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Structural movies of the gradual spin-crossover in
a molecular complex at various physical scales†

S. Lakhloufi,a M. H. Lemée Cailleau,b G. Chastanet,a P. Rosa,a N. Daroa and
P. Guionneau*a

The thermally induced Spin-CrossOver (SCO) undergone by the mononuclear iron(II) complex [Fe(PM-

AzA)2(NCS)2] (PM = N-20-pyridylmethylene, AzA = 4-(phenylazo)aniline) is fully pictured by a quasi-

continuous structural determination all along the spin-state modification within the sample. This large

scale multi-temperature Single-Crystal X-Ray Diffraction (SCXRD) investigation leads to making structural

movies. The latter reveal or confirm some features of the SCO that are subsequently validated by the same

systematic investigation performed on a zinc isostructural analogue complex. Notably, the continuous

views of the temperature dependencies of the unit-cell parameters, the dilatation tensors, the metal

coordination sphere geometry and the intermolecular distances confirm a few of the structure property

relationships already known for SCO materials. In parallel, the examination of the temperature depen-

dencies of the atomic coordinates and the atomic displacement parameters reveals unexpected behaviours

in this gradual SCO material such as antagonistic atomic movements due to the single SCO and the pure

thermal effects.

1. Aims and context

The Spin CrossOver (SCO) phenomenon in iron(II) molecular
complexes has been increasingly investigated with both funda-
mental and application targets.1–4 The focus is predominantly
on materials that show an abrupt hysteretic SCO for evident
reasons due to the property of bi-stability. Clearly, getting iron
materials that can be high-spin (HS, S = 2) or low-spin (LS, S = 0)
under identical thermodynamic conditions with only a depen-
dence on their history together with a possible switch can appear
indeed of large interest in many applicative fields.5–12 In contrast,
materials that exhibit a gradual SCO in the solid state are
generally not considered at all. Notwithstanding, the funda-
mental investigation of the associated SCO and a re-consideration
of their applicative interest should deserve better attention.
The purpose of the present work is to give a new insight into
the gradual SCO mechanism. To that aim, we propose a quasi-
continuous view of the structural property modifications all
along the SCO, thanks to a large scale multi-temperature
investigation.

A multi-temperature investigation is often interesting since it
gives information not only on the initial and final phases but also
on the mechanism of the transition. This kind of approach is
not rare at all in the SCO material field. Numerous examples of
structural investigations based on several crystal structures deter-
mined in between the temperatures where the sample is purely
HS and LS have been reported so far.13–18 We propose here to
extend this concept to follow almost in a continuous way the SCO
by increasing considerably the number of determined crystal
structures during the SCO. In the reported studies, this number
rarely exceeds ten. In the present work the SCO is described using
four times more crystal structures giving a continuous view of the
structural modifications associated with the gradual SCO. The
superposition of all the crystal structures then allows us to give
structural movies of the SCO at different physical scales, from
the iron coordination sphere to the crystal packing. In addition
to this approach, the zinc analogue of the iron complex studied
is investigated by means of the same approach allowing us to
very finely separate thermal effects from SCO ones. The overall
picture eventually offers a view on the mechanism of the gradual
SCO and can certainly be used to probe the structure–property
relationships already known for SCO materials.18–21

The molecular complex chosen for this investigation has been
already reported with iron(II): [M(PM-AzA)2(NCS)2] (M = Fe or Zn,
PM = N-20-pyridylmethylene and AzA = 4-(phenylazo)aniline).22

This iron complex is known to exhibit a gradual SCO and to
crystallize in the monoclinic P21/c space group in both HS and
LS states. It was previously used to confirm structure–property
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relationships in mononuclear SCO iron(II) materials.23,24 The
Zn(II) complex is isostructural to the Fe crystal structure in the
HS state and shows no SCO. The use of Zn analogues has already
been demonstrated as an optimal choice to witness thermal
effects in iron-based materials.25

2. Experimental methodology and
details

Due to the large amount of data obtained from the sixty one
investigated crystal structures, usual crystallographic tables
are given in the ESI† and only the experimental protocols are
reported below.

