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ABSTRACT: The spin crossover (SCO) molecular material 
[Fe(Mebpp)2](ClO4)2 (2) has been doped with increasing amounts 
of the ligand Me2bpp (Mebpp and Me2bpp = methyl and bis-
methyl substituted bis-pyrazolylpyridine ligands) yielding molec-
ular alloys with formula [Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x; 
0.05 < x < 0.5). Alloys with up to seven different compositions 
have been studied through single crystal X-ray diffraction 
(SCXRD), magnetometry and differential scanning calorimetry 
(DSC). The decrease of cooperativity of the spin transition and the 
variation of its critical temperature have been studied in light of 
precise molecular structures. A SCO process occurring as a result 
of an allosteric effect has been unveiled. 

INTRODUCTION 
Spin Crossover (SCO) compounds are a very intensely studied 
family of molecular materials.1-4 They are made of transition 
metals able to display two different distributions with similar 
energy of their d electrons and thus to lie easily in two distinct 
spin states (low and high spin; LS and HS). Therefore, one can 
shuttle reversibly between one another by employing external 
stimuli (light, thermal, pressure or chemical environment changes, 
etc.). Since both states exhibit different magnetic as well as other 
physical properties, SCO systems are very promising as potential 
molecular switches for the construction of nanoscopic functional 
devices.5,6 In this context, Fe(II) is the most exploited ion,7-9 since 
it can toggle between a non-magnetic (LS; S=0) and a magnetic 
(HS; S=2) state, undergoing significant changes to optical, dielec-
tric, structural and other properties. The structural changes result 
from differences of around 10% in Fe–L (L = ligand donor atom) 
distances between both states. These are at the root of important 
structural effects associated to the spin-state switching,10 such as 
crystallographic phase transitions11 or symmetry breaking.12-14 
Also, the propagation of these changes through the crystal lattice 
by elastic interactions is at the origin of cooperativity,15 which is 
the essential requirement to observe bistability.16 The latter is 
another key feature of potential switchable functional materials, 
therefore, important efforts are devoted to establish precise rela-
tionships between structure and cooperativity with a view of 
predicting or mastering its effects.17 Attempts to assess the impact 

of intermolecular interactions on cooperativity involve the inves-
tigation of families of SCO compounds varying systematically 
some lattice component, such as counter-ions18-22 or solvent mole-
cules of crystallization.23-31 Series of analogous complexes sys-
tematically changing the periphery of the ligands have been stud-
ied as well.30,32-36 Another approach targets the preparation of 
various polymorphs of SCO compounds,11,37-40 thus keeping the 
exact same composition while changing the crystallographic 
arrangement of the components. Differences to the spin switching 
properties originate in these cases exclusively from the crystal 
lattice. All the above studies base their conclusions on the effect 
of replacing one entire crystallographic lattice by another. There 
is a more subtle procedure, consisting on gradually replacing one 
component from the crystal network and observe the impact of 
this progressive substitution on the temperature, completeness and 
abruptness of the SCO.41,42 This method allows to focus on specif-
ic aspects defining the cooperativity as well as the temperature of 
the transition. Most efforts have focused on doping the crystal 
lattice of Fe(II) SCO complexes with isostructural species of non-
switching M(II) metals (Zn, Ni, Mn, Co or Cd). Here, the inser-
tion of species that do not undergo a spin transition, interrupts the 
propagation of the structural changes of the SCO, thus diminish-
ing the cooperativity.43-51 This metal dilution also affects the 
amount of residual HS or LS species at the lower or higher tem-
perature regions, respectively. More specifically, using metals 
with r(M2+)>r(Fe2+) stabilizes the HS state whereas metals with 
r(M2+)<r(Fe2+) favors the LS of Fe2+, as a result of a “negative” 
and “positive” chemical pressure, respectively.52,53 The SCO 
temperature suffers a decrease upon dilution as well,47,48,54-67 
which has been modelled quantifying the change in HS to LS free 
energy differences caused by the changes in elastic interactions 
within the lattice with the varying composition. The doping ap-
proach, also termed molecular alloying, has been used only very 
rarely when the variable component is a ligand of the SCO com-
plex rather than the metal. This variation affects the intermolecu-
lar interactions within the lattice while not diminishing the num-
ber of potential SCO centers. Therefore, the variable of internal 
pressure is expected to play a different role in the analysis here 
than with the mixed-metal systems. A pioneering achievement 
was that of reducing the temperature of the wide hysteresis of the 
1D polymeric compound [Fe(Htrz)3](ClO4)2 (Htrz=1,2,4-triazole; 
ΔT = 17 K, centered at 304.5 K) to convenient values by ligand-



