belonging to four 
equivalent [M(CN)4]2− anions (Figure 3a). The average Fe−N 

 
 

Figure 3. (a) Perspective view of a representative fragment displaying 
the FeII environment of complex FePymM·xH2O (M = Pt (x = 0.5) and 
Pd(x = 1)), N6, and C2 atoms are related by symmetry and have 0.5 
occupancy factor. (b) Packing of three equivalent layers highlighted in 
pink and blue. Red spheres represent the adsorbed water molecules. 

 

 
distances of 1.955/1.961 Å (Pt/Pd) are consistent with a FeII ion 
in the LS configuration, in good agreement with the magnetic 
data. At 260/250 K the crystals maintain the same space group 
but the color changes to pale-yellow indicating a switch to the 
HS state. This is confirmed by the average Fe−N bond length of 
2.164/2.155 Å (Pt/Pd), ca. 0.2 Å larger than observed for the LS 
state thereby making the distortion of the elongated HS 
octahedrons more noticeable. In both states and for symmetry 
reasons, static disorder was modeled in two equivalent positions 
with 0.5 occupancy for the noncoordinated nitrogen atom and 
shared carbon atoms of Pym. 

The octahedrons are interconnected through the four arms of 
the square planar [M(CN)4]2− anions defining strictly planar 
{Fe(Pym)2[M(CN)4]}∞ layers, which extend parallel to the a-c 
plane with the Pym ligands lying in the b-c plane and protruding 
along b. There, the layers stack in such a way that the Pym 
ligands of one layer point just to the middle of the 
{Fe2[M(CN)4]2} square windows of the two adjacent layers. 
The interlayer separation is around 7.35 and 7.56 Å in the LS 
and HS state, respectively. The interdigitated Pym ligands 
display weak π···π intermolecular interactions with centroid-to- 
centroid distances in the 3.73−3.61 Å interval (Figure 3b). 

Interstitial electronic density was observed and assigned to the 
presence of ca. 0.5 (for FePymPt·0.5H2O) and 1 (for FePymPd· 
1H2O) molecules of water per FeII ion. These water molecules 
are located within the channels along the a axis (Figure 3b) and 
interact with the non-coordinated nitrogen atom of the 
pyrimidine ligand defining H-bonds ranging in the interval 
2.835(6)-3.004(6) Å (SI Figure S5). Indeed, the thermal 
dependence of the unit cell volume agrees reasonably well with 
the SCO obtained from the magnetic behavior of FePymPt· 
0.5H2O and FePymPd·1H2O (see SI Figure S6). Hence, the 
observed modifications of the magnetic curves associated to the 
desorption of the water molecules (see magnetic measurements 
section) reflect the interplay between the SCO and the host− 
guest interactions displayed by these clathrates. Unfortunately, 
the loss of crystallinity upon complete desorption of water 
prevented us to determine the crystal structures of FePymPt and 
FePymPd. However, the resemblance of the powder X-ray 
diffraction patterns corresponding to the solvated and 
unsolvated counterparts (SI Figure S7) exclude the occurrence 
of important structural changes associated to the solvent 
desorption. 

Structure of FePymNi. The FePymNi yellow crystals belong 
to the orthorhombic Pnma space group at 120 K. Although the 
coordination environment of FeII is similar to that described for 
the Pt/Pd derivatives, there are notable structural differences in 
the NiII complex (Figure 4): (i) the axial pyrimidine ligands are 

 
 

Figure 4. (a) Perspective view of a representative fragment displaying 
the FeII environment of FePymNi and (b) its three-dimensional 
framework with sqp topology. 

 

 
not crystallographically equivalent, one acts as monotopic ligand 
while the other acts as ditopic ligand; (ii) the coordination 
environment of NiII is not a [NiC4] square planar anymore but 
[NiC4N] square pyramidal due to the elongated axial 
coordination of the NiII center by the N4 atom of the ditopic 
Pym; (iii) as a consequence, the 2D {Fe[Ni(CN)4]}∞ layers are 
strongly corrugated defining an angle of 147.82° between the 
equatorial plane [Fe(Neq)4] and the average [NiC4] plane. The 
interaction between layers defines a 3D five connected network 
with distorted sqp topology (SI Figure S8).32,33 The average 
Fe−N bond length (2.165 Å) indicates a HS configuration 
consistent with the magnetic observations. The axial NiII−N4 
bond length is 2.399(3) Å while the equatorial bond lengths Ni− 
C9 and Ni−C10 are 1.863(3) and 1.870(3), respectively. 

Structure of FeIsoqM (M = Pt, Pd, Ni). Compounds FeIsoqM 
(M = Ni, Pd, Pt) have been found to be isostructural. All of them 
display the triclinic P-1 space group regardless of the spin state 
(Figure 5a, b). Representative bond lengths and angles are 
collected in SI Table S5. At 120 K, crystals of FeIsoqPt and 

 
 

 
 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05733?fig=fig3&ref=pdf�
https://pubs.acs.org/doi/10.1021/acsami.0c05733?fig=fig4&ref=pdf�


   

  

 

 

 

 

Figure 5. (a) View of the FeII environment of complex FeIsoqM (MII = 
Pt, Pd, Ni). (b) Packing of three successive 2D layers highlighted in 
pink and blue. 