2.1 Synthesis and crystallisation

The syntheses of both [Fe(PM-AzA)2(NCS)2] and [Zn(PM-AzA)2(NCS)2]
follow an already published method using slow diffusion in
methanol.22,25 The crystallisation process is almost straight-
forward, and perfectly reproducible and no polymorphism has
been observed for these complexes so far. The single-crystal
morphology is close to needles for the iron crystals and
corresponds to large plates for the zinc ones. The crystal sizes
can reach the millimetre scale for both compounds. The crystal
colour is dark green for the iron crystals and dark orange for
the zinc ones.

2.2 Magnetism

The magnetic behaviour of [Fe(PM-AzA)2(NCS)2] and the asso-
ciated SCO characteristics are already known.22–24 They have
been however re-determined on MPMS-55 and MPMS-7XL SQUID
magnetometers using one unique single-crystal instead of a
powder sample or a single-crystal collection as performed
previously. The selected crystal has a mass of 0.885 mg. The wMT
value was determined by cycling temperature between 10 and
310 K (Fig. 1). No cycle effects are detectable after six successive
thermal cycles. The gradual SCO is clearly characterized by a T1/2 of
189 K. The SCO has already started at about 280 K and is finished
at 105 K. The very large domain of temperature concerned by the
SCO makes this compound paradoxically interesting and probably

one of the best candidates to obtain numerous crystal structures
in between the pure HS and LS states from a multi-temperature
investigation, as targeted in this work. Note that a Mössbauer
measurement on a powder sample of [Fe(PM-AzA)2(NCS)2] shows
that there is about 5% of HS residue at low temperature while
the compound is fully HS at room temperature (ESI†). This HS
residue value agrees well with 3.5% calculated below 50 K for the
single crystal measured by magnetometry, using the room
temperature wMT value as a reference for the fully HS state. This
very low rate of the HS residue has no further incidence on the
discussion performed below.

2.3 X-ray diffraction protocol

As a general matter, keeping in mind that the purpose is to
obtain a quasi-continuous structural description all along the
thermal SCO, we experienced that some procedures must be
absolutely followed to get a final coherent set of data that can lead
to appropriate structural movies. Among them is the necessity
to manage all the data collections on the same single-crystal,
on the same diffractometer and during the same experimental
run. The latter condition means no break within the continuity of
the temperature cooling (or warming) mode. The experimental
strategies must be exactly the same at any temperatures allowing
us to extract the same hkl intensity set for each refined crystal
structure. Note that this condition facilitates the calculation of
the intensities by the collection strategy on the basis of the less
symmetric unit-cell in the case of expected symmetry modifi-
cation in the investigated temperature range. Any deviation from
these basic rules leads to discontinuities in the further data
analysis and breaks in the film fluidity. Consequences are that
the approach described here is time consuming on a laboratory
diffractometer and that one has to avoid any interruption during
the experiment. As a result, to optimize the experimental time,
only datasets with a resolution lower (about 0.9 Å) than the
standard one (0.8 Å) were recorded here to account for the
multi-temperature investigation. This choice is taken into account
in the discussion of the results. Note that only routine crystal-
lographic software was used in the present study.

A single crystal of [Fe(PM-AzA)2(NCS)2] was selected and
mounted on a glass fibre. The large dimensions of the crystal,
1.2 � 0.2 � 0.2 mm3, are not optimal for accurate SCXRD
experiments. However, this was not the target here and more
importantly this large diffracting volume was necessary to reduce
the overall experimental time to a reasonable scale. The sample
was mounted on a Kappa Nonius-Brüker diffractometer (l =
0.71071 Å) equipped with an Oxford Cryosystem nitrogen cryostat
and 39 datasets were recorded between 295 and 105 K. The
same strategy was used for all the data collections: 1361 o-scan,
50 s/image, 21 oscillation per image and a crystal-detector dis-
tance of 50 mm. The maximum Bragg angle investigated was
about 231 resulting in a resolution of 0.91 Å with a completeness
of 80%. The diffracting quality of the [Zn(PM-AzA)2(NCS)2] crystals
is better than for the Fe analogue. A crystal of size 0.60 � 0.60 �
0.45 mm3 was mounted on the same diffractometer and 21
datasets were recorded: 901 o-scan, 40 s/image, 11 oscillation per
image and a crystal-detector distance of 40 mm. The maximum

Fig. 1 wMT as a function of temperature determined on one [Fe(PM
AzA)2(NCS)2] single crystal. The scheme of the [Fe(PM AzA)2(NCS)2] mole
cule is shown in the inset.

