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Selecting the spin crossover profile with controlled
crystallization of mononuclear Fe(III) polymorphs†‡

Ana I. Vicente, a,b Liliana P. Ferreira, b,c Maria de Deus Carvalho,a

Vítor H. N. Rodrigues,c Marinela M. Dîrtu, d,e Yann Garcia, d

Maria José Calhorda a,b and Paulo N. Martinho *a,b

Two polymorphic species of the [Fe(5-Br-salEen)2]ClO4 compound were obtained, each of them being

selectively recovered after evaporation of the solvent at a controlled rate. While polymorph 1a is formed

during slow evaporation, fast evaporation favors polymorph 1b. The importance of the evaporation rate

was recognized after detailed studies of the reaction temperature, solvent evaporation rate and crystalliza-

tion temperature effects. The complex in the new polymorphic form 1a showed an abrupt spin crossover

at 172 K with a small 1 K hysteresis window and over a narrow 10 K range. 57Fe Mössbauer spectroscopy

and differential scanning calorimetry, complemented by X-ray studies for both the high-spin and low-

spin forms, were used to further characterize the new polymorphic phase 1a. Both polymorphs are based

on the same Fe(III) complex cation hydrogen bonded to the perchlorate anion. These units are loosely

bound in the crystals via weak interactions. In the new polymorph 1a, the hydrogen bonds are stronger,

while the weak hydrogen and halogen bonds, as well as π–π stacking, create a cooperative network, not

present in 1b, responsible for the spin transition profile.

Introduction

Polymorphism, or crystal isomerism, results from the capability
of a given compound to produce two or more crystalline forms
which differ in the packing arrangement of the molecules or
ions in the crystal lattice.1 Understanding polymorphism
requires studies of crystallization and phase transition, among
others, and is particularly relevant in materials synthesis and
biomineralization, and in the manufacture of drugs. The role of
crystal polymorphs is therefore important for the spin crossover
(SCO) research community. This phenomenon can be observed
for d4 to d7 3d transition metals in an octahedral ligand
environment,2 and is associated with switching spin states. It is
highly sensitive to polymorphism since the different environ-

ment in the crystal may lead to diverse SCO behaviors that can
be analyzed in terms of intermolecular interactions.3

Polymorphism associated with SCO may help to understand the
relative contribution of intra- and intermolecular interactions in
the spin transition features and consequently to define strat-
egies to obtain and isolate each polymorphic phase.4–6

Thermal spin conversion may drastically change between
different polymorphs, going from a crossover (gradual spin-
state conversion between high-spin (HS) and low-spin (LS)) to
a first-order transition (discontinuous variation of the HS frac-
tion). This has been observed for mononuclear Fe(II)
complexes7–10 with some cases where only one of the poly-
morphs shows a thermal switching.11–15
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Polymorphism in Fe(III) SCO compounds is rare and the few
reported cases displayed a wide range of magnetic profiles.
Examples include [(TPA)Fe(TCC)]PF6,

4,16 with very similar pro-
files between polymorphs and T1/2 differing by only 11 K.
[Fe-(acpa)2]ClO4

17 shows two polymorphic phases where one is
converted into the other after a structural phase transition.
More interesting is [Fe(qsal)2]I3

18 obtained as a mixture of two
polymorphs with very different magnetic profiles. Three poly-
morphs of the [Fe(qsal)(thsa)]+ complex5 are synthetically con-
trolled by a desolvation procedure. Additionally, [(TPA)Fe
(TCC)]PF6 polymorphs4 are selectively obtained through
different crystallization solvent systems.

The polymorphic experimental control is still a rare event
and only some examples show how each polymorph was
selectively obtained.8,19,20 Indeed, the growth process
involves the interplay between kinetics and thermodynamics
to explain the formation of polymorphs related to the
Ostwald’s rule of stages21 according to which metastable
forms can exist or coexist in the presence of more stable
forms.

As part of our interest in Fe(III) SCO systems,22 we have
recently found that a compound previously reported by us,
[Fe(5-Br-salEen)2]ClO4 (Scheme 1),23 can be selectively
obtained in two distinct polymorphic phases. In this work, the
synthesis and characterization of the new polymorph and the
attempts to both understand and selectively control their syn-
thesis are fully explored.

