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We have determined the crystal structures, both in high and low spin state, of four Fe(PM-L),(NCS), complexes,
where PM is N-2'-pyridylmethylene and the aromatic subunit L is 4-aminoterphenyl (TeA), 4-(phenylazo)aniline
(AzA), 4-aminobiphenyl (BiA) or 4-(phenylethynyl )aniline (PEA). As previously reported, these compounds
undergo a spin crossover at low temperature with different features of transition: very smooth and incomplete for
Fe(PM-TeA),(NCS),, smooth with almost no hysteresis for Fe(PM-AzA),(NCS),, unusually abrupt for Fe(PM-
BiA),(NCS), and abrupt with a very large hysteresis (37 K) for Fe(PM-PEA),(NCS),. In Fe(PM-BiA),(NCS),,
Fe(PM-TeA),(NCS), and Fe(PM-AzA),(NCS), the spin conversion is not associated with a large structural phase
transition and the space group is the same above and below the temperature of transition: orthorhombic Pccn for
the two first and monoclinic P2, /c for the third. On the other hand, Fe(PM-PEA),(NCS), undergoes a change in
the crystal symmetry from P2, /c (high spin) to Pccn (1ow spin) which corresponds to a strong re-organisation of the
iron atom network. The evolution as a function of temperature of the FeN, core as well as of the intramolecular
characteristics are almost identical in all four compounds. To a first approximation, the crystal packing is similar in
all of the structures except that the P2, /c structures develop an asymmetrical molecular environment. Nevertheless,
a close examination of the intermolecular interactions, classified as intra- and inter-sheet, show some differences.
The intrasheet and the intersheet interactions are stronger in Fe(PM-BiA),(NCS), and Fe(PM-PEA),(NCS), than
either in Fe(PM-TeA),(NCS), where no ‘second’ neighbour intrasheet contacts are created, or in Fe(PM-
AzA),(NCS), where the intersheet interactions are weak. Thus, the abruptness of the transition is attributed to the
combination of close intrasheet and intersheet contacts. The hysteresis effect in Fe(PM-PEA),(NCS), is connected
to the phase transition which could occur due to an irregular iron atom network associated with very short carbon—

carbon intermolecular contacts at high temperature, not found in Fe(PM-AzA),(NCS), which shows the same

irregular iron atom network.

1 Introduction

The electronic transition termed ‘spin crossover’ is commonly
encountered among metal complexes. This phenomenon
derives from the existence of two different configurations for
the metallic ion characterized by different spin states. This
kind of transition has been studied widely,! mainly for iron,
cobalt, nickel and manganese complexes. For example, in d°®
metal complexes of Fe(11), it corresponds to the change in the
population of the 3d orbitals from the high spin state t*,,¢%
(HS) to the low spin state t°,e% (LS). In general, such a
transition can be induced by thermal changes, pressure effects
or exposure to electromagnetic rays and be smooth or abrupt,
and possibly accompanied by hysteresis.! Indeed, the critical
temperature of the LS to HS conversion, when warming,
T.(1), could be higher than the critical temperature of the
conversion from HS to LS, when cooling, 7.(]); such a shift
width can be of a few degrees. The diversity of features of this
kind of transition offers a large range of potential applications,
in optical or storage devices for example, provided that one is
able to monitor the required characteristics.?

Some iron(i1) compounds, based on triazole subunit, have
been found to display thermal hysteresis widths reaching ca.
40 K and centered at room temperature.> Recently, we have
designed strongly cooperative spin-crossover assemblies con-
sisting of mononuclear molecules, with through-space rather
than through-bond interactions.*® In the present study, we
report the X-ray structures obtained both in HS and LS state
for four compounds of this type. These compounds belong to

the same family of iron(i) complexes; the molecules only
differ from each other in one part of the ligands (Scheme 1).