 



Bragg angle investigated was about 251 resulting in a resolution
of 0.84 Å with a completeness of 73%. Since the crystal structure
of this compound was not reported so far, two full datasets
leading to high resolution crystal structures were additionally
collected at 290 and 80 K. The latter were used to confirm the
vicinity of the Zn and Fe crystal structures. The comparison of the
atomic positions of the Zn and Fe crystal structures gives a Root
Mean Square Deviation (RMSD) of 0.057 at 290 K and 0.189 at
110 K. Consequently, it is clear that the Zn compound is
structurally close to the iron compound in its HS state and quite
different from the iron compound in its LS state.

2.4 Data analysis and structural movies

The 60 datasets of the multi-temperature Fe and Zn studies
were used to determine and refine the crystal structures using
the WINGX suite.26 The resulting crystal structures are of good
quality with reliability factors of the same order as higher
resolution crystal structures, Robs E 0.04 (Fe) and Robs E 0.05
(Zn) (see all tables in the ESI†). The atomic position refinement
of the isostructural [Fe(PM-AzA)2(NCS)2] and [Zn(PM-AzA)2(NCS)2]
compounds is based on 460 parameters. For the former, data
collection allows us to extract about 3000 unique observed
intensities and thus a good information/parameter ratio higher
than 6. For the Zn compound this ratio is even better, increas-
ing to about 9. Both ratios are far beyond the basic require-
ment. Consequently, the obtained crystal structures are largely
reliable enough to be discussed in detail. In addition, as shown
below in the discussion part, the self-consistency of the struc-
tural parameters’ temperature dependence validates in return
the experimental protocol.

In addition, since XRD gives the average atomic positions
within the whole sample volume, it is worth noting that the crystal
structures determined along the SCO describe an average view of
the crystal packing and molecular structures.

Indeed, the investigated compound undergoes a gradual
SCO where HS molecules are randomly substituted by LS ones,
consequently there are no domains within the crystal where all
molecules are in the same spin state, in contrast to previously
reported cases.27

The structural movies (ESI†) are obtained by the dynamical
superposition of all the crystal structures.

3. Results and discussion
3.1 Unit-cell

3.1.1 SCO and thermal effects. The unit-cell temperature
dependence confirms the significant modifications that the
sample undergoes in the range [290–100 K] (Fig. 2). The measure-
ment in a quasi-continuous mode shows no abrupt modification
but a strong anisotropy of behaviours especially in the SCO zone.
Such a feature is usual in SCO materials.20

Interestingly, the thermal contraction of the unit cell is not
negligible as clearly seen outside the SCO zone. In contrast,
within the latter, i.e. roughly [260–140 K], the unit-cell parameters
and volume variations correspond to the sum of the SCO and

pure thermal effects. In order to distinguish between them, an
elegant solution already used for other compounds27,28 is to use
the temperature dependence of the isostructural complex where
the metal does not undergo any SCO, here the Zn analogue
complex. The comparison between the unit-cell modifications
of the iron and zinc complexes clearly evidences the thermal
contraction (Table 1). It is then possible, thanks to the vicinity of
the unit-cells, to introduce the thermal effects coming from the
Zn study in the Fe global modifications to show the modifications
of the unit-cell parameters that are due to the SCO only (Fig. 3). In
such an approach, the Zn complex is used as a reference for the
Fe compound in its HS state. The comparison of the Zn and Fe
behaviours notably reveals that the large decrease of c is only
driven by the SCO (Table 1). It also strongly rescales the unit-cell
volume breath, revealing a much smaller SCO effect than
suggested without the Zn comparison. This result puts the studied
compound in the SCO material category exhibiting a rather weak
volume change (1.6%) from HS to LS, this volume change having
been observed up to 10% for some materials.20

3.1.2 Dilatation tensors in HS and LS states. If the above
strategy reveals the modifications due only to the SCO, the
temperature dependence of the unit-cell parameters outside the
SCO zone also bears interesting information. The dilatation-
tensor calculations from these data within the HS domain,
[295–260 K], and the LS one, [140–105 K], allow us to compare the

Fig. 2 Normalized unit cell parameters and volume of [Fe(PM AzA)2(NCS)2]
showing the temperature dependence for a (square), b (small circle), c (full
triangle), b (empty triangle) and V (empty circle). The reference point is the
295 K unit cell: a = 15.124(1) Å, b = 14.565(1) Å, c = 17.027(2) Å, b = 92.93(2)1
and V = 3745(1) Å3.