 

based molecular alloying. The ligand 4-amino-1,2,4-triazole (4-
NH2trz), similar to that of the original material, was introduced 
randomly into the parent system thus generating solid solutions of 
coordination chains with composition [Fe(Htrz)3-3x(4-
NH2trz)3x](ClO4)2.68 Since the other pure polymer [Fe(4-
NH2trz)3](ClO4)2 undergoes a gradual SCO at 130 K, it was found 
that ligand-based alloys in the 0 < x < 0.1 range exhibit hysteresis 
loops centered at the temperatures given by T(x) = 304.5 – 170x. 
The doping of the ligand also causes a reduction of the hysteresis 
width (ΔT(x) = 17 – 20x K). This system was later analyzed for 
all possible compositions (0 < x < 1), which allowed to refine the 
numerical dependences with x, while a thermodynamic model was 
proposed based on the existence of alloys made of mixtures of 
two different 1D chains. More recently, an analogous study was 
performed on the coordination polymer [Fe(btzx)3](ClO4)2 (btzx = 
1,4-bis(tetrazol-1-yl)-p-xylene), with the progressive substitution 
of btzx by the structurally related ligand 1,4-bis(triazol-1-yl)-p-
xylene (btix). This produced mixtures of the alloy [Fe(btzx)3-

3x(btix)3x](ClO4)2 that was more accurately described as chains 
with a statistical and random distribution of both bridging ligands 
for each composition (as given by x). The solid solutions exhibit a 
different magnetic behavior than both pure compounds, with the 
appearance of additional SCO events. The alloy is maintained 
only until x≈0.5. Beyond this composition, the separation of 
the pure phase [Fe(btix)3](ClO4)2 is observed. To the best of our 
knowledge, ligand-based molecular alloying on discrete SCO 
complexes has not been performed yet. We recently reported a 
method to obtain two polymorphs of the molecular SCO material 
[Fe(bpp)2](ClO4)2 (1; bpp=2-(pyrazol-1-yl)-6-(pyrazol-3-
yl)pyridine).37 These two polymorphs, 1α and 1β, crystallize in 
two different space groups (P21/c and P21/n, respectively) and 
exhibit abrupt SCO with a very narrow hysteresis, centered at 277 
and 315 K respectively, with quite different cooperativity. In 
addition, we prepared the derivatives [Fe(Mebpp)2](ClO4)2 (2) 
and [Fe(Me2bpp)2](ClO4)2 (3) using the methyl functionalized 
ligands (Scheme 1) 2-(3-methyl-pyrazol-1-yl)-6-(pyrazol-3-
yl)pyridine (Mebpp) and 2-(3,5-dimethyl-pyrazol-1-yl)-6-
(pyrazol-3-yl)pyridine (Me2bpp).69 Interestingly, these complexes 
(Fig. 1) are arranged in the crystal lattice as polymorphs 1α and 
1β, respectively (Fig. S1). 
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Scheme 1. Ligands Mebpp and Me2bpp. 
The magnetic properties of 2 and 3 are certainly influenced by the 
crystal packing but strongly affected by the presence of methyl 
groups at positions 5 and/or 3 of the pyrazol-1-yl ring for steric 
reasons. They thus exhibit an abrupt SCO at TSCO = 184 and 378 
K, respectively.69 In this work, we take advantage of the structural 
similarity between the complexes of 2 and 3 to undertake a study 
of molecular alloying by introducing gradually increased fractions 
of ligand Me2bpp to the reaction conducing to complex 2, thus 
producing solid solutions of composition [Fe(Mebpp)2-

2x(Me2bpp)2x](ClO4)2 (4x; 0.05 < x < 0.5). The influence of this 
dilution to the SCO temperature and the cooperativity is analyzed 
via extensive single crystal X-ray diffraction (SCXRD), as well as 
mass spectrometry (MS), magnetic susceptibility measurements 
and differential scanning calorimetry (DSC). At all dilutions, the 
SCO is found to be complete in one sole conversion for both 
components, thus unveiling an allosteric effect. 