Experimental section
Materials

N-Ethylethylenediamine, sodium perchlorate monohydrate,
anhydrous iron(II) chloride, 5-bromobenzaldehyde and sol-
vents were purchased and used without further purification.
(Caution: perchlorate salts are notorious for explosiveness;
thus, precautionary measures must be taken when handling
them). [Fe(5-Br-salEen)2]ClO4 was synthesized as previously
described.23 IR (KBr): νmax/cm

−1 3249 (νNH, m), 3061 (νCH, w),
1630 (νCvN, s), 1591 (δCvC, m), 1301 (νC–N, s), 1088 (νClO4

, s),
1064 (νClO4

, s), 624 (νClO4
, s). Anal. calcd for C22H28Br2ClFeN4O6

(%): C, 37.99; H, 4.06; N, 8.05. Found: C, 37.92; H, 3.82; N,
7.84.

Instrumentation

IR spectra were recorded on a PerkinElmer FTIR spectrophoto-
meter. Microanalyses (C, H and N) were performed by elemen-
tal analysis service at the University of Vigo, Spain.
Magnetization measurements as a function of temperature
were performed using a SQUID magnetometer (Quantum
Design MPMS). The curves were obtained at 1000 Oe for temp-
eratures ranging from 10 to 370 K at different temperature vari-
ation rates (varying from 10 K min−1 to 0.1 K min−1) and the
molar susceptibility (χM) values were corrected for diamagnet-
ism. 57Fe Mössbauer spectra were recorded in the transmission
mode at 290 K and at 78 K using a conventional constant-accel-
eration spectrometer and a 50 mCi 57Co(Rh) source. The low
temperature measurements were performed using a liquid
nitrogen flow cryostat with a temperature stability of ±0.5 K.
The velocity scale was calibrated using α-Fe foil. The spectra
were fitted to Lorentzian lines using the WinNormos software
program, and the isomer shifts reported are relative to metallic
α-Fe at room temperature. Calorimetric measurements were
carried out under a He(g) atmosphere using a Perkin–Elmer
DSC Pyris instrument equipped with a cryostat and operating
down to 113 K. The purge gas was N2(g). Temperatures and
enthalpies were calibrated over the temperature range
113–300 K using the solid/solid and liquid/solid transitions of
pure cyclopentane (99%, Acros).24 The calibration sample was
introduced into an Al pan and hermetically sealed using an
encapsulating press. The calibration was made at a scan rate
of 10 K min−1. The characteristic temperatures, which were
assigned to the crystal/crystal transitions of cyclopentane, were
obtained by the extrapolation of the maximum peak tempera-
tures.24 An empty Al pan, identical to the one used for the
sample, was used as a reference to obtain a reliable baseline.
The system produces or takes up energy in order to keep the
temperature of the compound identical to the reference. This
energy difference between two resistances (in mW) is trans-
formed by using PYRISTM DSC Software 7.0 in specific heat Cp

(J mol−1 K−1). The DSC measurement of the sample was
carried out at a scan rate of 10 K min−1, in warming and
cooling modes. 30 mg were encapsulated at room temperature
in an aluminum pan and hermetically sealed. The sample was
maintained at room temperature for 5 min in order to allow
the system to equilibrate, and was further cooled down from
300 to 113 K. The sample was maintained at 113 K for 5 min
to reach equilibrium, followed by a similar scanning mode to
that in cooling between 113 K and room temperature for
which the data were recorded. The single crystal X-ray diffrac-
tion data were collected with monochromated Mo-Kα radiation
(λ = 0.71073 Å) on a Bruker SMART Apex II diffractometer
equipped a CCD area detector, CCDC 1579737 and 1579738.‡
Data reduction of each compound was carried out using the
SAINT-NT software package.25 Multi-scan absorption correc-
tions were applied to all raw intensity data using the SADABS
program.26 The structures were solved by a combination of
direct methods with subsequent difference Fourier syntheses
and refined by full matrix least squares on F2 using the