Table 1 Percentage of the unit cell parameters and volume modifications
from 295 to 105 K for [M(PM AzA)2(NCS)2] (M = Fe and Zn). The contribution
of the SCO to the structural modifications is calculated considering that the
Zn modifications only account for thermal effects while the Fe modifications
are the sum of thermal and SCO effects

% of variation a b c b V

M Fe 0.76 1.48 2.34 0.03 4.52
M Zn 0.25 2.57 0.02 +0.79 2.93
SCO effects 0.51 +1.09 2.32 0.82 1.59

 



rigidity of the HS and LS phases. In such an approach, the Zn
compound is still used as a reference for pure thermal effects.
Calculations are performed using the PAScal software.29 The
three axes of main dilatation are denoted X1, X2 and X3 and
illustrated in Fig. 4. While X1 and X2 correspond to a combi-
nation of the parameters a and c, X3 strictly fits with the b
direction, for symmetrical reasons. These directions are very

close in the Fe and Zn compounds and similar in the Fe complex
in the HS and LS ranges; the details are given in the ESI.† The
values commented here are the coefficients of dilatation, termed
ai with i = 1, 2, 3 and V corresponding to X1, X2, X3 and the whole
unit-cell volume, respectively (Table 2). Let us recall that the
higher the ai value the easier is the modification of the crystal
packing due to a stress along the corresponding direction.
Whatever the spin state or the compound (Zn or Fe), the direction
of main contraction is X3 (b) while X1 shows low values and X2
intermediate ones. The comparison of the ai values shows that
the LS crystal structure is more rigid than the HS one since aV is
significantly lower in LS than in HS. A network that is more rigid
in LS than in HS appears to be a common feature. However, the
comparison done here between Zn and Fe, showing that they are
close to each other, reveals that this property is mainly due to
pure thermal effects. In contrast, when looking at the details of
the dilatation coefficients along the crystallographic directions,
some feature of the influence of the SCO on the thermal
behaviour can be observed. For example, from HS to LS, the
rigidity of the crystal structure significantly increases along the
b direction since a3 decreases much more for the Fe compound
( 40%) than for the Zn compound ( 28%) in the corresponding
temperature range. The present approach allows therefore
describing the modifications of the crystal-packing rigidity for
the investigated sample by introducing a subtle distinction
between pure thermal and sole SCO effects. Globally, for this
compound, within the investigated temperature range, thermal
effects are larger than those due to the SCO.

3.2 The metal ion and its environment

3.2.1 Atomic coordinates. The quasi-continuous view of the
iron compound behaviour together with the comparison to the
zinc one is an approach that can be applied to any structural
parameter including the atomic positions. The fractional coordi-
nates of the metal ions (Fig. 5) notably feature the movement of
the iron within the investigated temperature range.

Surprisingly, the path from the HS to the LS locations is not
necessarily monotonous. When looking at the Fe and Zn atomic
coordinates along the unit-cell parameter a, it appears that they
strongly decrease with temperature. In the case of Fe however,
this decrease is counter-balanced during the SCO that tends
to increase this atomic coordinate. As a result, the final low-
temperature coordinates of Fe and Zn are rather different along
this direction. The Fe path along the SCO within the unit-cell is

Fig. 3 Modifications (Å) due solely to the SCO for the two selected unit cell
parameters b (top) and c (down) in [Fe(PM AzA)2(NCS)2] obtained after the
deduction of the pure thermal effects.

Fig. 4 Representation of the main dilatation directions X1 and X2 within
the crystal packing of [Fe(PM AzA)2(NCS)2]. X3 corresponds to the unit cell
axis b.

Table 2 Thermal dilatation coefficients ai for the three main directions of
dilatation calculated in the HS and LS temperature domains for [M(PM
AzA)2(NCS)2] (M = Fe and Zn). See Fig. 4 for the representation of the
directions within the crystal packing

Dilatation coefficients ai

(10 6 K 1)

[295 260 K] [140 105 K]

Fe (HS) Zn Fe (LS) Zn

a1 9(8) 28(2) 4(10) 15(1)
a2 56(13) 58(1) 50(7) 31(1)
a3 120(14) 164(1) 72(6) 119(2)
aV 222(24) 194(2) 129(5) 135(1)

 



therefore not a simple combination of the HS and LS final
coordinates.