 
Figure 1. Representation of the molecular structure of the com-
plex cations of [Fe(Mebpp)2](ClO4)2 (2, left) and 
[Fe(Me2bpp)2](ClO4)2 (3, right). Red, Fe; gray, C; purple, N; 
white, H. Only hydrogen atoms from N−H moieties shown.  
EXPERIMENTAL 
Synthesis 
Ligands 2-(3-methyl-pyrazol-1-yl)-6-(pyrazol-3-yl)pyridine 
(Mebpp) and 2-(3,5-dimethyl-pyrazol-1-yl)-6-(pyrazol-3-
yl)pyridine (Me2bpp), as well as complexes [Fe(Mebpp)2](ClO4)2 
(2) and [Fe(Me2bpp)2](ClO4)2 (3) were prepared as previously 
published.69 Caution: Perchlorate salts of metal complexes are 
potentially explosive. Only small quantities of material should 
be prepared, and the samples should be handled with care. 
[Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x; 0.05 < x < 0.5). To 
solutions of Fe(ClO4)2·6H2O (0.023 g, 0.065 mmol) and ascorbic 
acid (∼2 mg) in absolute ethanol (10 mL) were added dropwise 
solutions of Mebpp (0.027(1−x) g, 0.12(1−x) mmol) and Me2bpp 
(0.029x g, 0.12x mmol) in absolute ethanol (10 mL). The resulting 
dark yellow solutions were stirred for 40 minutes at room temper-
ature. The solutions were then filtered and layered with Et2O (1:1 
vol.). Yellow crystals of the products suitable for single crystal X-
ray diffraction were obtained as homogeneous phases, after ap-
proximately 4 days. Typical yields: ~40%. EA (%), calcd (found) 
for Fe(C12H11N5)1.2(C13H13N5)0.8(ClO4)2 (x=0.4): C, 41.61 (41.45); 
H, 3.32 (3.34); N, 19.58 (19.07). 
Fe(C12H11N5)1.6(C13H13N5)0.4(ClO4)2 (x=0.2): C, 41.26 (40.59); H, 
3.24 (3.21); N, 19.73 (19.14). Fe(C12H11N5)1.8(C13H13N5)0.2(ClO4)2 
(x=0.1): C, 41.08 (40.96); H, 3.19 (3.14); N, 19.81 (19.48). 
Fe(C12H11N5)1.9(C13H13N5)0.1(ClO4)2 (x=0.05): C, 41.00 (40.60); 
H, 3.17 (3.14); N, 19.85 (19.41). ESI MS: m/z = 505.2 
([Fe(Mebpp)2]−[H+])+, 519.2 ([Fe(Mebpp)(Me2bpp)]−[H+])+, 
533.2 ([Fe(Me2bpp)2]−[H+])+, 605.11 
([Fe(Mebpp)2](ClO4)−2[H+])+, 619.13 
([Fe(Mebpp)(Me2bpp)](ClO4)−2[H+])+, 633.14 
([Fe(Me2bpp)](ClO4)−2[H+])+. 
Single-crystal X-ray diffraction (SCXRD) 
Data for the series 4x were acquired at 100 K on either a Bruker 
APEXII QUAZAR diffractometer equipped with a microfocus 
multilayer monochromator with MoKα radiation (λ = 0.71073 Å, 
x = 0.15), or on a Bruker APEX II CCD diffractometer at the 
Advanced Light Source beam-line 11.3.1 at Lawrence Berkeley 
National Laboratory, from a silicon 111 monochromator (λ = 
0.77490 Å, all other compounds). The temperature dependence of 
the cell parameters was obtained on the same setups. Data reduc-
tion and absorption corrections were performed with respectively 
SAINT and SADABS.70 All structures were solved by intrinsic 
phasing with SHELXT71 and refined by full-matrix least-squares 
on F2 with SHELXL-2014.72 All details can be found in CCDC 
XXXX-XXXX that contain the supplementary crystallographic 
data for this paper. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Center via 
https://summary.ccdc.cam.ac.uk/structure-summary-form. Crys-
tallographic and refinement parameters are summarized in Table 
S1 together with average Fe–N bond lengths and distortion pa-