 

 
FeIsoqPd are dark red (LS), whereas those of FeIsoqNi are pale 
yellow (HS), thus reflecting the spin state of the FeII center. 
Accordingly, the average Fe−N bond length are 1.967 (Pt), 
1.961 (Pd), and 2.174 (Ni) Å, in good agreement with the χMT 
value at the same temperature. The structure, constituted of 
{Fe(Isoq)2[M(CN)4]}∞ layers stacked along the [001] 

direction (see Figure 5b), is in general terms similar to that of 
FePymM·xH2O (M = Pt, Pd). In the LS state, the layers are 
practically planar with a separation between consecutive layers 
of 9.439 Å for M = Pt and 9.416 Å for M = Pd. The protruding 
Isoq ligands of adjacent layers interdigitate defining weak π···π 
intermolecular contacts with an average separation of 3.68(2) Å 
(Pt, Pd). 

At 220 K, FeIsoqPt and FeIsoqPd become pale yellow and the 
average Fe−N bond length increases by 0.209 (Pt) and 0.215 
(Pd) denoting a complete LS-to-HS transformation. Concern- 
ing the π···π contacts, the average distance between Isoq ligands 
display a more moderate increase by ca. 0.1 Å. For the three Isoq 
derivatives, the layers are notably corrugated in the HS state. 
Indeed the angle defined between the equatorial [FeN4]eq and 
[M(CN)4]2− planes deviates 25−29°. This deviation is only 9− 
10° in the LS state for the Pt and Pd derivatives. This change of 
layer corrugation upon spin state switch influences the tilt angle 
of the axial Isoq ligands which changes from 15−16.5° in the HS 
state to ca. 6° in the LS state with respect to the normal direction 
of the (a,b) plane which contains the Fe and Pt centers (see SI 
Figure S8). Although to a very small extent, this fact also slightly 
influences the separation between the layers, being ca. 0.1 Å 
smaller in the HS state. A direct consequence is that the relative 

 
 

 

 

Figure 6. Characterization of FeLPt thin films (L = Pym, Isoq). Out-of-plane GIXRD diffractograms of L = Pym (a) and Isoq (b) thin films together 
with their respective simulated profiles. Gray panels highlight the most intense diffraction lines. High-resolution XPS spectra of the Fe 2p and Pt 4f 
regions for Pym (c), and Isoq (d) thin films. 10×10 and 1 × 1 μm2 AFM topography images of L = Pym (e) and Isoq (f) thin films. 
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Figure 7. SCO properties of the thin films represented as the thermal dependence of the magnetization (top) and the product χMT vs T (down), being 
χ the magnetic susceptibility for the whole mass contained in the film and T temperature. Solid red lines correspond to the simulated magnetic 
behaviors. 

 

change of the unit cell volume upon SCO, ΔVSCO/VHS = 5.12%, 
is markedly smaller than observed for the Pym derivatives 
(10.12%). 

Epitaxial Growth of SCO Thin Films. Thin films of 
FePymPt and FeIsoqPt were synthesized using the LPE method 
following our previous work.29,30 The LPE procedure entails the 
sequential assembly of the precursors in solution, that is, FeII, 
[Pt(CN)4]2− and L (L = Pym or Isoq), onto a Au substrate 
previously functionalized with a 4-mercaptopyridine (py-SH) 
self-assembled monolayer (SAM). This SAM guides the film 
growth either by coordination to FeII or by π···π interactions 
with adjacent axial ligands (see more details in the Experimental 
Section). As previously demonstrated for thin films of FePyPt,29 
the SCO transition is only detectable through SQUID 
magnetometry for thicknesses above 40 nm (∼60 LPE cycles). 
Hence, in this work we have tried to maximize the signal-to- 
noise ratio by fabricating 90-cycles films. The analysis of the 
AFM scratching measurements reveals thicknesses of 65.7 ± 6.3 
nm and 100.7 ± 8.9 nm for thin films of FePymPt and FeIsoqPt, 
respectively. This is in good agreement with that expected for an 
axial LbL growth taking into account the c parameter of the unit 
cell (SI Figure S10). The structural characteristics of the films 
were studied by GIXRD. Comparison between the experimental 
and simulated out-of-plane diffractograms (Figure 6a, b) unveils 
that the films display the same structure than that of the 
corresponding single crystals with the metal-cyanide layers 
oriented parallel to the Au substrate. Thus, our experiments 
confirm the crystallinity and preferential orientation of the films 
as consistent with our previous work for ultrathin films.30 Next, 
the chemical nature of the thin films was also analyzed with XPS 
measurements. First, the spectra of both films show the 
constitutive elements of FePymPt and FeIsoqPt (SI Figure 
S11). Furthermore, as observed in Figure 6c and d, the high- 
resolution spectra of the Fe 2p and Pt 4f regions of the films and 
bulk samples obtained for the FePymPt and FeIsoqPt based 

systems are in very good agreement and consistent with the 
corresponding N 1s and C 1s spectra (SI Figure S12). Besides, 
Fe/Pt ratio values for thin films of Pym and Isoq, calculated from 
peak area integration, 1.3 and 1.1, respectively, are very close to 
the theoretical value of 1 and very similar to the bulk ratios (1.2 
and 1.1, respectively). All these observations suggest a high 
chemical purity of the deposited thin films. Finally, the films’ 
surface topology was analyzed by AFM. Figure 6e and f display 
representative images of 10 × 10 and 1 × 1 μm2 areas of the 
FePymPt and FeIsoqPt films, respectively. The calculated RMS 
roughness values are 7.2 ± 1.3 nm and 7.4 ± 1.1 nm, showing a 
high homogeneity of the obtained films across micrometric-scale 
areas. 

