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Structural features that modulate the sharpness of
the spin crossover transition in [FeIII(5-X-qsal)2]

+

based salts†

Bruno J. C. Vieira, * Laura C. J. Pereira, * Vasco da Gama and João C. Waerenborgh

This study aimed to unveil the structural modifications that can modulate the SCO transition sharpness,

occurring up to room temperature, of FeIII compounds with general formula [Fe(5-X-qsal)2]
+. These

compounds are organized in layers of cationic chains. The structure of a series of compounds with

different transition progressions were analyzed and compared to extract the structural differences

responsible for the change in magnetic behavior. Two structural differences were found to be responsible

for the modulation of the magnetic transition sharpness, in direct correspondence with the degree of

interactions between the cations in each chain and between chains. The reinforcement of the interchain

connectivity was found to contribute towards the sharpness of the transition. On the contrary, the

reinforcement of the interlayer interactions resulted in the broadening of the transition. To achieve sharp

transitions, it is necessary to obtain structures able to maximize interchain cation–cation interactions at the

same time as they minimize the interlayer interactions.

Introduction

Spin crossover (SCO) is one of the most exciting examples
of switching ability in molecular materials. Complexes with
octahedral coordination geometry and a central metal atom
with 3dn (4 ≤ n ≤ 7) electronic configuration are known to
be able to show a crossover between a low-spin (LS) and a
high-spin (HS) state.1 This SCO may be achieved by
submitting these materials to external perturbations such as
temperature, pressure, magnetic field and light irradiation.
The electronic transition in the system is followed by
changes in their physical properties (colour, magnetism,
crystal structure) that are able to be monitored by a variety
of different techniques.1–3 The transition can exhibit
different dynamics involving its rate (gradual vs. sharp), its
completeness (complete vs. incomplete), the number of
steps (single step vs. multi-step), and can even exhibit
hysteresis.1–3 The modulation of the transition dynamics is
correlated to the mechanism of propagation of the SCO
transition through the solid structure, i.e., the degree of
cooperativity between the SCO centers. This cooperativity

can be defined as the efficiency with which the sum of all
the supramolecular interactions existing in each solid
structure is able to propagate the SCO transition. The
cooperativity level can be drastically altered by the
modification of the number of supramolecular interactions
or by modifying the type, such as hydrogen4 or halogen
bonding,5 or π–π stacking.6

Although difficult, it is possible to identify the interactions
responsible for the control of specific mechanisms of the
spin transition. In previous work,7 we were able to identify in
a series of FeIII compounds, three supramolecular
arrangements correlated to different magnetic behaviors, one
of them exhibiting a spin transition in the temperature range
between 4 K and room temperature. In this work we expand
that study and identify the structural interaction and
supramolecular features that modulate the shape of the
transition in these SCO compounds. This information is
critical towards the intelligent design of SCO materials as it
enables the targeted synthesis of compounds with a desired
transition morphology (sharp or gradual). To unveil these key
interactions a series of compounds with similar composition
exhibiting SCO with different transition shapes were
analyzed. Their structural features were compared in order to
extract patterns associable to differences in the SCO
transition sharpness. We have analyzed compounds based on
N-(8-quinolyl)salicylaldimine (qsal, Fig. 1), namely a series of
FeIII SCO complexes with general formula [Fe(5-X-qsal)2]

+

reported in the literature, which exhibit reversible SCO
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transition with various degrees of transition sharpness. Their
magnetic properties were correlated with the structural data
extracted from single crystal X-ray diffraction.

Hereafter the reference to the compounds will have one of
the following numerical prefixes depending on X, 1 (XH), 2
(XCl), 3 (XBr), 4 (XI) and 5 (XOCH3). As an example,
the compound with formula [Fe(5-I-qsal)2]PF6·1.5H2O will be
referred to as 4·PF6·1.5H2O.

Complexes coupled with transition metal anions such as
dithiolates like [Ni(dmit)2]

− (dmit = 4,5-dithiolato-1,3-dithiole-
2-thione) were excluded from this study due to their disparity
of supramolecular arrangements arising from the ease with
which they create segregated layers of highly connected
anions. These materials are expected to have different
supramolecular arrangements than the compounds
addressed in the present study.