 

rameters. Selected bond lengths and angles and intermolecular 
distances are given in Tables S2 to S4. 
Physical Measurements 
The elemental analysis was performed with an elemental 
microanalyzer (A5), model Flash 1112, at the Servei de Micro-
anàlisi of CSIC, Barcelona, Spain. IR spectra were recorded on 
KBr pellet samples on a Nicolet AVATAR 330 FTIR spectrome-
ter. MALDI-TOF mass spectrometry measurements were 
performed on a 400 ABSciex MALDI-TOF spectrometer at the 
Unitat d’Espectrometria de Masses de Caracterització Molecu-
lar (CCiT) of the University of Barcelona. Samples were pre-
pared as follows: 5 μL of the solution were diluted in 5 mL of 
MeOH. Then, 0.5 μL of internal reference solution, containing 
10 mg/mL of DCTB in dichloromethane, were added before 
injection. 
Magnetic measurements were performed with either a MPMS5 or 
MPMS-XL SQUID magnetometer respectively through the 
“Unitat de mesures Magnètiques” of the Universitat de Barcelona 
or the “Servicio General de Apoyo a la Investigación-SAI”, Uni-
versidad de Zaragoza. Corrections of the diamagnetic contribu-
tions of the sample holder and the sample were applied. 
Differential Scanning Calorimetry (DSC) was carried out at a 
scanning rate of 10 Kmin-1 with a Q1000 calorimeter from TA 
Instruments equipped with the LNCS accessory. Temperature and 
enthalpy scales were calibrated with the melting transition of a 
standard sample of In (156.6 °C, 3296 Jmol-1). Mechanically 
crimped Al pans with an empty pan as a reference were used. A 
synthetic sapphire was measured in the same temperature range to 
derive heat capacity. By comparison, an overall accuracy of 0.2 K 
for the temperature and up to 10% for the heat capacity was esti-
mated. 
RESULTS AND DISCUSSION 
Synthesis and Mass Spectrometry 
The series of compounds [Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x; 
0.05 < x < 0.5) was prepared through reactions in ethanol of 
Fe(ClO4)2·6H2O with Mebpp/Me2bpp mixtures of the appropriate 
composition, following the layering of the resulting solutions in 
Et2O, in the same manner as reported for 2 and 3.69 Homogeneous 
phases of good quality single crystals were obtained for the com-
positions with x = 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5. For composi-
tions with x > 0.5, it was not possible to obtain single phases. 
Instead, crystals of 3 and of molecular alloys of the 4x type (vide 
infra) were obtained. This clearly indicates that systems with x > 
0.5 cannot be accommodated as solid solutions in the crystal 
lattice 1α (that of compounds 4x, for 0.05 < x < 0.5, and of 2, 
where x = 0; Fig. S1). 
The reaction mixtures were analyzed after 30 minutes of stirring, 
by mass spectrometry. The crystals later isolated from all these 
systems were dissolved and analyzed as well. All the spectra 
exhibit three prominent peaks corresponding to the three possible 
fragments of Fe(II) coordinated to two bpp ligands (Fig. S2), 
namely, ([Fe(Mebpp)2]−[H+])+ (m/z = 505.2), 
([Fe(Mebpp)(Me2bpp)]−[H+])+ (m/z = 519.2) and 
[Fe(Me2bpp)2]−[H+])+ (m/z = 533.2). While the relative intensity 
of the heteroleptic species increases as x approaches 0.5, the 
presence of the three fragments in all the diagrams suggests that 
the former is not specially favored and the distribution of ligands 
among the complex cations may be close to statistical. In each 
case, the composition is maintained upon crystallization since the 
results from the initial solutions are almost the same as these from 
the dissolved single crystals for almost all the compositions stud-
ied (Fig S3). 
Single Crystal X-Ray Diffraction 