SCO Properties of Thin Films. The thermal evolution of 
the SCO properties was monitored through SQUID magneto- 
metry for 90-cycles thin films of FePymPt and FeIsoqPt, which 
were grown onto diamagnetic Mylar/Ti/Au (15 nm) substrates. 
For comparative reasons, we will also include the 60-cycles thin 
films of the homologous FePyPt derivative whose raw magnetic 
properties were previously reported.29 In order to get significant 
signal-to-noise ratios, several identically prepared square thin 
film pieces of ca. 0.5 cm2 were measured simultaneously for the 
three compounds applying a magnetic field of 0.1 T. The 
thermal dependence of the raw magnetization (M) was 
characterized by a dominant diamagnetic signal mainly 
belonging to the substrate. However, the signature of the SCO 
behavior was clearly detected by the presence of a characteristic 
deflection in the M vs T plot, thereby denoting the spin state 
change of the deposited film. Aiming at estimating the relevant 
parameters of the SCO, the experimental magnetization 
corrected from the diamagnetic component of the substrate 
was simulated (Msim) using eq 1: 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
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Åj HS M z ij H·m yz Ñ 43 44 Msim = Åj z·j z + CÑ (3NH2py), 4-(1H-pyrazol-3-yl)pyridine (Hppy), 2-substi- 
Åj ÅÇk z k Mw { ÑÑ

Ñ 
(1) tuted pyrazines,45,46 5-bromopyrimidine (5BrPym),47 pyrida- 

where γHS is the thermal dependence of the HS molar fraction, 
(χMT)HS is the χMT value of the compound in the HS state, T is 
the temperature, H is the applied magnetic field, m and Mw are 
the mass of material deposited on the substrate and its molecular 
weight, respectively, and C is a correction factor. The values of T 
and γHS are related through the Slichter−Drickamer mean-field 
model as follows:34−36 

zine   (pdz),48   and   phthalazine   (Phth).49 
From a structural point of view, FePymM·xH2O (M = Pd, Pt) 

are isostructural to their FePyM (M = Ni, Pd, Pt) homologues 
and share essential structural features with the other members of 
the {FeII(L)2[MII(CN)4]}n family mentioned above. In contrast, 
the strongly corrugated {Fe[Ni(CN)4]}n layers in FePymNi 
favors the axial coordination of the Ni atom by the “free” N atom 
of one interdigitated Pym axial ligand belonging to the adjacent 

T1/2·ΔS + Γ·(1 + γ R − 2γ ) layer, thereby changing its coordination geometry from square 
T = ÄÅ HS ÉÑ 

HS planar to square based pyramid thus affording a 3D coordination 
Δ  + R· Å 1 − γHS Ñ 

ÅÅÇ γHS − γHS ÑÑÖ (2) 
polymer. 

At variance with FePyM (M = Ni, Pd, Pt) and despite the 
where T1/2 is the characteristic temperature at which γHS = γLS = 
0.5 (i.e., where the Gibbs free energy is zero), ΔS is the entropy 
variation, Γ the parameter accounting for cooperativity, γR is an 

efficient packing of the layers, the presence of the “free” N atom 
in the FePymM·xH2O (M = Pd, Pt) derivatives facilitates the 
inclusion of a labile H2O molecule, which is stabilized through 

inconvertible γ HS 
HS fraction and R the universal constant of gases. hydrogen bonding. Although the anhydrous FeIsoqM (M = Ni, 

The experimental and simulated thermal dependence of M and 
χMT product for FePyPt, FePymPt, and FeIsoqPt are shown in 
Figure 7. The inferred thermodynamic parameters, gathered in 
Table 1, are consistent with those obtained for similar 

 

Table 1. Thermodynamic Parameters Obtained from 
Simulation of the Experimental M vs T curves for FePyPt, 
FePymPt, and FeIsoqPt 

 
ΔS J/ ΔH = T avΔS Γ 1/2 T  avK Kmol kJ/mol kJ/mol γR 

1/2 HS 

FePyPt 199 80 15.92 5.8 0.30 
FePymPt 188 77 14.47 6.0 0.57−0.53 
FeIsoqPt 129 54 6.97 1.1 0.61 

cooperative SCO transitions in FeII−HCPs.19 It is worthwhile 
mentioning that, for FePyPt, the value of γR perfectly agrees 
with that previously reported from analysis of the thermal 
dependence of XAS spectra for the same thin film sample.29 This 
fact, together with the satisfactory agreement between 
experimental and calculated data for FePyPt, validates the 
analysis of the SCO properties for the homologous FePymPt 