Results and discussion

As mentioned in a previous work,7 compounds derived from
the cations with general formula [Fe(5-X-qsal)2]

+, exhibiting
SCO up to room temperature, have the same overall
supramolecular arrangement. In these salts where the [Fe(5-
X-qsal)2]

+ cations are essentially in the HS configuration at
room temperature, the difference in the progress of the SCO
transition observed is due to slight differences in the
otherwise strong cooperativity between the cations in these
systems. These compounds share the same structural motive
(that we named chain layers in the previews work7) consisting
of arrangements of parallel layers of chains of cations leading
to a supramolecular configuration consistent with layers of
cation chains. Within these chains, the cations display very
strong intrachain cation–cation (hereafter called DD)
interactions resulting from the overlap of the 5-X-qsal
fragments extending through the entire ligands. Short
CH⋯O contacts and even C–X⋯π type II halogen bond
contacts reinforce the strong ππ interactions. These
intrachain interactions are the strongest in all the studied
compounds with little to no difference detected among them.
Two other types of supramolecular interactions are also
present in these structures: interactions between chains in
the same layer (interchain interactions) and interactions
between chains of adjacent layers (interlayer interactions).
The interchain interactions consist in relatively strong DD
interactions, mostly associated with close contacts between
the quinoline (Qn) fragments of cations located in
neighboring chains, with no assistance from solvent or anion
molecules. The interlayer interactions are the weakest type of

interaction present in these structures, being composed of
DD interactions that are commonly reinforced by cation–
anion–cation (hereafter DAD) connectivity. In summary the
chain layers structural motive consists in cationic chains with
significant intrachain and interchain DD interactions but
weaker interlayer interactions (Fig. S1†). This combination of
interactions allows for a relatively rigid layer of cations,
which can induce easy propagation of the lattice distortions
and SCO processes but with various degrees of sharpness.
The in-depth analysis of this structural motive can be found
in the previous work.7

We observed that in this family of compounds, that
undergo spin transition up to room temperature, although
the intrachain interactions appear to be always the same, and
always the strongest of the structure, the interchain and
interlayer interactions exhibited a noticeable difference in
both quantity and type of interactions. In order to determine
how these structural differences could influence the
progression of the SCO transition we selected to study 13 of
these compounds with reversible spin transition but different
transition progression. In order to organize the discussion
bellow, these compounds were divided into two types based
in the temperature range of the transition (ΔT): sharp
transition (Sh) corresponding to compounds with 4 K < ΔT <

50 K and gradual transition (Gr) corresponding to
compounds with ΔT > 50 K. The value of 50 K was chosen by
the authors of this study taking into account the values of ΔT
(Table 1) in conjunction with the structural features exhibited
by the compounds in this study. The selected compounds for
this study are 1·I3 (Gr),8 1·SCN (Sh, Sh),9 1·SeCN (Sh, Sh),10

2·SCN·MeOH (Gr, Sh),11 2·PF6·MeCN (Sh),7 3·NO3·2MeOH (Sh,
Sh),12 3·PF6·H2O (Gr),7 4·CF3SO3·nPrOH (Gr),13

4·CF3SO3·iPrOH (Gr),13 4·CF3SO3·MeOH (Sh),14 4·PF6·1.5H2O
(Sh),7 4·N(SO2CF3)2 (Sh)15 and 5·Cl·MeCN·H2O (Sh, Sh).16 A
summary of the magnetic and structural information of these
compounds can be found in Table 1.

In the case of the analysis of the interchain interactions it
is possible to extract a numeric value that can be associable
to the degree of interaction of cation, because they have their
Qn fragments parallel to each other and this distance
correlates well with the degree of interactions present in each
structure. Unfortunately it is impossible to obtain a similar
numeric parameter for the interlayer connectivity. In this case
there are different types of interactions that contribute to the
overall connectivity (DD and DAD). Furthermore the DAD
interactions involve different atoms (with different atomic
and ionic rays) in each structure, making it impossible to
calculate a structural distance or short-contact value able to
correlate with the observed degree of interaction. In
compounds where we report differences in these interactions
we will provide structural images that justify our statements.