Scheme 1 Compound [Fe(5-Br-salEen)2]ClO4 studied in this work.
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SHELX-2014 programs.27 The C–H and N–H hydrogen atoms
were inserted at geometrical positions with Uiso proportional
to Ueq. of those they are attached. Figures of crystal packing
diagrams were drawn with Mercury28 and PLATON software
package.29

Results and discussion
X-ray studies

[Fe(5-Br-salEen)2]ClO4 crystallizes using specific and different
experimental conditions as two distinct polymorphs (hereafter
denoted as 1a and 1b). The latter was published elsewhere,23

and its structure was confirmed by single crystal X-ray diffrac-
tion. The new polymorph (1a) was obtained in the form of dark
cubic crystals after evaporation of the solvent, similarly to 1b.23

The crystal structure of 1a, Fig. 1, was first determined at
105 K revealing that the compound crystallizes in the monocli-
nic space group P21/c with one cation and an ordered perchlor-
ate anion. Fe–O, Fe–Nam and Fe–Nim bond lengths at this
temperature are characteristic of a Fe(III) center in the low-spin
(LS) state.30 On the other hand, 1b crystallizes in the ortho-
rhombic space group Pbcn with one cation and an ordered per-
chlorate anion located on a crystallographic 2-fold axis.23 The
constraints imposed by the octahedral coordination geometry
of Fe(III) and the planarity of the aromatic part of each triden-
tate ligand are responsible for the relative rigidity of the iron
coordination sphere. Therefore, only a small conformational
freedom is retained, mainly via the ethyl groups involved in
weaker intramolecular interactions. Nevertheless, a distinct
ligand arrangement of the complex cation in 1a and 1b is
visible in Fig. 1, where they are drawn in similar perspectives.
Overall, the angle between the ligand rings in 1a is more open
than that in 1b, as reflected by the α angles of 73.53(7)° and
68.474(17)°, respectively, and other relevant intramolecular
distances and angles shown in Table 1. The distance from C1
(terminal carbon of the ethyl group) to Br1 is a measure of the

overall stretching of the ligand and shows that one of the
ligands in 1a is more stretched (11.367 Å), while the other is
less stretched (11.264 Å) than the corresponding symmetry
related ligands in 1b (11.309 Å), reflecting an overall higher
asymmetry of 1a, Fig. S1 and S2.‡

The strongest Nam–H⋯O (perchlorate) hydrogen bonds are
different in polymorphs 1a and 1b, although the metal–ligand
binding mode is the same in both polymorphs and the donor/
acceptor atoms in the hydrogen bonds are the same, as shown
in Fig. 1. Thus, the cation and anion are more strongly and
more rigidly bound in 1a through two independent bifurcated
H-bonds (3.230(3)/3.240(3) 3.194(3)/3.219(3) Å) than in 1b with
only one bond (3.160(2) Å). The latter cation–anion associ-
ations constitute the building blocks for the overall 3D struc-
ture in both polymorphs 1a and 1b. However, the cooperative
weak intermolecular interactions between these building
blocks are stronger in polymorph 1a, where C–H⋯Br and C–
H⋯π hydrogen bonds,31 π⋯π stacking, and C–Br⋯π halogen
bonds32,33 can be found.

The 3D structure of 1a can be understood as the stacking of
(100) 2D sheets of parallel zigzag chains of cation–anion
associations, Fig. 2.

The cation–anion associations in these chains are only
weakly bound via a weak C–H⋯Br hydrogen bond. There are
other infinite chains of cation–anion associations bound via
C–Br⋯π halogen bonds running across the latter sheets along
[201] (see Fig. S3‡). In polymorph 1b the intermolecular inter-
actions rely on weak C–H⋯O hydrogen bonds.23

Distortion parameters were determined for both poly-
morphs. The local angular distortion of the octahedral donor
(Σ) and the dihedral angle between the two phenoxy rings (α)
were considered and were determined for both polymorphs
and are shown in Table 2 (as well as the distance between iron
and the anion).