Pd, Pt) series crystallize in a different space group, they display 
the same packing of layers as the pyridine (M = Ni, Pd, Pt) and 
pyrimidine (M = Pd, Pt) analogues. As most compounds of the 
{FeII(L)2[MII(CN)4]}n family, the FePymM·xH2O [M = Pd (x 
= 0, 1), Pt (x = 0, 0.5, 1)] and FeIsoqM [M = Pd, Pt] derivatives 
display complete one-step abrupt cooperative thermal-induced 
spin transitions at ambient pressure. In contrast, the 
corresponding NiII (x = 0) derivatives remain in HS in the 
measured temperature range at ambient pressure. However, 
they show cooperative hysteretic SCO behavior at higher 
pressures. The lack of SCO in FePymNi at room pressure 
contrasts with the homologous FePdzNi·H2O (pdz = 
pyridazine) compound whose layers are planar and shows a 
hysteretic SCO centered at 224 K.48 Clearly, the strong 
corrugation and, especially, the uncommon axial coordination 
of the Ni atom strongly coupling the layers most probably 
generate important elastic frustration in FePymNi. 

Compounds FePymM·xH2O [M = Pd (x = 1), Pt (x = 1, 0.5)] 
are strictly isomorphous and differences in their SCO properties 
are marginal, particularly if we compare the Pd (x = 1) and Pt (x 
= 0.5) derivatives. The most significant difference between the 
Pd (x = 1) and Pt (x = 1) derivatives occurs in the T  ↓ value 

and FeIsoqPt thin films. However, the asymmetric shape of the 
FePymPt SCO behavior generates some discrepancy between 

(cooling branch), which is 10 K smaller for the latter, thus, 
making the corresponding hysteresis wider. Complete dehy- 

the γR values obtained from M vs T (0.53) and χMT vs T (0.57). dration has opposite effects, T1/2av increases from 222 K (x = 1) 
The masses of compound estimated from the magnetic 
measurements are 2.45 × 10−5, 1.19 × 10−4 and 1.85 × 10−4 g 
for FePyPt, FePymPt, and FeIsoqPt, respectively. 

up to 237 K (x = 0) for M = Pt, while it decreases from 223 K (x 
= 1) down to 206 K (x = 0) for M = Pd. In both derivatives, the 
water molecule is loosely attached and desorbs upon gentle 
heating. Consequently, the observed impact of 15−20 K on 

 
Encouraged by the results recently reported on the epitaxial 
growth of FePyPt thin films,29 we decided to investigate new 
closely related compounds derived from the replacement of the 
Py axial ligand by the Pym and Isoq ligands, both as bulk 

results are consistent with those reported for the homologous 
FePdzM·xH2O (M = Pd, Pt), whose hydrated forms (x = 1) 
display rather incomplete SCO behaviors featuring unsym- 
metrical hysteresis loops centered at T  av = 253.5 K (Pd) and 

microcrystalline samples and as nanometric thin films. The 
primary objective was to assess the influence of small axial ligand 
modifications on the thin film growth and their consequences on 
the cooperativity and completeness of the SCO transition. 

The resulting FePymM·xH O and FeIsoqM (M = Ni, Pd, Pt) 

245 K (Pt). Upon dehydration (x = 0) the SCO becomes 
complete and the hysteresis more regular with T1/2av virtually 
being the same for M = Pd but increasing 31 K for M = Pt (276 
K). 

Rationalization of the sign of T  av and ΔT changes in SCO 
2 1/2 1/2 

series here reported join the library of 2D FeII−HCPs 
formulated {FeII(L)2[MII(CN)4]}n with L being the pyridine- 
type ligands Py,37,38 3-fluoro and 3-chloropyridine (3Fpy, 
3Clpy),39 4-phenylpyridine (4Phpy),40 4-tetrathiofulvalenylcar- 
boxamidopyridine (ttf−adpy),41 4-styrylpyridine (stpy) and 4- 

is often a difficult task to accomplish. Although the SCO is in 
origin a molecular phenomenon, its manifestation is modulated 
by solid-state effects derived from the texture of each particular 
material. It is experimentally well established that subtle factors 
such as size of crystallites, crystallinity degree, amorphousness, 
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DISCUSSION av upon complete desorption can be considered small. These 
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1/2 and the molar fraction of inactive HS is also reflected in the smaller values of enthalpy involved and, 
centers. In the present case, during the process of dehydration 
these factors may evolve differently for the Pd and Pt derivatives 
affecting differently the SCO. In this respect, the elastic 
properties of the solid play a pivotal role in the SCO properties 

consequently, in the smaller T1/2 = ΔH/ΔS values. These 
observations agree well with the results recently reported for the 
homologous Pd and Pt phthalazine derivatives.49 Both ligands 
are practically equal in size and consequently the change of unit 

(T  av and ΔT1/2).50 Indeed, the cooperative properties as well cell volume, ΔHav and ΔSav are similar. The most important 
as the variation of the ligand field strength felt by the SCO 
centers due to the positive or negative chemical pressure 
induced by the lattice are directly proportional to the bulk 
modulus, which in turn is directly proportional to the density 
(ρ) of the material (B = ρ[∂ρ /∂p]−1, p is pressure). It is obvious 
that for the isostructural {Fe(L)2[M(CN)4]} series with M = Ni, 
Pd, and Pt, ρ increases when moving from Ni to Pt. For example, 
ρ is ca. 15% larger for FePymPt·0.5H2O than FePymPd·1H2O 
and a similar value is observed for FeIsoqM (M = Pd, Pt). Then, 
it is expected that B would experience a parallel increase 
somehow attenuated by the term [∂ρ/∂p]−1, which for low 
pressures should not differ significantly along the isomorphous 
series, at least for small pressures. Consequently, in absence of 
other dominant factors, the T av values for the {Fe(L) [M- 
(CN)4]} series should increase with B, a fact observed for several 
families of 2D SCO Hofmann clathrates. 