The selected compounds for this study with a transition
temperature range larger than 50 K, i.e. ΔT > 50 K (referred
to as gradual Gr in this study) are 1·I3 (Gr),8 2·SCN·MeOH
(Gr, Sh),11 3·PF6·H2O (Gr),7 4·CF3SO3·nPrOH (Gr)13 and
4·CF3SO3·iPrOH (Gr).13

Fig. 1 Qsal ligand.
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4·CF3SO3·nPrOH (Gr)13 and 4·CF3SO3·iPrOH (Gr)13 exhibit
crystal structures also quite similar to Sh compounds such as
1·SCN, 1·SeCN, 4·CF3SO3·MeOH or 4·PF6·1.5H2O. This is even
reinforced by the values of the interchain DD distances
presented in Table 1, where 4·CF3SO3·nPrOH (Gr)13 and
4·CF3SO3·iPrOH (Gr)13 exhibit the lowest values of all
compounds. In these salts, however, the interchain
interactions between the two quinoline, Qn, fragments are
expected to be considerably weaker when compared with Sh
compounds, due to a much poorer overlap between the
aromatic fragments of the interacting ligands, which is
expected to lead to softer cationic layers and less overall
cooperative SCO behaviour (Fig. S2†).

This effect is less pronounced for 4·CF3SO3·nPrOH, as in
this case there are still relatively weak ππ interactions
between the Qn fragments, which results in a faster rise of χT
in the SCO process of this salt. In summary for
4·CF3SO3·nPrOH (Gr)13 and 4·CF3SO3·iPrOH (Gr)13 the
structural difference related to the softer transition is the
lower degree of interchain connectivity between cations
within the same layer.

For 3·PF6·H2O (Gr),7 the only structural difference
observed when compared with compounds that exhibit a
lower temperature range of the transition is the DAD
interlayer interactions, which assist the DD interlayer
connectivity. In this compound the effect of the cation–anion
(hereafter DA) interactions is expected to be slightly
enhanced, as in this salt there are two anions contributing to
the reinforcement of DD interlayer interactions. Furthermore,
the anions establish an additional DAD interaction to a
second cation located in the neighbouring layer, reinforcing

the overall interlayer connectivity (b and e in Fig. S3†). In a
similar fashion in 1·I3 (Gr)8 the only difference regarding
supramolecular arrangement or interactions, that could be
associated with the reduction in the sharpness of the SCO
process, is the existence of significant interlayer connectivity
provided by the DAD interactions, as the I3

− anions seem to
be particularly effective in the indirect interlayer connectivity
(Fig. S4†). In both cases, the reduction of sharpness of the
transition is originated in the reinforcement of the interlayer
connectivity.

The 2·SCN·MeOH (Gr, Sh)11 structure, presents slightly
weaker interchain contacts between the Ph–X groups that are
established between each cation and two cations located in
adjacent chains of the same layer. These DD intrachain
interactions consist in a combination involving ππ contacts
between the Ph groups and two-fold CCl⋯π contacts. In this
case, the larger separation of the Ph groups (3.891 Å) when
compared to the separation of the Qn groups in the other
salts (ranging from 3.285 to 3.422 Å in compounds with Sh
transition and structures in the LS state), suggests that these
interactions must be weaker. As in the other Sh salts, only
relatively weak interlayer DD interactions (CH⋯π contacts)
are observed with interatomic distances of the order of the
sum of the van der Waals radii. The reduction of the
cooperativity of the SCO processes in 2·SCN·MeOH can only
be associated to the lower rigidity (softer interchain
interactions) expected for the cationic layer.

The analysis of the structure of the five compounds with
gradual transitions indicates that there are two different
structural modifications responsible for the loss of sharpness
of the transition (decrease of cooperativity): lower degree of

Table 1 Relevant structural and magnetic data for 1·I3, 1·SCN, 1·SeCN, 2·SCN·MeOH, 2·PF6·MeCN, 3·NO3·2MeOH, 3·PF6·H2O, 4·CF3SO3·nPrOH,
4·CF3SO3·iPrOH, 4·CF3SO3·MeOH, 4·PF6·1.5H2O, 4·N(SO2CF3)2 and 5·Cl·MeCN·H2O

Compound SCO step Structure temperature/spin state SCO typea (ΔT) T1/2 (K) Inter-chain DD distanceb (Å) Ref.