Examination of the structure and packing diagrams of com-
pound 1a at both high and low temperatures revealed that

Fig. 1 Molecular structures of 1b (left) and 1a (right) at 125 K and 105 K,
respectively, showing the cation–anion hydrogen-bonded associations.
The equivalent view adopted for both representations is along the line
defined by the corresponding C4 atoms of both ligands which are
eclipsed at the center, just above iron (in yellow). Grey, light grey, blue,
yellow, red, orange and green ellipsoids represent C, H, N, Fe, O, Cl and
Br atoms (for labeled structures please refer to the ESI‡).

Table 1 Selected distances and angles in polymorphs 1a and 1b. Pairs
of values in the 1a column correspond to those ligands unrelated by
symmetry in the cation. α is the angle between the planes of the aro-
matic rings of the ligands in the same cation

1b (T = 125 K) 1a (T = 105 K)

a (Å) 10.3027(4) 9.7817(9)
b (Å) 14.2644(6) 23.4602(19)
c (Å) 18.1624(7) 11.8961(8)
β (°) 90 103.885(2)
Vol. (Å3) 2669.2(3) 2650.1(4)
Fe⋯O (Å) 1.8684(2) 1.8679(16)/1.8820(15)
Fe⋯Nim (Å) 1.9361(14) 1.9302(19)/1.9315(20)
Fe⋯Nam (Å) 2.0340(14) 2.0473(20)/2.0566(20)
Nam⋯Cl (Å) 3.7582(16) 3.819(2)/3.744(2)
Nam–H⋯O (Å) 3.160(2) 3.230(3)/3.240(3) 3.194(3)/3.219(3)
Nam–H⋯O (°) 157.5(19) 145(2)/157(3)/149(2)/154(2)
C2–N1–C3–C4 (°) −173.10(14) −169.64(20)/−172.38(20)
C3–C4–N2-C5 (°) 137.42(16) 149.22(21)/139.99(22)
C5–C6–C7–O (°) 4.7(3) −9.8(4)/−2.3(4)
α (°) 68.474(17) 73.53(7)
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both structures are not distinctively different, Table S1 and
Fig. S4.‡ In the high temperature structure, the crystals are in
the monoclinic space group P21/c with bond lengths around
the metal center typical of HS Fe(III). The stronger interactions
attributed to the hydrogen bonded anion–cation associations
are still present. As observed for 1a at low temperature,
C–H⋯Br and C–H⋯π hydrogen bonds, π⋯π stacking, and
C–Br⋯π halogen bonds can be found.

Magnetic studies

The variable-temperature magnetic susceptibility curve for 1a
obtained from magnetization measurements between 10 and
300 K at 5 K min−1 both in the cooling and heating modes is
shown in Fig. 3.

An almost complete and abrupt spin transition in the range
of 165–175 K, with a T1/2 of 172 K, can be deducted from the
χMT vs. T curve. The magnetization curve recorded at both
lower scan rates (2 K min−1) and smaller temperature steps
(each 0.5 K) reveals a small 1 K hysteresis window between
169 K and 172 K, inset of Fig. 3. The χMT values at 10 K and
300 K are 0.466 cm3 K mol−1 and 4.04 cm3 K mol−1, respect-
ively, and the cooling and heating curves are superimposable.
This magnetic behavior is completely different from the one
exhibited by polymorph 1b23 where a large hysteresis window

(30 K) at room temperature was found. This is also an indi-
cation that compound 1a corresponds to a new polymorph of
[Fe(5-Br-salEen)2]ClO4.

Compound 1a was further characterized by 57Fe Mössbauer
spectroscopy both at 78 K and room temperature, Fig. 4.