SCXRD data were collected on single crystals of [Fe(Mebpp)2-

2x(Me2bpp)2x](ClO4)2 (4x) with several compositions (x = 0.05, 
0.1, 0.15, 0.2, 0.3, 0.4, 0.5) at 100 K. All compounds crystallize in 
the monoclinic space group C2/c, the same as complex 2. The 
composition revealed by the refined models of these data is in-
deed consistent with solid solutions as formulated for 4x. Thus, in 
all cases, the asymmetric unit (Fig. 2) is solvent free and com-
posed by one [Fe(Mebpp)2-2x(Me2bpp)2x]2+ cation in addition to 
two ClO42– anions to ensure electroneutrality. The latter are form-
ing hydrogen bonds to the N–H groups of the complex cation. 
This cation features an Fe(II) center chelated by two approximate-
ly perpendicular tridentate bpp ligands, yielding a distorted octa-
hedral geometry. The identity of each of these ligands is Mebpp 
or Me2bpp, distributed randomly among all the complexes of the 
lattice in the proportion given by x. The distributions at both 
ligand positions can be distinguished on basis of residual electron 
density at the corresponding atom sites, and are not identical. The 
specific composition reported at each ligand position (Table 1) 
reflects on the occupancies of the 5–methyl substituent of Me2bpp 
(C25 and C12) that optimize their displacement parameters, the 
ensemble satisfying the composition given by x. 

 
Figure 2. Representation of a molecular structure representative of 
the molecular alloys [Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x), here 
for x = 0.5. The C-atoms of the partially occupied methyl groups 
of Me2bpp (C12 and C25) are shown linked to the pyrazolyl ring 
with dashed bonds. Black dashed lines are hydrogen bonds. Only 
hydrogen atoms from N−H moieties shown. 

The presence of the partially occupied 5-methyl substituents into 
the alloy engenders disorder to the ClO4– anions, which becomes 
more apparent for x = 0.1 or larger. Slightly different chemical 
environments at both sites originate the occupation disparities 
between C12 and C25. The average Fe–N distances across the 
series span the 1.962 to 1.966 Å range, indicating that the metal 
centers lie in the LS state at 100 K. The molecular structure was 
also determined at 220 K for x = 0.01 and at 280 K for x = 0.3 and 
0.15. The essential features of the structures at higher tempera-
tures are approximately the same as described above for the sys-
tems measured at 100 K. The most significant quantitative change 
is an increase of the Fe–N bond distances by approximately an 
8%, amounting to 2.126 Å in average. This denotes that the Fe(II) 
ions have undergone a SCO transition to the HS state (see below). 
The organization within the lattice of the components of the 
[Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 systems is analogous for all 
the structures analyzed. The complexes are disposed in parallel 
sheets, which are in turn approximately perpendicular to the bpp 
ligands (Fig. 3), thus to the Npy−Fe−Npy axes (Npy = N donors of 
the pyridyl fragment of bpp). 



 

 

Figure 3. Sheet organization of the cations in all 4x compounds, 
emphasizing their two different orientations and the relevant π⋯π 
(black dashed) and C–H⋯π (red dashed) interactions formed by 
each complex with its first neighbours within the sheet. The crys-
tallographic independent interactions are labelled 1 to 6. 

Table 1. Relevant parameters(a) of the structure and SCO of compounds 2 (x=0), [Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x) and 3 (x=1). 

x C12a 
(%) 

C25a 
(%) 

“contact 5” 
(Å) 

∆β  
(º) 

TSCO 
(K) 

∆T80 
(K) 

Γ/ΡΤSCO Τπεακ 
(K) 

∆SCOH 
(kJmol-1) 

∆SCOS 
(Jmol-1K-1) 

nSorai TSorai 
(K) 