The significantly smaller T1/2av values found for FeIsoqM 
[180.5 K (Pd) and 165.0 K (Pt)] cannot be justified by 
electronic effects since the N-donor atom of Isoq has the same 
basicity as Py and much larger than Pym.51 This observation can 
be correlated with the large variation of the layer’s corrugation, 
and hence of the tilt angle defined by the axial ligands, upon spin 
state change in both Isoq derivatives. In addition, these 
synchronized events are responsible for the very small, but 
significant, observed compaction between layers upon LS↔HS 
transformation. The larger size of the axial Isoq ligand and its 
more extended aromatic nature compared with Pym and related 
pyridine derivatives seem to be the ultimate reasons. In the LS 
state, the Isoq ligands of adjacent layers are strongly interacting 
essentially via π−π forces, although there are also short contacts 
with the C atoms of the CN groups (see SI Figure S13 and SI 
Table S6). In the HS state, some of these contacts disappear with 
the expansion of the unit cell but still remain an important 
number of strong attractive π−π interactions and one relevant 
contact with the CN groups, which seem to be the driving force 
of the strong tilt angle and corrugation changes of the layers 
upon SCO. In contrast, although the LS state of the Pym 
derivatives displays some interlayer contacts, which are weaker 
than those found in the Isoq derivatives, they completely vanish 
in the HS state (SI Table S6). Consequently, the π−π extended 
interactions in FeIsoqM (M = Pd, Pt) act as strong glue between 
the layers in the LS state and persist in the HS state preventing 
the Isoq ligands to adopt a more relaxed position, namely a 
smaller tilt angle. As a result, the Fe−C−N(cyanide) bond angle 
is forced to change from 175.3° in the LS state to 162.8° in the 
HS state, a fact synchronized with the strong increase of 
corrugation in the layers, which are responsible for the decrease 
in the interlayer separation and much smaller ΔVSCO/VHS 
variation with respect to the Pym derivatives (see movie in 
SI). The latter fact is clearly reflected on the relatively small ΔS 
variation (55.1 and 60.5 J·K−1·mol−1 Pt and Pd, respectively) 

difference is found in the degree of corrugation of the layers in 
the LS state which is 53% larger in the phthalazine derivatives. 
Another important difference concerns the number of π−π 
contacts, which is markedly larger in the HS state for the Isoq 
derivatives, thereby justifying their much larger hysteresis loops. 
The LPE method enabled us the elaboration of thin films of 
FePymPt and FeIsoqPt whose chemical identity, epitaxial 

orientation and high crystallinity have been confirmed by XPS 
and GIXRD. Based on our previous experience in trying to 

detect the SCO transition on the films trough SQUID 
measurements for FePyPt, the thickness of the films was fixed 
at 90 deposited layers. According to the crystal parameters and 
in good agreement with the AFM measurements, this 

corresponds to a thickness of ca. 60 and 100 nm for 90 layers 
of both FePymPt and FeIsoqPt, respectively. The thermal 
dependence of the magnetization confirmed the occurrence of 
SCO behavior for both derivatives. In an effort to extract 
quantitative SCO information from the 90-cycles FePymPt and 
FeIsoqPt and 60-cycles FePyPt thin films, simulation of the M vs 

T curves (corrected from the substrate signal) allowed to get 
reasonable χMT vs T curves and thermodynamic parameters. 
The results show obvious effects on the SCO properties when 
moving from bulk single crystals to thin film samples. For 
example, the amount of FeII centers that become SCO inactive 
and remain in HS at low temperatures (γR ) increases 
progressively from FePyPt (30%), to FePymPt (55%) and 
FeIsoqPt (61%). Simultaneously, T1/2av decreases by 38, 49, and 
36 K for Py, Pym and Isoq derivatives respectively, while the 
corresponding hysteresis width displays a disparate evolution, 
decreasing ca. 18 K, from 44 to 26 K for FePyPt, increasing 9 K 
from 18 to 27 K for FePymPt and decreasing ca. 38 K, practically 
disappearing for FeIsoqPt. The increase of γR together with the 
decrease in T1/2 are effects usually observed when downsizing 
the thickness of films or the dimensions of nanocrystals.54−58 In 
nanocrystals, the rapid increase of the surface/volume ratio with 
size decrease is the source of a great number of defects, 
essentially, at the periphery where the FeII centers usually 
complete the axial coordination with a terminal molecule of 
solvent, thereby drastically decreasing the ligand field strength 
and increasing γR . The growth of thin films using the LbL 
method is subjected of considerable “mosaicity” as it was shown 
for FePyPt,29 in strong contrast with the ideal image of a 
homogeneous surface that this method may intuitively transmit. 
Indeed, for FePyPt, below a threshold of ca. 15-cycles the layer’s 

mosaicity consists of evenly distributed “stalagmitic-like” 
independent nanorods (ca. 26 nm wide). This imprints a 