Despite the chemical similarities between the four com-
pounds, the magnetic properties are totally different and allow
us to study the topology of the intermolecular interactions on
the whole range of spin crossover behaviour, starting from
incomplete spin conversion to discontinuous type transitions
with both narrow and wide hystereses (Fig. 1). The magnetic
behaviours of the Fe(PM-L),(NCS), complexes are as follows:
(i) Fe(PM-TeA),(NCS), 1, cis-bis(thiocyanato)bis[(N-2'-
pyridylmethylene)-4-(aminoterphenyl )]iron (11), FeCsoHj6-
NeS,, presents a very smooth and incomplete spin conversion;
(i) Fe(PM-AzA),(NCS), 2, cis-bis(thiocyanato)bis[(N-2"-
pyridylmethylene)-4-(phenylazo)aniline]iron(11),  FeCsgH,s-
N10S,, shows a very gradual complete spin conversion, with a
weak hysteresis of 6 K: T,(])=186 K and T,(1)=192 K;° (iii)
Fe(PM-BiA),(NCS), 3, cis-bis(thiocyanato)bis[(N-2'-pyridyl-
methylene)-4-(aminobiphenyl )]iron(11), FeC3H 5 NGS,,
undergoes an unsually abrupt transition with a very sharp
hysteresis:  T.(l)=168 K, T.(1)=173K;> (iv) Fe(PM-
PEA),(NCS), 4, cis-bis(thiocyanato)bis[(N-2"-pyridylmethy-
lene)-4-(phenylethynyl )aniline]iron (1), FeC,,H,sN¢S,, pre-
sents a very large hysteresis as well as a relatively high
transition temperature: T,(|)=194 K, T,(1)=231K.*

This series of iron(11) compounds provides an ideal chance
to perform a complete crystallographic study on very similar
compounds with different magnetic behaviours. The crystal
structures of 3 at 298 and 140 K have been reported
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Scheme 1 Schematic representation of the four Fe(PM-L),(NCS), compounds 1-4.
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Fig. 1 yyT vs. T plot for the four studied compounds (yy,=molar
magnetic susceptibility, 7=temperature).

previously.>” The space group, Pccn, is the same at all
temperatures. The spin transition corresponds to an increase
of the ¢ parameter leading to a change in the iron atom
network. The crystal structures in the two spin states appear
quite compact as a result of short C-C contacts in the
intrasheet and the intersheet directions with the main change
upon cooling affecting the iron atom intramolecular
environment.

In the present article, we report the crystal structures of
Fe(PM-PEA),(NCS), 4, Fe(PM-AzA),(NCS), 2 and
Fe(PM-TeA),(NCS), 1 in the high spin state (at 298 K) and
in the low spin state (at 140, 110 and 11 K, respectively). We
also report on the thermal dilatation of the cell of 4 from 298
to 110 K as well as on some powder diffraction measurements
on this compound. Additionally, we have solved the structure
of 1 at 140 K in order to compare it with the low temperature
structures of the three other compounds solved in this tempera-
ture range. The aim of the discussion is then to compare the
structural behaviour as a function of temperature for these
four compounds.

2 Experimental

All the Fe(PM-L),(NCS), compounds were prepared using a
stoichiometric amount of ligand in order to avoid the possible
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problems encountered for Fe(PM-BiA),(NCS),, where two
phases were obtained.>’

The crystallographic study in the HS state of 1 was per-
formed using a Siemens SMART-CCD diffractometer® with
Mo-Ka radiation. The crystals are regular black needles and
reveal a weak diffraction pattern. Two full sets of data were
collected at two different temperatures: 298 and 140 K. An
Oxford Cryosystem N, open flow cryostat was used. The
lowest temperature was achieved after cooling at a rate of
2K min~!. A half sphere was collected based on w-scans at
values of ¢ =0, 88, 180°. At each of these three runs, frames
were collected at 0.3° intervals and at 20 s per frame. At the
end of these three runs, the first 100 frames were repeated in
order to check that no alteration of the crystal had occurred
during the experiment. The cell parameters were obtained
from 504 reflections thresholded with a I/g parameter of 20 at
298 K and 295 reflections with a I/o parameter of 40. The
diffraction frames were integrated using the SAINT package.’
The structures were solved using the Siemens SHELXTL-plus
package,'® an absorption correction using the SADABS pro-
gram'! was applied.

The low spin state crystal structure determination of 1 was
carried out using the Fddd diffractometer at Durham:'* a
four circle Huber goniometer, a Mo-Ka rotating anode
(170 mA x 45 kV in this experiment) and a closed cycle cryoref-
rigerator. The quality of the crystal was first checked on the
SMART CCD at room temperature. The sample was then
enclosed in the Fddd beryllium cans, polaroid photographs
were taken and cooling from room temperature to 11 K was
performed at a rate of 0.3 Kmin~'. At low temperature,
polaroids which did not reveal new spots were taken. The cell
parameters were obtained from the refinement of the positions
of 25 reflections. The Bragg reflection intensity record consisted
of w scans of 96 steps, 1 s per step. Three reference reflections
were monitored every 100 measured reflections showing no
intensity deviation over the whole experiment. The structure
was solved and refined using the above SHELXTL-package.
A J-scan absorption correction, performed subsequently,
showed no significant difference in the structures from cor-
rected or non-corrected sets of data. The standard deviations
on the atomic parameters are better in this case than in the
two previous structures owing to a higher number of observed
reflections.