3.2.2 Metal coordination sphere. It is very well known and
documented that the iron coordination sphere geometry is
strongly affected by the SCO.19,20,30–32 It is not less known that,
conversely, the geometry of the HS coordination sphere influ-
ences some of the SCO features.18–25,33–37 From HS to LS, the
Fe–N bond lengths decrease by an average value of 0.2 Å, the
latter considerably varying depending on the concerned ligands,
and the FeN6 octahedron is more regular in the LS state. The
metal ion sphere volume strongly decreases at the HS - LS SCO
and conversely. The present study allows viewing all these
modifications (Fig. 6 and 7). Note that the ZnN6 coordination
sphere displays no notable modification with temperature showing
that the thermal effects are insignificant. For example, the average
Fe–N distances for [Fe(PM-AzA)2(NCS)2] goes from 2.154(2) Å in HS
to 1.960(1) Å in LS. Within the same temperature range, the Zn–N
distances decrease by less than 0.004 Å settling that thermal effects
are negligible. The distortion of the FeN6 coordination sphere
measured by the S parameter20 and the corresponding volume V
show a continuous decrease from HS to LS that reflects the

magnetic behaviour. The comparisons of the S and V values for
Fe and Zn clearly confirm the HS - LS induced modifications
for a FeN6 coordination sphere, respectively, a symmetrisation
and a decrease of 3 Å3 (23%). The superposition of magnetic
modifications with structural ones indicates a relatively good
agreement between both approaches (Fig. 7). Indeed, the HS
fraction has been calculated from the susceptibility curve on one
side and from the average of the Fe–N distances on the other
side, both being compared in Fig. 7. The Fe–N bond lengths cited

Fig. 5 Fractional coordinates of the metal atom in the unit cell (x/a, y/b,
z/c) as a function of temperature for [M(PM AzA)2(NCS)2]. M = Fe (full
symbol) and Zn (empty symbol).

Fig. 6 Modifications of the MN6 coordination sphere volume (Å3) and
distortion S (1) as a function of temperature for M = Zn (empty symbol) and
M = Fe (full symbol) in [M(PM AzA)2(NCS)2].

Fig. 7 (Top) Metal ligand M N distances as a function of temperature in
[M(PM AzA)2(NCS)2] with M = Fe (full symbols) and M = Zn (empty symbols)
referring to thiocyanate (triangles), pyridine (square) and imine (circles)
ligands. Comparison (bottom) between the HS fraction calculated from the
Fe N distances (empty circle) and from the susceptibility curve (full square).

 



above are used for HS and LS reference values. The temperature
of the SCO, T1/2, is found to be 189 K using the magnetic
measurements and to be 196 K using the crystallographic data.
This gap probably comes from the many differences of the
respective experimental protocols. For instance, in a SQUID
magnetometer experiment the sample is under vacuum. In an
XRD experiment, a shift of a few kelvins for the single-crystal
temperature is also not excluded. It appears clearly that differences
between SCO temperatures given by structural and magnetic
measurements may be a usual feature. The origin of this
discrepancy is not fully resolved but is probably connected with
single-crystal characteristics such as volume, shape or defects.

The detail of the Fe–N distance modification with the tem-
perature and the SCO is given in Fig. 7 confirming that Fe–N
distances are very close to each other in LS while they strongly
differ in HS. In the present case, the Fe–Nimine distances decrease
by almost 0.3 Å while the Fe–Nthiocyanate distances decrease by
around 0.1 Å, all distances reaching similar values in LS. One of
the unexpected features of the Fe–N modifications is that the
reduction of the Fe–N distances is already detectable at 260 K
despite the low conversion rate at this temperature. This con-
firms the sensitivity of the Fe–N distances to detect the SCO.