The spectrum at 78 K presents a very pronounced line asym-
metry, similar to what was observed and investigated for 1b.19

In line with our previous findings, this asymmetry should be
due to the relatively long paramagnetic relaxation times of the
Fe(III) center when compared to the 57Fe nuclear Larmor pre-
cession time. Assuming the same behavior, the spectrum at
78 K was well fitted by a single quadrupole doublet with hyper-
fine parameters typical of LS Fe(III) (isomer shift δ = 0.22(1)
mm s−1; quadrupole splitting ΔEQ = 2.93(1) mm s−1). In agree-
ment with the magnetization behavior, the spectrum at 290 K
is very different from the one obtained for 1b. As deduced
from the χMT value at 290 K (Fig. 3), 1a is essentially in the HS
state. The Mössbauer spectrum is rather broad but clearly

Fig. 2 Sheet of zigzag chains of weakly hydrogen-bonded cation–
anion associations parallel to the (001) plane in 1a. Two distinct chains
are represented, one to the right and the other to the left. Hydrogen
atoms are not shown, except those involved in the hydrogen bonds.

Table 2 Distortion parameters of polymorphs 1a and 1b

Polymorph Spin state T/K Σ/° α/° dFe–anion/Å

1ª LS 105 38.1 73.5 4.919
HS 300 62.8 79.5 5.048

1b LS 125 52.8 68.5 4.907
LS 300 50.8 67.5 4.935
LS + HS 300a 39.9 73.7 4.916
LS 250a 52.6 67.7 4.929

a Structures determined post-warming up the crystals to 370 K.

Fig. 3 Temperature dependent magnetic measurements for 1a (inset:
magnetization curve recorded at 2 K min−1 and 0.5 K temperature steps).

Fig. 4 57Fe Mössbauer spectra of 1a, collected at 78 K (top) and 290 K
(bottom).
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different from that obtained at 78 K, although a small contri-
bution of the LS component cannot be disregarded. In fact,
the Mössbauer spectrum at 290 K suggests rapid spin-state
interconversion between HS and LS states, when compared to
the 57Fe Mössbauer time scale (>107 s−1).34

Differential scanning calorimetry (DSC)

Polymorph 1a was investigated by DSC over the range
150–250 K on warming and cooling at 10 K min−1, Fig. 5.

On warming, an endothermic peak characteristic of a first
order phase transition was detected at Tmax↑ = 172.5 K. This
temperature is in very good agreement with the transition temp-
erature detected by SQUID measurements. On cooling, an
endothermic peak is observed at 172.8 K confirming the results
obtained for the magnetization measurements. Surprisingly, a
small peak characteristic of a first order transition is detected at
174 K. Repeated measurements confirmed on warming the
peak at 172.5 K and on cooling the presence of a major peak at
172 K, while the small peak became a shoulder (see Fig. S5‡).
To try to elucidate the nature of the second small peak, SQUID
measurements were performed on a sample of polymorph 1a
using different scan rates and smaller temperature intervals
(0.5 K), Fig. S6.‡ However, an envisioned stepped first-order
transition is not observed for the slower scan rate magnetization
studies. The enthalpy and entropy values were evaluated as ΔH
= 6.09 kJ mol−1 and ΔS = 35.3 J mol−1 K−1. The entropy change
is much higher than the one accounting for an electronic con-
tribution only (ΔSel = 9.13 J mol−1 K−1) allowing to derive the
vibrational entropy associated with the spin conversion ΔSvib =
26.17 J mol−1 K−1. This vibrational entropy value calls for a
large modification of vibrational modes in the solid.

The DSC measurements together with the structural data
suggest that vibrational coupling throughout the crystalline
lattice is responsible for the major changes in the magnetic
profile. The small rearrangements in the structure and the
changes in the bond length between the HS and LS structures
are highly sensitive to the vibrational coupling of the lattice,
thus the abrupt spin crossover for 1a.

Serendipitously, magnetization studies of a freshly prepared
sample displayed a profile comprising the mixture of the mag-
netic profiles of the two polymorphs, Fig. S7.‡ This new
sample was obtained following the same experimental con-
ditions used to prepare 1a (reaction carried out at room temp-
erature and crystallization by slow solvent evaporation also at
room temperature). This finding suggested that slight changes
in the reaction temperature, crystallization or solvent evapor-
ation might be sufficient to condition the formation of each
polymorph. Thus, we wondered whether each polymorph
might be selectively obtained by changing the temperature of
the reaction, the temperature of crystallization or the rate of
solvent evaporation.