In the three structures (298, 140 and 11 K), the hydrogen



atoms of the ligands are placed in geometrical positions. A
molecule of methanol was found; it is statistically disordered
and it was not possible to locate accurately the hydrogen
atoms; we assume that they can only affect the intramolecular
shape of the solvent. The complete formula of this compound
is thus Fe(PM-TeA),(NCS),-CH;O0H.

The determination of the structural properties of 2 was
performed using the Siemens SMART CCD as described
above, both in the high (298 K) and low spin state (140 K),
the same computing package being used. The cooling of the
crystal was performed at a speed of 4 K min~!. The crystal
investigated was a black spearhead. The strategy of collection
of the two sets of data was not exactly the same: the high
temperature one was identical to the strategy described above
for 1 although more frames were collected at low temperature
for the last batches but a lower time per frame was used (10 s
at 110K ¢f. 20s at 298 K). In both cases, the cell was
determined from 512 reflections thresholded with a minimum
I/o of 50. The structural determination and refinement were
performed with the above SHELXTL-plus package. The
absorption correction made with SADABS slightly improved
the refinement results.

Single crystals of 4 were black needles elongated along the
c-axis. The quality of all the crystals used was first checked
by rotating-crystal Weissenberg photographs. In general, they
were of good quality and gave sharp and single Bragg reflec-
tions. The intensity data collections were performed using a
Nonius CAD-4 diffractometer with graphite-monochromatized
Mo-Ka (41=0.71069 A) radiation. For low temperature
measurements we used a cool dry nitrogen gas stream, the
crystal being placed in a Lindemann tube and directly on the
goniometer head of the diffractometer. The only way to ensure
that the crystals undergo the transition without physical
damage was not to irradiate them in the range 190-220 K.
The cell parameter evolution was determined by cooling (9
sets of data) and warming (13 sets) at a rate of 1 K min~!
and with stopping points of ca. 2 h when searching the cell
parameters. It is evident that, considering the large changes in
the Bragg intensities occurring at the structural transition, the
strategy of temperature variation affects strongly the parameter
evolution curves. The cell parameters were determined using
25 selected reflections; this selection was different on both
sides of the transition because of the dramatic changes in the
Bragg reflection intensities that occurred. We checked the exact
nature of the crystallographic change by following, as a
function of temperature, the intensities of a set of reflections
that has to become homologous with the transition from a
monoclinic to an orthorhombic system. This test confirmed
the very unusual aspect of this transition characterized by an
increase of the symmetry as the temperature decreases. We
also checked that no superstructure reflections appeared at
low temperature. We collected two full sets of intensities for
the structural determination at room temperature, 293 K, and
in the low temperature state, at 140 K (Table 1). The intensities
of three Bragg reflections were monitored every hour during
data collection, and showed no deviations. A semi-empirical
absorption y-scan correction was performed. The weakness of
the ratio between the number of used reflections and the
number of structural parameters arises from the low diffracting
power of these crystals. The crystal structure of 4 (298 and
140 K)) was solved with direct methods using the MITHRIL
package'® and the atomic coordinates were refined with locally
written programs. The hydrogen atoms were placed in geo-
metrical positions and only their atomic position coordinates
were refined.”

The nature of the compound in the powdered form was
checked by data collection on a Siemens powder diffractometer
D500 equipped with a nitrogen cryosystem. This was done
at 295 and 190 K after cooling, then at 295 K and at 330 K
upon warming. The powder investigated had been used for
several physical measurements.

Thermal analysis of the phase transition was performed on
a Perkin-Elmer DSC apparatus using 11 mg of powder of 4.
Two thermal cycles were run cooling to 150 K and warming
to 300 K with a speed of 2K min~! for the first complete
cycle and 5 K min~?! for the second cycle. The weak energy
exchanges lead to a very small signal and no reliable results
could be extracted.

Full crystallographic details, excluding structure factors,
have been deposited at the Cambridge Crystallographic Data
Centre (CCDC). See Information for Authors, 1999, Issue 1.
Any request to the CCDC for this material should quote the
full literature citation and the reference number 1145/142.