discontinuous character to the film, it is the source of defects and 
is responsible for the exponential increase of γR as the number 
of growth cycles decreases. However, above this threshold, 
coalescence of the nanorods affords more compact homoge- neous films characterized by a value of γR ≈ 0.3 which remains 

with respect to the Pym homologous (74.0 and 70.8 J·K−1·mol−1 
Pd and Pt, respectively). It is worth mentioning that the major 
contribution to ΔS comes from the change of frequency of 
molecular and crystal phonon modes which are strongly 

practically constant according to XAS 
HS 

19 

The present analysis of the thermal dependence of magnet- 
ization for 60 cycles films of FePyPt perfectly agrees with the HS 
fraction mentioned above. This γR value is behind a decrease in 

dependent on the unit cell change upon SCO.52,53 Obviously, HS cooperativity of ca. 14.7% from Γ −1 γR ≈ 0.03) for 
= 6.8 kJ mol ( HS 

all the structural reorganization observed in the Isoq derivatives the bulk microcrystalline sample (see SI Figure S14) to 5.8 kJ 

, ΔT 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_002.mov
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05733/suppl_file/am0c05733_si_001.pdf
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mol−1 as estimated for the films. The same analysis shows that 
γR  is markedly larger for the films FePymPt (≈ 0.55) and 

and used as received without further purification. Anhydrous ethanol 
(99.5%) was purchased from Acros Organics. Other solvents (HPLC- HS grade) were purchased from Scharlab S.L. (TBA) Pt(CN) was 

FeIsoqPt (≈ 0.6) suggesting that an optimal degree of 
coalescence is attained for a much larger number of layers, 
thus increasing the level of defects in the film. Indeed, for the 
Isoq derivative the effects on cooperativity are dramatic since the 
hysteresis loop practically disappears; Γ decreases in about 78% 
from 5.0 kJ mol−1 (bulk sample, see SI Figure S14) to 1.1 kJ 
mol−1 (thin film). In spite of having a close γR value, the films of 
FePymPt display a relatively wide hysteresis loop, which is rather 
asymmetric. The simulation of the experimental data gives a 
value of Γ ≈ 6.0 kJ mol−1, which is just only ca. 5% smaller than 
the one calculated for the SCO of the bulk crystalline material (Γ 
≈ 6.3 kJ mol−1 see SI Figure S14). This value is clearly 
overestimated and should be seen as the largest Γ value observed 
in the films. Asymmetric hysteresis loops are generally associated 
with a vast distribution of crystallite sizes spreading from micro 

2 4 
synthesized following a literature procedure.61 The synthesis of the 
corresponding complexes was carried out as follows: 

Synthesis of FePymM·xH2O; M = Ni (x = 0), Pd (x = 1) and Pt (x = 
1). Single crystals were obtained through slow liquid-to-liquid diffusion 
methods using a 10 mL-total volume H-shaped tube. One arm of the 
tube was filled with 1 mL of a solution containing a mixture of 28 mg of 
Fe(BF4)2·6H2O (0.1 mmol) and 20 mg (0.25 mmol) of pyrimidinein 2 
mL of water whereas the other one was filled with an aqueous solution 
(1.5 mL) of 43/37/24 mg (0.1 mmol) of K2[M(CN)4] (M = PtII/PdII/ 
NiII). The rest of the tube was carefully filled with a methanol:water 
(1:1) solution, closed with parafilm and left to stand at room 
temperature. Light yellow cubic single crystals of FePymPt·H2O and 
FePymPd·H2O were obtained after 2 weeks and the dehydrated 
counterparts obtained by treating the samples at 400 K during (yield 
∼55%). Besides, FePymNi crystallizes as dark yellow cubic plates 
within 3−4 weeks (yield ∼60%). Elemental Analysis: Calculated for to nanometric scale featuring a distribution of different T  av FePymPt·0.5H O[C H FeN O  Pt (523.99) (%)]: C 27.50; H 1.73; 

1/2 2 12  9 8  0.5 

and ΔT1/2 parameters and conferring to the SCO a less abrupt 
shape, as it is the present case. A comparable situation in the 
films would be associated with an inhomogeneous distribution 
of the mosaicity defined by nanorods of different dimensions. 
Furthermore, the size of the “stalagmitic” nanorods seems to be 
the cause of the respective persistence and loss of hysteresis loop 
in FePymPt and FeIsoqPt. In order to check this, we processed 
AFM topography images of both 90-cycles films with a Prewitt 
operator that highlights particle edges.59,60 Indeed, a compar- 
ison between them clearly shows that these nanoparticles are 
noticeable larger for FePymPt (SI Figure S15). 