0 (2) N/A N/A 3.061 2.58 184.0 16.7 2.01 183.1 5.87 31.74 21.34 185.6 
0.05 5 5 3.088 2.41 184.4 36.5 1.92 184.7 4.94 26.32 15.90 185.8 
0.1 5 15 3.135 2.13 187.5 57.4 1.70 188.1 4.85 25.09 9.41 190.3 
0.15 12 18  1.79 190.3 87.3 1.57 - - - - - 
0.2 17 23 3.153 1.79 193.6 92.9 1.49 194.4 3.65 18.16 7.01 199.8 
0.3 25 35 3.195 1.55 198.4 106.8 1.39 201.9 3.50 17.08 5.89 208.5 
0.4 35 45 3.273 1.19 207.3 120.4 1.36 209.8 2.99 14.10 5.85 218.9 
0.5 37 63 3.470 1.10 226.3 119.9 1.33 244.4 3.29 15.12 5.78 225.1 
1 (3) N/A N/A N/A - 381.1 70.0 1.70 375.2 14.11 37.98 9.0(1) 375.0(3) 

a C12 and C25 are the occupancies of the 5–methyl substituent from Me2bpp at each ligand position; contact 5 is the intermolecular contact that suffers the 
largest variations with increased x (see Fig. 3 and SI); ∆β is the total variation of the monoclinic cell angle β over the SCO temperature range; the SCO 
characteristic temperature TSCO is defined as the temperature at which half of the Fe centers have undergone the transition (i.e. HS fraction γHS = 0.5); ∆T80 is 
the temperature range over which 80% of the SCO is completed; Γ is the measure of the SCO cooperativeness derived through the regular solution model 
(see SI);73 Tpeak, ∆SCOH and ∆SCOS are the peak temperature, excess enthalpy and entropy associated with the SCO anomaly in heat capacity data; nSorai and 
TSorai are the domain size and SCO temperature derived through Sorai’s domain model (see SI).74,75 
Within these sheets, the [Fe(Mebpp)2-2x(Me2bpp)2x]2+ species 
feature two different orientations, as observed in polymorph 1α of 
complex 1 and in complex 2, but not 3. The latter exhibits the 
same lattice as polymorph 1β (Fig. S1). Therefore, the lattice of 2 
is capable to accommodate increasing amounts of ligand Me2bpp 
up to x ≈ 0.5. Upon reaching this limit, mixtures of crystals of 
different phases are obtained, indicating that the lattice of 1α does 
not admit larger concentrations of the doping ligand. The compo-
sition changes are mirrored by gradual variations in metric param-
eters. In Fig. 4 are shown variations to the cell volume (up to 
3.7%), to the cell parameter a and to the unit cell angle β, at 
100 K. This is also translated into a gradual variation of the dis-
tances defining the main intermolecular interactions (see below). 

 
Figure 4. Relative variation of the crystallographic unit cell pa-
rameters and volume with the value of x in the structures of the 
[Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x) compounds at 100 K. 



 

Magnetic and Thermal Signatures of SCO and its Cooperativ-
ity 
The effect of doping complex 2 with increasing amounts of 
Me2bpp on the magnetic properties of the resulting alloys was 
analyzed through variable temperature magnetic susceptibility 
measurements (Fig. 5). The solid solutions [Fe(Mebpp)2-

2x(Me2bpp)2x](ClO4)2 (4x) with x = 0.05, 0.1, 0.15, 0.2, 0.3, 0.4 
and 0.5 were analyzed under a constant magnetic field of 1T in 
between 2 and 300 K (or 360 K) in the warming and cooling 
modes, both giving superimposable data for each studied value of 
x. In Fig. 5 are represented χMT vs T plots (χM is the molar para-
magnetic susceptibility per Fe2+ center for each compound). Pure 
complex 2, [Fe(Mebpp)2](ClO4)2, was previously reported to 
exhibit an abrupt, almost complete SCO process with TSCO = 184 
K.69 Growing proportions of Me2bpp render the SCO curves more 
gradual while TSCO increases progressively (Fig. 6 and S4). The 
highest SCO temperature was reached for x = 0.5 (with TSCO = 
226.3 K). As mentioned above, no alloy could be crystallized 
beyond this dopant concentration. 

 
Figure 5. χMT vs T plots (top) and excess heat capacity (bottom) 
for the family of compounds [Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 
(4x, see legend). The data for compounds 2 (x=0) and 3 (x=1)69 
are also included for reference. 