1·I3 1 step 50 K/LS Gr (69 K) 240 3.422 8
1·SCN 2 steps RT/HS Sh (25 K) 203↓, 290↑ 3.688 9

RT/HS Sh (25 K) 203↓, 210↑ 3.688
1·SeCN 2 steps RT/HS Sh (10 K) 212↓, 282↑ 3.648 10

RT/HS Sh (10 K) 212↓, 215↑ 3.648
2·SCN·MeOH 2 steps 100 K/LS Gr (73 K) 250 3.891 12

100 K/LS Sh (40 K) 167↓, 177↑ 3.891
2·PF6·MeCN 1 step 150 K/LS Sh (44 K) 265 3.445 7
3·NO3·2MeOH 2 steps 123 K/LS Sh (13 K) 229↓, 234↑ 3.285 12

123 K/LS Sh (12 K) 128↓, 144↑ 3.285
3·PF6·H2O 1 step 150 K/LS Gr (60 K) 220 3.380 7
4·CF3SO3·nPrOH 1 step 100 K/LS Gr (64 K) 199 3.091 13
4·CF3SO3·iPrOH 1 step 163 K/LS Gr (96 K) 251 3.091 13
4·CF3SO3·MeOH 1 step 163 K/LS Sh (8 K) 232↓, 234↑ 3.371 14
4·PF6·1.5H2O 1 step 150 K/LS Sh (4 K) 268↓, 272↑ 3.350 7
4·N(SO2CF3)2 1 step 245 K/LS Sh (34 K) 244↓, 278↑ 3.336 15
5·Cl·MeCN·H2O 2 steps 100 K/LS Sh (21 K) 270 3.330 16

100 K/LS Sh (12 K) 240 3.330

T1/2 temperature calculated as the maximum of the first derivative dχT/dT. If T1/2 observed when T decreases ↓ and when T increases ↑ are
different, there is hysteresis. a Type of transition and degree of cooperativity (Gr-gradual, Sh-sharp). The value between brackets (ΔT, in K)
corresponds to the estimated span of the HS → LS transition, considering the slope of dχT/dT at T1/2 and extrapolating it to the χTHS and χTLS

limits. There are two ΔT values when SCO takes place in two steps. b Distance between the planes formed by the Qn fragments of cations in
neighboring chains of the same layer.
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DD interchain connectivity or higher DD interlayer
connectivity. The increase of the interlayer connectivity may
arise in two different ways, directly through DD interlayer
connectivity or through the assistance of the anion with the
appearance of DAD. The structures analysed in this study do
not allow determining if any of these sources of the
enhancement of the interlayer connectivity (direct DD or
assisted DAD) can have a greater impact in the loss of
cooperativity. As far as this study could analyse, both have
the same impact in the loss of cooperativity of the
compound.

It is important to mention that the interchain interactions
do not have to correlate directly with the size of the ligands.
The increase in the atomic volume of ligands does not
necessarily lead to a decrease of the cooperativity of the
compound. This is evidenced by the comparison of,
2·PF6·MeCN (Sh), 3·PF6·H2O (Gr) and 4·PF6·1.5H2O (Sh)7

(Fig. 2). These compounds share the same anion and only
differ in the halogen substitution (Cl, Br, and I respectively)
and the solvating molecule. One might expect that the
difference between the SCO progressions would be originated
at least in part by the distinct interchain interactions
originated in the dissimilar ligand volume due to the halogen
atom used in each compound. The analysis of the SCO
transition reveals however a different case. The sharpest
transition, ΔT = 4 K, is exhibited by 4·PF6·1.5H2O with the
bulkiest halogen atom in the ligand. Moreover, the second
sharpest transition, ΔT = 44 K, is exhibited by 2·PF6·MeCN
with the smallest halogen. 3·PF6·H2O, with the halogen
substitute with the intermediate volume, exhibits the more
gradual transition, ΔT = 60 K. In these compounds the
progression of the transition is not the result of differences
in the interchain interactions since they are all very similar
in all three compounds.

The major structural differences are associated with the
variations in the interlayer connectivity, resulting either from
the direct DD contacts or from the indirect connectivity
mediated by the anions (Fig. S3†).

The major difference in the direct DD interlayer
connectivity concerns the stronger interactions that are
observed for 2·PF6·MeCN, where DD interlayer interactions,
associated with the two-fold CH⋯π contacts, seem to be
stronger than the corresponding interactions in the other two
salts. A larger variability is found for the indirect DAD
interlayer connectivity reinforcing the direct DD interlayer
connectivity. This connectivity is expected to be significantly
stronger in the case of 3·PF6·H2O than in 2·PF6·MeCN and to
be the weakest for 4·PF6·1.5H2O, which correlates quite well
with the observed increase in the cooperativity of the SCO
processes.