 
CONCLUSION 

In summary, here we have described the crystal structure, 
magnetic and calorimetric properties of two new series of 2D 
FeII−HCP with strong cooperative thermal and pressure driven 
SCO properties. Our improved LPE methodology previously 
applied to elaborate thin films of the homologous compound 
FePyPt, has been transferred to two of them, FePymPt and 
FeIsoqPt. The SCO properties of 90-cycles films of these 
compounds and 60-cycles films of FePyPt have been assessed 
through magnetic measurements on a SQUID magnetometer, 
showing that it is possible to monitor the SCO behavior for films 
containing a deposited mass in the 2 × 10−5-2 × 10−4 g interval. 
Our results confirm that, when processed as thin films, the 
reported compounds show SCO at lower temperatures than the 
corresponding microcrystalline samples. Furthermore, whereas 
the FePyPt films retain interesting cooperative and reasonably 
complete SCO properties, a noticeable increase of inactive HS 
FeII centers is observed for FePymPt and FeIsoqPt inducing a 
complete loss of cooperativity for the latter compound and an 
asymmetric hysteresis loop for the former. This study shows that 
despite the great structural resemblance of the three 
compounds, their preparation as thin films follows different 
growth mechanism that dramatically affect their SCO proper- 
ties. Therefore, these findings should serve as a cautionary tale 
for further work with films of other SCO systems grown via LbL. 

■ EXPERIMENTAL SECTION 
Materials. Materials and Reagents. Iron(II) tetrafluoroborate 

hexahydrate (Fe(BF4)2·6H2O), pyrimidine (Pym), isoquinoline (isoq), 
4-mercaptopyridine (py-SH) (TCI, > 97%), tetrabutylammonium 
bromide (TBABr), potassium tetracyanoplatinate(II) hydrate [K2Pt- 
(CN)4·xH2O] potassium tetracyanopalladate(II) hydrate and potas- 
sium tetracyanonickelate(II) were obtained from commercial sources 

N 21.38. Found (%): C 27.18; H 1.68; N 21.13. Calculated for 
dehydrated FePymPd[C12H8FeN8Pd (425.93) (%)]: C 33.79; H 1.89; 
N 26.27. Found (%): C 33.28; H 1.72; N 26.06. Calculated for 
FePymNi[C12H8FeN8Ni (377.96) (%)]: C 38.05; H 2.13; N 14.74. 
Found (%): C 38.17; H 2.23; N 14.36. 

Synthesis of FeIsoqM (M = Ni, Pd, Pt). Single crystals of the 
isoquinoline based compounds were obtained through slow liquid-to- 
liquid diffusion methods. One arm of the H-tube was filled with 1 mL of 
a solution containing 28 mg of Fe(BF4)2·6H2O (0.1 mmol) and the 
other extreme of the tube was filled with a mixture of 43/37/24 mg (0.1 
mmol) of K2[M(CN)4] (M= PtII/PdII/NiII) and 32 mg (0.25 mmol) of 
isoquinolinein a methanol:water (1:2) solution (1.5 mL). The rest of 
the tube was carefully filled with a methanol:water (1:1) solution, 
closed with parafilm and leaved at room temperature. Yellow square- 
shaped thin plates of FeIsoqPt, FeIsoqPd, or FeIsoqNi were obtained 
after 2 weeks (yield: 62%). Elemental Analysis: Calculated for FeIsoqPt 
[C22H14FeN6Pt (613.33) (%)]: C 43.08; H 2.30; N 13.70. Found (%): 
C 42.79; H 2.24; N 13.20. FeIsoqPd [C22H14FeN6Pd (523.97) (%)]: C 
50.36; H 2.69; N 16.02. Found (%): C 50.64; H 2.51; N 15.92. 
FeIsoqNi [C22H14FeN6Ni (476.00) (%)]: C 55.40; H 2.96; N 17.62. 
Found (%): C 55.06; H 2.78; N 17.98. 

Physical Measurements. Magnetic Measurements. Variable- 
temperature magnetic susceptibility data were recorded with a 
Quantum Design MPMS2 SQUID magnetometer equipped with a 7 
T magnet, operating at 1 T and at temperatures 1.8−400 K. 
Experimental susceptibilities were corrected for diamagnetism of the 
constituent atoms by the use of Pascal’s constants. Mylar was used as a 
diamagnetic substrate for thin film measurements. 

Calorimetric Measurements. DSC measurements were performed 
using a differential scanning calorimeter Mettler Toledo DSC 821e. 
Low temperatures were obtained with an aluminum block attached to 
the sample holder, refrigerated with a flow of liquid nitrogen and 
stabilized at a temperature of 110 K. The sample holder was kept in a 
drybox under a flow of dry nitrogen gas to avoid water condensation. 
The measurements were carried out using around 15 mg of 
microcrystalline samples of FePymPt, FePymPd, FeIsoqPt, or 
FeIsoqPd sealed in aluminum pans with a mechanical crimp. 
Temperature and heat flow calibrations were made with standard 
samples of indium by using its melting transition (429.6 K, 28.45 J·g−1). 
An overall accuracy of ±0.2 K in temperature and ±2% in the heat 
capacity is estimated. The uncertainty increases for the determination 
of the anomalous enthalpy and entropy due to the subtraction of an 
unknown baseline. 

Powder X-ray Diffraction (PXRD) Measurements. PXRD analysis 
were performed on a PANalytical Empyrean X-ray powder diffrac- 
tometer (monochromatic CuKα radiation, 1.5418 AÅ). Patterns were 
collected from polycrystalline powders using a high-throughput 
screening platform in transmission mode, with the diffractometer 
operating at 40 mA and 45 kV and using a PIXcel detector. Profiles were 
collected by using a Soller Slit of 0.02° and a divergence slit of 1/4 at 
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room temperature in the angular range 3° < 2θ < 50° with a step size of 
0.013°. 