The phase transitions of compounds 4x were also examined by 
differential scanning calorimetry (DSC, Fig. 5), and the results 
were consistent with the magnetic susceptibility measurements. 
Thus, in all cases, anomalies associated to the SCO phenomena 
were detected in the DSC. The maxima of the corresponding 
peaks shift to higher temperatures as x increases, as seen with the 
magnetic data. Fitting of the ΔCp vs. T curves to Sorai’s domain 
model74,76 revealed smaller n values with increasing x (n being the 
number of centers per domain), confirming the loss of cooperativ-
ity caused by the doping (Fig. 7 and S5). This is in line with the 

evolution with x of the thermodynamic parameters, ΔSCOS and 
ΔSCOH, obtained from the excess heat capacity ΔCp (Fig. 6). 
While complex 2 experiences changes of entropy and enthalpy 
much larger than expected from the spin transition process 
only, suggesting a strong coupling of the system with phonons, 
this coupling, and thus the cooperativity diminishes as the 
dopant concentration grows. The variation of ΔT80 (tempera-
ture range needed to undergo an 80% conversion) with x (Fig. 
7) also mirrors this decrease in cooperativity. 

 
Figure 6. Variation of the SCO parameters, TSCO and excess en-
thalpy ∆SCOH and entropy ∆SCOS, as a function of x in compounds 
[Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x). The data for compounds 
2 (x=0) and 3 (x=1) are also included. The full red line is a linear 
dependence with TSCO = 180.8 + 67.5x. 

 

 
Figure 7.  
 
 
 
Correlation Cooperativity-Structure 
The extent to which the local structural effects of the SCO are 
translated into the lattice parameters has a direct impact on the 
cooperativity. The spin transition of various members of the 
[Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x) family were analyzed in 
detail by variable temperature SCXRD. This study revealed that 
most cell parameters experience some significant changes in 
addition to these expected from the thermal variation, that can 
thus be ascribed to the SCO process (Figs. Sx and Sx). This is 
especially true for the unit cell angle β, which in all cases experi-
ences a sharp change (by up to 2.5 %) upon SCO (Fig. 8 and S6). 
The decrease in cooperativity with increasing x can also be de-
tected in this study, with more gradual thermal changes of the unit 
cell parameters, again in a particularly clear manner through the 
variation in β angle. 



 

 
Figure 7. Temperature dependence of the monoclinic cell 
angle β upon the SCO process in compounds 2 and 4x. 

Cooperativity changes within compounds [Fe(Mebpp)2-

2x(Me2bpp)2x](ClO4)2 (4x) are undoubtedly related to the modifi-
cations to the intermolecular interactions caused with the increase 
of x. Figure 9 shows the variation of average distances defining 
the main intermolecular interactions between complexes identi-
fied in the lattice of compounds 4x (Fig. 3), measured as 
Cpz···centroid (for the CH···π contacts) or centroid···centroid (for 
the π···π interactions) separations. In this figure, most parameters 
vary very slightly in one or the other direction. Overall, the inclu-
sion of Me2bpp causes the decrease of three parameters, and a 
comparatively larger increase of three other parameters, especially 
the C–H···π interaction ‘5’ (Fig. 3). Therefore, the increase of x 
causes in general a decrease of the intensity of the average inter-
molecular contacts. Most importantly, however, is that the addi-
tional methyl groups borne by the dopant Me2bpp ligands cause a 
local disruption of some intermolecular interactions exerting a 
more intense effect to the propagation of the elastic interactions 
than revealed by the average evolution shown in Fig. 9. This local 
disruption is most likely at the origin of the drastic decrease in 
cooperativity observed already for very small concentrations of 
dopant (Fig. 7 and Sx). From x > 0.2, the cooperativity becomes 
more stable towards composition changes. The effect of the dop-
ing is, in general, similar to that observed on systems doped with 
isostructural non-SCO complexes. However, the disruption of the 
propagation of elastic interactions in the latter is different than 
here. In the metal-doped systems the weakening of cooperativity 
is caused by the lack of structural transition of the non-active 
centers. In the current alloys, it is due to the interruption of some 
intermolecular interactions. 