The analysis of the structures of the compounds with
sharp transitions (1·SCN (Sh, Sh),9 1·SeCN (Sh, Sh),10

2·PF6·MeCN (Sh),7 3·NO3·2MeOH (Sh, Sh),12 4·CF3SO3·MeOH
(Sh),14 4·PF6·1.5H2O (Sh),7 4·N(SO2CF3)2 (Sh),15

5·Cl·MeCN·H2O (Sh, Sh)16) reveals that all crystal packings
look roughly similar with strong interchain DD interactions
(Qn⋯Qn) and relatively modest interlayer DD interactions
(Ph–X⋯Ph–X or Qn⋯Ph). This supramolecular arrangement
is observed in compounds with very different anions
regarding their composition, volume and geometry.

It is important to mention that the differences in solvating
molecules were expected to have a greater impact on the
cooperativity with a special emphasis on the interlayer
interactions. In fact, what we observed is that the solvent
molecules are usually only bounded to one cation molecule,
which greatly diminishes their impact in intrachain,
interchain or interlayer DD connectivities. This result
contradicts the established view, many times referred in
several publications, where a simple solvent change in the
solid structure is responsible for a dramatic change in
magnetic behavior. Our interpretation is that the key
structural alteration induced by modifications of the
solvating molecules might not be the differences in the
cation–solvent interactions, but all the modulation of the
interchain and interlayer interactions that occurs when the
solid structure accommodates a new solvating molecule.

The critical aspect to control the sharpness of the SCO
transition in these compounds seems to be directly related to
the control, in the solid structure, of the degree of interchain
and interlayer interactions. To obtain sharp transitions, it is
necessary to maximize the interchain interactions and
minimize the interlayer interactions. The chemical design of
these systems will necessarily need to take this information
into account and all chemical modification introduced into
the compounds should always aim to maximize DD
interchain connectivity at the same time as it minimizes
interlayer interactions promoted by either DD, DAD
interactions.

Conclusions

The structural differences that control the sharpness of the
SCO transition in a set of FeIII compounds was analyzed. This
sharpness corresponds to the physical representation of the

Fig. 2 Temperature dependence of χPT product in a field of 1 T of
2·PF6·MeCN, 3·PF6·H2O and 4·PF6·1.5H2O. Data reported in ref. 7.
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cooperativity of the system. The supramolecular
configuration in the studied compounds consists in
arrangements of parallel layers of chains of cations with very
strong cation–cation intrachain interactions, strong
interchain cation–cation (intralayer) interactions and weak
interlayer cation–cation interactions. This study showed that
the intrachain interactions do not change in the studied
compounds, being the strongest type of supramolecular
interactions present. We were able to identify two factors that
can independently contribute to the enhancement of the
cooperativity and consequently to the enhancement of the
sharpness of the SCO transition. The cooperativity is
enhanced with the reinforcement of the interchain
interactions and with the weakening of the interlayer
interactions. These factors can be modulated separately or in
conjunction to modify the cooperativity of the compound.

The modification of the interchain interactions can be
obtained by tuning the cation–cation interactions. This
tuning results from differences in the cation layer packing
and is heavily dependent on the aromatic fragment
(quinoline) interactions. The degree of interactions is not
directly proportional to the volume of the substituent X used
in the ligand 5-X-qsal.

The modification of the interlayer interactions can be
obtained via two different mechanisms: the alteration of the
direct cation–cation interlayer interactions or the mediated
cation–anion–cation interactions. Both structural
modifications appear to contribute equally to the modulation
of the sharpness of the transition.

It is worth mentioning that in the studied compounds no
phase transitions are associated with the spin transition. In
fact if a structural transition takes place in a compound the
conclusions of the present study might not apply to it,
depending on the structural modifications that the transition
induces.

The intelligent design of these materials should aim to
synthesize compositions that maximize in the solid structure
the cation–cation interactions within each chain and layer as
much as possible and at the same time minimize the
interlayer connectivity considering both cation–cation and
cation–anion–cation interactions.
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