3.3 Molecular and crystal-packing scales

The superimposition of molecular structures in HS and LS shows
some differences beyond the coordination sphere (Fig. 8). The
main difference concerns the torsion of the pyridine ligand, the
whole contributing to a high average Root-Mean-Square Deviation
of 0.202 (max of 0.441) when comparing the HS and LS molecular
geometries. The torsion of the pyridine ligand also appears to be
significant in the Zn molecular complex, leading to a RMSD of
0.117 (max of 0.200) between the high and low temperature
molecular structure geometries. The torsion of the pyridine ligand
is certainly a feature that is peculiar to the investigated complex
bearing consequently no general information on the SCO phenom-
enon. It is therefore not further commented here but is certainly
related to the positional disorder that affects the AzA ligand (see the
ESI†). In contrast, the thiocyanate ligand geometry appears
modified in a mode that may be related to the SCO features.
In the [Fe(PM-L)2(NCS)2] compounds, it is well established that
the S atoms are involved in intermolecular contacts that drive

the abruptness of the SCO;22,23,28 the investigated complex being
an example of relatively long intermolecular contacts leading to
the gradual SCO. This feature is even used in some iron complexes
as a basis to control the abruptness of SCO.38 Here, looking at the
modifications with temperature of the M-NCS angles, the present
study reveals that the opening of the Fe-NCS angle from HS to LS
contrasts with the closure of the Zn-NCS angle. Between 295 K and
105 K, the former increases from 166.1(1)1 to 172.5(2)1 when the
latter slightly decreases from 166.5(1)1 to 162.5(1)1. The SCO induces
effects that are therefore antagonistic to the thermal effects on the
MNCS branches. Opposite FeNCS motions induced by SCO and
temperature effects have already been observed in the abrupt SCO39

and are therefore evidenced here also for the gradual SCO.
The crystal packing of the title compound has already been

described and used to established structure–property relationships
in the corresponding [Fe(PM-L)2(NCS)2] family.20 Notably, it has
been demonstrated that the intermolecular S� � �H–C interaction
plays a paramount role in the SCO features of these complexes.
Here, the continuous view of the S� � �H–C interatomic distances
in the Fe and Zn compounds shows a regular decrease of these
distances from high to low temperature due to both thermal and
SCO effects (Fig. 9).

3.4 Structural movies

All the above data on the structure–property relationships in
[Fe(PM-AzA)2(NCS)2] can be visualized using movies shot thanks
to the dynamic superposition of the crystal structures. These
movies can be obtained at various physical scales from the
coordination sphere to the whole crystal packing (see the ESI†).
Such representation of the temperature dependency is convenient
not only to summarize the behaviour of the compound but also
to quickly identify modifications. Obviously, it may not be shown
within a standard paper article but appears convenient for an
oral presentation for example (Fig. 10).

3.5 Disorder and SCO

The atomic displacement parameters (ADPs) are among the
data determined when solving and refining a crystal structure.

Fig. 8 Superposition of the molecular structures of [Fe(PM AzA)2(NCS)2]
in HS at 295 K (green) and in LS at 105 K (blue).

Fig. 9 Temperature dependence of the intermolecular S� � �H C inter
action featured by the S� � �H(C) (circles) and the S� � �C(H) (triangles) short
est distances (Å) within the crystal packing of [M(PM AzA)2(NCS)2] with M =
Fe (full symbols) and M = Zn (empty symbols).

 



It is well known and demonstrated that ADPs contain much more
information than the thermal motion of atoms.40 In a sense,
ADPs encompass every event that moves the atom from its
average position within the unit-cell at any physical scales. In
other words, ADPs are witnesses of the disorders that affect the
single-crystal, from atomic positions to coherent domains. Since
the ADPs define an ellipsoid, six values are determined for any
atom in a general position within the asymmetric unit. These six
parameters can be merged in an isotropic view through the Ueq

parameter. The temperature dependence of the latter for three
chosen atoms is presented in Fig. 11 for [Fe(PM-AzA)2(NCS)2]. The
temperature dependence for the Zn analogue shows a continuous
and almost linear decrease of the Ueq parameters with tempera-
ture, marking the decrease of the dynamical disorder with
temperature. In contrast, for the iron compound, the tempera-
ture dependence clearly demonstrates two distinct regimes; one
corresponding to the SCO temperature range and the other
outside this range. When the sample is purely HS or purely LS,
the Ueq parameters decrease with temperature as in the Zn case.
During the SCO however, there is a large plateau that clearly
marks an overall increase of the disorder within the sample. The
latter gives information on the mechanism of the SCO in the title

compound. The high values of Ueq during the SCO characterize
the two kinds of molecule geometries within the crystal network,
one being HS and the other being LS. The co-existence of the
HS and LS molecules does not obey any ordering distribution
within the sample. The latter can then be considered as a random
substitution of HS molecules by LS molecules (or conversely) and
corresponds to an overall increase of the ADP. This behaviour
contrasts with the domain mechanism shown by other SCO
materials where parts of the sample are made of complexes in
the HS state while other parts are made of complexes in the
LS state. In the domain mechanism case, the SCO induces a
co-existence of the Bragg peaks matching the HS and LS crystal
structures but not to an increase of the ADP values.17 In the
present case, Bragg peaks are single and are positioned in the
diffraction images in between their HS and LS positions in parallel
with the ADP values that increase during the SCO. Otherwise, note
that the global decrease from HS to LS also shows that the pure
temperature contribution of the ADP values is largely predominant
to any other effects, including the above described disorder.