Polymorph selectivity studies

Polymorphs 1a and 1b were indeed selectively obtained by
changing experimental parameters such as the reaction temp-
erature, crystallization temperature and solvent evaporation
rate. A comprehensive study was performed to determine
which parameters conditioned the polymorph obtained,
Table 3. Slow evaporation refers to, at least, 3 days until crystal
formation, while fast evaporation crystals formed in less than
24 h. For all solids obtained, the composition was determined
by elemental analysis and the magnetic profiles by magnetiza-
tion measurements.

The syntheses performed at −90 °C (i) and reflux conditions
(65 °C – vi) gave solids that precipitated out of solution during
the reaction, and the solids were filtered and it was shown that
1a was formed for both reaction conditions. These results
show that the reaction temperature seems not to affect which
polymorphic phase formed from the reaction. The filtrates of
the reactions mixtures were crystallized at room temperature
for the reaction at −90 °C (ii) and at 40 °C for the reflux reac-
tion (vii) and the crystals obtained in less than 24 h were fil-
tered and their magnetic behavior was measured.
Magnetization studies confirmed that both compounds were
obtained in the form of 1b. These findings show that the reac-
tion temperature does not determine which polymorph of 1 is
formed. The filtrate of (vii) yielded a new batch of crystals (viii)
that, unexpectedly, showed a preference for 1a. This was quite

Fig. 5 Plot of heat capacity vs. T for 1a on warming and cooling at 10 K
min−1, over the range of 150 K and 200 K.

Table 3 Experimental conditions for the synthesis of polymorphs 1a
and 1b

Temperature/°C

Crystallisation rate PolymorphReaction Crystallisation

i −90 — Fast 1aa

ii −90 rt Fast 1b
iii −78 rt Slow 1a
iv rt rt Slow 1a
v rt rt Fast 1b
vi Reflux — Fast 1a
vii Reflux 40 Fast 1b
viii Reflux 40 Slow 1ab

ix Reflux 40 Slow 1a

aWith impurities. b Crystallisation of the filtrate of vii.
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surprising since at this point only two reaction conditions, the
reaction temperature and the crystallization temperature, were
being controlled, and suggested that the rate of solvent evapor-
ation should also be considered, since the speed of crystal for-
mation could have an effect on the polymorph preference. The
most striking feature was obtained for ix, which shows that a
slow crystallization favors 1a, while for fast crystallization 1b is
formed, the crystallization temperature being possibly irrele-
vant for the control of the polymorphic species formed.
Further confirmation came from an additional experiment,
where the synthesis was carried out under reflux conditions,
the crystallization at 40 °C and the solvent evaporation was
slow (viii). Polymorph 1a was the main obtained product
(90%) with a remaining 10% of 1b identified by the magnetiza-
tion studies. Another experiment that corroborates the pre-
vious evidence is the synthesis performed at −78 °C followed
by slow crystallization at room temperature (iii) that preferen-
tially gave 1a. At this point, the influence of the reaction and
crystallization temperatures on the polymorph preference can
be excluded, the crystallization rate being the main and deter-
mining parameter to be taken into consideration. Two experi-
ments with compounds synthesized and crystallized at room
temperature with different crystallization rates, (iv) and (v),
gave 1a for the slow process and 1b for the fast crystallization,
reinforcing the previous conclusions.

Conclusions

[Fe(5-Br-salEen)2]ClO4 crystallizes as two different polymorphs,
which can be obtained managing a selective control of the syn-
thesis method. The rate of crystallization was found to be the
determining factor. The new polymorph 1a is built from the
same cation and anion, but the NamH⋯O (perchlorate) hydro-
gen bond network linking them is different, providing a larger
binding energy in 1a. These features are observed both in the
low and in the high temperature structures. Both polymorphs
experience spin crossover, but the magnetization profiles
differ significantly, 1a displaying an abrupt and complete spin
transition, detected by different methods, and 1b exhibiting
hysteresis, as reported before. Such a different behavior is
explained by the cooperative effect and nature of the inter-
molecular interactions between the hydrogen bonded cation–
anion associations, which are more diverse and stronger for
polymorph 1a.
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