 
Figure 9. Variation with x of the distance parameters of the main 
intermolecular interactions between complexes and shortest 

Fe···Fe separations within the isostructural lattice of compounds 2 
and [Fe(Mebpp)2-2x(Me2bpp)2x](ClO4)2 (4x). 

Allosteric SCO 
Another effect caused by the Me2bpp dopant of compounds 4x is 
the increase of TSCO of the SCO. This increase, close to linear up 
to x = 0.4 (TSCO = 180.8 + 67.5x) occurs at a completely different 
pace than the evolution of the cooperativity described above (Fig. 
7), which suggests that the causes for the TSCO dependence differ 
from these influencing the cooperativity. The increase of TSCO 
with x must be explained from the fact that the SCO for 
[Fe(Me2bpp)2](ClO4)2 (3) occurs at a higher temperature than for 
[Fe(Mebpp)2](ClO4)2 (2). Indeed, TSCO of 3 (378 K) was found to 
be much higher than that of 2 (184 K), but these were measured 
on lattices that are not isomorphic. While this precludes the com-
parison between both solids, it was also found that in solution, 
TSCO (of 3) > TSCO (of 2), although closer (232 and 281 K, respec-
tively; ΔTSCO = 49 K).69 Part of the increase in TSCO must there-
fore be ascribed to the effects caused by the additional methyl 
substituent, as previously reported for the pure complexes 2 and 
3.69 This renders the increase of TSCO with growing concentrations 
of Me2bpp analogous to that observed for the Fe(Htrz)3-3x(4–
NH2trz)3x](ClO4)2 system.68 It must be noted however that com-
pounds 4x are made of discrete complexes (not coordination 
polymers), therefore, one would expect to observe a SCO step for 
each of the three complexes present in the alloy. Since all the 
SCO curves feature a sole step, the increase in TSCO must also 
involve the positive pressure induced on the [Fe(Mebpp)2]2+ 
complexes of the lattice by the other two species 
([Fe(Mebpp)(Me2bpp)]2+ and [Fe(Me2bpp)2]2+) expected to un-
dergo SCO at higher temperature. Once the positive pressure is 
overcome, the SCO occurs in a concerted manner (at a lower 
temperature than expected for the species containing Me2bpp) as 
a result of an allosteric effect,77 where the SCO of the 
[Fe(Mebpp)2]2+ centers induce the transition of the other two 
complexes present in the lattice. To the best of our knowledge, the 
SCO of Fe(II) complexes induced by an allosteric effect within 
the lattice has never been observed before. 
CONCLUSIONS 
The crystal lattice of complex [Fe(Mebpp)2](ClO4)2 (2) is capable 
of admitting increasing amounts of ligand Me2bpp, leading to the 
formation of molecular alloys with composition [Fe(Mebpp)2-

2x(Me2bpp)2x](ClO4)2 (4x), only up to x = 0.5. The increase of x 
causes a decrease of the cooperativity of the SCO of this molecu-
lar system, noticed very suddenly for very low values of x. This is 
caused by the interruption of some intermolecular interactions due 
to the presence of the additional methyl substituent of the dopant 
ligand, and to gradual average changes to these interactions. The 
mean variation the intermolecular interaction parameters has been 
determined by SCXRD, to an unprecedented level of detail for 
SCO molecular alloys. The doping also causes an increase of the 
characteristic temperature of the spin transition. Following the 
previous information on the SCO temperatures of compounds 
[Fe(Mebpp)2](ClO4)2 (2) and [Fe(Me2bpp)2](ClO4)2 (3), it is 
concluded that this increase is the result of the chemical pressure 
caused by the presence in the lattice of species 
[Fe(Mebpp)(Me2bpp)]2+ and [Fe(Me2bpp)2]2+, expected to have a 
higher TSCO. In addition, the observation of a concerted, one step 
magnetic transitions for all compositions of the studied 4x alloys 
is most likely the result of a unique allosteric effect where the 
retarded SCO of the [Fe(Mebpp)2]2+ species, pushes the premature 
transitions of the other two species of the alloy. 
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