3 Results
3.1 Fe(PM-PEA),(NCS), 4

High spin state (298 K). This compound crystallises in the
monoclinic system P2,/c and the asymmetric unit contains
one molecule [Fig. 2(a)]. The atomic thermal vibrations are
already small at room temperature. The Fe intramolecular
environment is slightly unsymmetrical. The six Fe-N bond
lengths and angles (Table 2) indicate a strong distortion, which
appears to be common for a high spin state as well as the
difference of ca. 0.15 A between the Fe-N_,, and the Fe-N,
bonds.'41® The Fe-NCS angles are 162 and 170° and the
angle between the two NCS ligands is 96°. The network
obtained by considering only the Fe atoms [Fig.3(a)] is
remarkable by the existence of relatively short distances
between the iron atoms of adjacent molecules (i—i; =8.492 A).

The packing (Fig. 4) can be described as identical sheets of
molecules in which each neighbouring molecule is in an
antiparallel orientation, the NCS branches being separated by
the ligand branches. A view of a layer is represented in
Fig. 5(a). Intermolecular links are created through carbon—
carbon and sulfur—carbon contacts. The molecular environ-
ment is not symmetrical; nevertheless, we have chosen to
describe the topology of the interactions from the four nearest
neighbours: the intrasheet interactions are characterized by
the interatomic contacts between the original molecule i and
the two neighbours 7, and i, (Fig. 6) while the intersheet ones
are defined by the two other molecules i, and i; as defined in
Fig. 4 and 7. Table 3 lists distances between adjacent molecules
shorter than the sum of the van der Waals distances as well
as the corresponding iron—iron distances. The intersheet inter-
actions are created by the arms of the NCS branches (Fig. 7)
and correspond to the shortest Fe-Fe distances. The sulfur
atoms create very close contacts with carbon atoms of the
adjacent molecules in the intersheet direction, especially
between S4 and carbon of the closer phenyl to the iron atom
(S4---C25, S4---C24). One of the main characteristics of this
structure is also the presence of strong intrasheet interactions
created by very close contacts between carbon atoms of the
phenyl cycles belonging to adjacent molecules. One of the
shortest distances involves the triple bond [C116-C35i;=
3.30(1) A]. The length and number of these contacts mean
that the molecules are linked to each other in a bidimensional
network. Furthermore, taking into account the NCS-C
intersheet contacts, a 3D system of intermolecular interactions
could also be defined.

Low spin state (140 K). This compound undergoes a phase
transition and, in the low spin state, belongs to the orthorhom-
bic space group Pccn. The iron atom is located on a two-fold
axis, which corresponds to an alignment of all the Fe atoms
[Fig. 4(b)]. Thus, the Fe intramolecular environment becomes
symmetrical. The Fe-N distances are significantly shortened
(Table 2) and the N-Fe—N angles are closer to 90°, as generally
observed for such transitions.**>”!"'® The Fe-N(PM-PEA)
bonds in the LS form are shortened by 0.108 A (Fe-N2),
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Fig. 2 Atom labeling for (a) 4, (b) 1 and (c) 2. Hydrogen atoms are
omitted for clarity.

0.216 A (Fe-N31) and 0.275A (Fe-N26). Generally, the
difference in Fe—N bond lengths between the HS and the LS
states is in the range 0.16-0.21 A.'2' The phenyl rings
separated by the triple bond, in the low spin state, are inclined
at an angle of 16.5° ¢f. 30 and 31° in the high spin state; this
corresponds to a strong increase of the planarity of the ligands.
The two NCS branches are strictly symmetrical; and form an
angle of 90°. The Fe-NC(S) angle is 162°. The network
created by the iron atoms has changed drastically in compari-
son with the high spin phase (Fig. 3). It is symmetrical in the
low spin state with the iron atom lying on a special position.
The nearest iron atoms are significantly closer in the high spin

Table 2 Iron intramolecular environment, distances (A) and angles (°).

(a) P2,/c (b} Peen

"_:__:__
i
‘.-’__g__'ﬂ
iy
‘—_a__’__'__'--*
[ a

FeMg core

Fig. 3 Iron network (a) in P2,/c and (b) in Pccn structures. Only the
FeNj cores are represented for clarity. The (a) type network is adopted
in HS state by 4 and 2 and in the LS state by 2 only. The (b) type
network is adopted by 4 in the LS state and by 3 and 1 in both HS
and LS states. The nomenclature of the intermolecular interactions is
also represented but the i, interaction which is perpendicular to the
figure does not appear (see Fig. 6).