Elemental CHN Analysis. CHN analysis was performed using a 
FlashSmart (Thermofisher) elementary analyzer with a thermal 
conductivity detector. Helium and oxygen (both purity 99.995%) 
were used as the carrier and combusting gases, respectively. The 
combustion tube was set up at 950 °C, and the reduction tube was set 
up at 600 °C. Sulfanilamide was used as CHNS standard. 

Single Crystal X-ray Diffraction. Single-crystal X-ray data were 
collected on an Oxford Diffraction Supernova diffractometer using 
graphite monochromated MoKα radiation (λ = 0.71073 Å). A 
multiscan absorption correction was performed. The structures were 
solved by direct methods using SHELXS-2014 and refined by full- 
matrix least-squares on F2 using SHELXL-2014.62 Non-hydrogen 
atoms were refined anisotropically and hydrogen atoms were placed in 
calculated positions refined using idealized geometries (riding model) 
and assigned fixed isotropic displacement parameters. CCDC 1910989 
(FePymPt·0.5H2O in LS), 1910992 (FePymPt·0.5H2O in HS), 
1989158 (FePymPd·1H2O in LS), 1989157 (FePymPd·1H2O in 
HS), 1989159 (FePymNi), 1910991 (FeIsoqPt in LS), 1910990 
(FeIsoqPt in HS), 1989161 (FeIsoqPd in LS), 1989162 (FeIsoqPd in 
HS), and 1989160 (FeIsoqNi) contain the supplementary crystallo- 
graphic data for this article. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via www.ccdc.cam. 
ac.uk/data_request/cif. 

Substrate Preparation and SAM Functionalization. Prior to Au 
evaporation, substrates were soaked in a freshly prepared solution of 
H2O2/NH4OH/H2O (1:1:2) and sonicated for 10 min. This treatment 
was repeated three times. Next, they were rinsed with Milli-Q water, 
sonicated 5 min in Milli-Q water twice, and dried under a stream of N2. 
Then, 3 nm of Ti followed by 15 nm of Au were evaporated using an 
Edwars Auto 500 thermal evaporator placed inside a N2-filled glovebox. 
The base pressure and evaporation rate were 2 × 10−6 mbar and 0.2 Å· 
s−1, respectively. For self-assembled monolayer (SAM) functionaliza- 
tion, Au substrates were previously activated via O2 plasma treatment 
(MiniPCFlecto, Plasma Technology) and then immersed in a 1 mM 
ethanol solution of py-SH for 24h. Next, substrates were rinsed with 
fresh ethanol and dried under a stream of N2. 

LPE Fabrication of [Fe(L)2{Pt(CN)4}] Ultrathin Films. Films were 
prepared according to the reported methodology. Au substrates 
functionalized with a py-SH SAM were sequentially immersed in 
anhydrous ethanol solutions of 25 mM Fe(BF4)2/100 mM L and 25 
mM (TBA)2Pt(CN)4/100 mM L with intermediate pure anhydrous 
ethanol washings steps. The immersion times were 3 min in each 
solution and 1 min in pure anhydrous ethanol. The LPE sequential 
immersion was performed using a KSV automatic dipping system 
placed in a N2-filled glovebox at room temperature. After the final 
intended number of immersion cycles was completed, substrates were 
dried under a stream of N2. 

Atomic Force Microscopy. Measurements were performed with a 
Digital Instruments Veeco Nanoscope IVa microscope in tapping mode 
using Si tips with a natural resonance frequency of 300 kHz and with an 
equivalent constant force of 40 N·m−1. The scan rate was adjusted 
during the scanning of each image and kept in between 0.1 and 1 Hz. 
Resolution for all images was 512 points/line. Film thickness was 
evaluated by scratching off the FeII−HCP film using a soft pointy tool. 

X-ray Photoelectron Spectroscopy. Spectra were collected at the X- 
ray spectroscopy Service of the Universitat d’Alacant using a K-Alpha X- 
ray photoelectron spectrometer system (Thermo Scientific). All spectra 
were collected using Al Kα radiation (1486.6 eV), monochromatized by 
a twin crystal monochromator, yielding a focused X-ray spot (elliptical 
in shape with a major axis length of 400 μm) at 3 mA·C and 12 kV. The 
Alpha hemispherical analyzer was operated in the constant energy 
mode with survey scan pass energies of 200 eV to measure the whole 

energy band and 50 eV in a narrow scan to selectively measure the 
particular elements. X-ray photoelectron spectroscopy (XPS) data were 
analyzed with Avantage software. A smart background function was 
used to approximate the experimental backgrounds. Charge compen- 
sation was achieved with the system flood gun that provides low energy 

electrons and low energy argon ions from a single source. Spectra were 
referenced using the C 1s main peak (285.0 eV). 

Grazing incidence X-ray diffraction (GIXRD). Thin film diffracto- 
grams were collected with a PANalytical Empyrean diffractometer 
operating at 40 mA and 45 kV using copper radiation (Cu Kα = 1.5418 
AÅ) and a PIXcel 1D detector in scanning line mode. Single scans were 
acquired in Bragg−Brentano geometry (Ω = 2°) using a Soller Slit of 
0.02°, a divergence slit of 1/2 and an antiscatter slit of 1/16 at room 
temperature in the angular range 2θ = 4°−40° with a step size of 0.026°. 
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