4. Summary of movies’ lessons on the
SCO

The information given on the structure–property relationships by
the combination of the structural movies as defined in this paper
appears particularly rich. Of course, at first sight it concerns only
the gradual SCO shown by the title compound but some facts
could probably be extended to many SCO materials. Above all, the
methodology can surely be extended to a wide range of problems.

Therefore, one of the main lessons is the deconvolution of
the thermal and SCO effects in the investigated temperature
range. For the title compound the volume decreases by 4.5%
from 295 to 100 K, 1.6% being due to the SCO and 2.9% to
thermal effects. SCO and thermal contractions both affect the
unit-cell anisotropically but while the former mainly modifies
the c parameter, the latter mainly modifies the b parameter. When
lowering temperature, the crystal packing is stiffened along b by
the SCO while it is stiffened in all directions by thermal effects.
Globally, intermolecular contacts are shortened both by SCO and
thermal effects resulting in stronger intermolecular interactions
between molecular complexes at low temperature in the LS state
than at high temperature in the HS state. At the molecular scale,
the SCO strongly changes the whole metal coordination sphere
geometry while thermal effects have no detectable consequences
on it. The significant disorder shown by the molecule is lifted by
thermal effects confirming its dynamical origin while the SCO
induces a microscopic level disorder coming from the random
distribution of HS and LS within the crystal packing.

5. Conclusions

The heart of the present results concerns the description of a
gradual thermal SCO thanks to an almost continuous structural
description all along the temperature domain. This approach
brings both pedagogic materials and new scientific knowledge on

Fig. 10 Superposition of the atomic positions for the FeN6 coordination
sphere of the molecule [Fe(PM AzA)2(NCS)2] from the crystal structures
determined in the range [105 295 K] using green to blue from HS to LS.
This static presentation foreshadows the structural movies of the SCO (see
the ESI†).

Fig. 11 Temperature dependence of Ueq (Å2) in the thiocyanate arms of
[Fe(PM AzA)2(NCS)2] with N (circle), C (square) and S (triangle) atoms. Inset:
Comparison of Ueq (Å2) of N for [Fe(PM AzA)2(NCS)2] (full symbol) and
[Zn(PM AzA)2(NCS)2] (empty symbol).

 



the SCO in a context where this is an increasing requirement.41

The former concerns the easy visualisation of the SCO through
films, which hardly fits within the form of a written article but
which is quite powerful to illustrate conferences or tutorials
(see the ESI†), while the latter corresponds to information on
the mechanism of the SCO itself. Notably, it shows that the
structural parameters including the atomic positions of the
average crystal structure when the sample is part in HS and part
in LS cannot be simply deduced by a linear combination of the
HS and LS structural parameters. Elsewhere, the fine deconvo-
lution of thermal effects and SCO effects is achieved when the
structural movie of an isostructural compound, not showing
the SCO, is additionally used. Typically, Zn analogues can be
efficiently used to calibrate the SCO in Fe complexes. Last but
not least, the microscopic disorder resulting from the HS to LS
modifications is clearly evidenced linking in a whole the
different physical scales, from the atomic positions to the
coherent domains.

The approach used here is also applicable to any other
research field provided that the physical modification investi-
gated is associated with detectable structural changes. In balance,
from the experimental time point of view, the sixty crystal struc-
tures determined here represent not more than the experimental
time necessary a few years ago to collect the data necessary to
determine one crystal structure of a similar compound using a
point detector. Modern laboratory CCD diffractometers must be
used not only to investigate more and more crystals but also to
push the frontiers of the structural investigation. Every so often
forgotten as a result of the stress on the diffractometer schedules,
the present paper proposes a tentative to show that the latter
assumption is noteworthy.
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