Fig. 4 View along a of the cell of 4 in (a) HS and (b) LS states.

network (by 0.24 A, Table 3). This evolution is not systematic
but has already been encountered in previous spin crossover
structural studies. The shape of the NCS arms significantly
changes (Fig. 6 and 8), resulting in intersheet sulfur—carbon
contacts slightly longer in the low spin phase (Table 3). The
carbon—carbon intrasheet contacts also appear to be longer in
the low spin phase. These changes correspond to a symmetriz-
ation of the whole molecular environment. Moreover, the

Standard deviations are less than 0.003 A and 0.1°

Fe(PM-PEA),(NCS), Fe(PM-TeA ),(NCS),

Fe(PM-AzA),(NCS), Fe(PM-BiA),(NCS),"

298 K 140 K 298 K 140 K 11K 298 K 110K 298 K 140 K
Fe-N2 2.056 1.948 2.082 2.051 1.972 2.060 1.948 2.041 1.939
Fe-N102 2.055 1.948 2.082 2.051 1.972 2.059 1.944 2.041 1.939
Fe-N31 2.164 1.946 2.181 2.126 2.037 2.172 1.978 2.230 1.964
Fe-N131 2.167 1.946 2.181 2.126 2.037 2.157 1.967 2.230 1.964
Fe—-N26 2.246 1.971 2.259 2.184 2.054 2.270 1.989 2.251 1.966
Fe-N126 2.270 1.971 2.259 2.184 2.054 2.246 1.979 2.251 1.966
N2-Fe-N102 96.0 90.2 95.2 93.5 91.58 95.7 90.5 93.4 88.0
N2-Fe-N26 93.1 (94.5) 92.7 93.8 93.9 93.08 94.6 (92.6) 93.2(91.2) 96.0 93.1
N2-Fe-N31 101 (99.4) 95.2 93.0 92.5 92.78 98.6 (100.4) 90.6 (92.5) 90.2 90.8
N31-Fe-N26 73.8 (74.2) 79.7 74.1 75.9 78.75 73.9 (74.4) 80.6 (80.4) 74.3 80.7

“From ref. 5 and 7.

J. Mater. Chem., 1999, 9, 985-994 989



Fig. 5 View along ¢ of a layer in 4 in (a) in HS and (b) LS states.

Fig. 6 Schematic view and nomenclature of the four described inter-
molecular interactions (shown for 1). i—; and i-i, correspond to
intrasheet interactions and i—i; and i—i, to intersheet ones.

angles between the phenyl rings of adjacent molecules are very
different in the two structures: in the high spin state the four
angles involved in the shortest interactions are 40.5, 40.3, 25.0
and 14° whilst in the low spin state they decrease to 19.1, 7.7,
19.4 and 4.0°, respectively. Thus, it is clear that the topology

990 J. Mater. Chem., 1999, 9, 985-994

of the network interactions is quite different in the high and
low spin state structures.

Thermal contraction (298 to 110 K). The cell parameters of
this compound evolve continuously and slightly on both sides
of the transition in the range 298-220 K and 180-110 K. The
relative dependence of the cell parameters and the volume
(Fig. 8) shows the sharpness of the transition that occurs in
the range 210 to 190 K. Within this interval, the ¢ parameter
increases by ca. 4% (corresponding to the interaction i—i,), the
b parameter decreases by ca. 9% (interaction i—i;), the a
parameter remains almost constant (intersheet) and g
decreases by 3°. Thus, the anisotropic character of the cell
parameters changes at the transition point is strong. The
volume decreases by 240 A® (6.4%) in the range 293-130 K.
The volume variation vs. temperature corresponds to the sum
of two effects: the thermal contraction, AV, and the contrac-
tion due to the spin crossover transition, AVgc. These two
contributions can be estimated from Fig.8, in the range
293-130 K, AV;x150 A® and AVs-~90 A3, corresponding,
respectively, to 4.0 and 2.4% of the volume at room tempera-
ture. The estimated contraction due to the spin crossover
transition is very close to that obtained in the low tempera-
ture and high pressure studies of the two spin crossover com-
pounds Fe(phen),(NCS), (phen=1,10-phenanthroline) and
Fe(btz),(NCS),(btz=2,2"-bis(4,5-dihydrothiazine)).!7-18-22:23



Fe(PM-PEA),(NCS),

Fe(PM-TeA),(NCS),

Fe(PM-BiA),(NCS),

Fe(PM-AzA)(NCS),

HS state LS state

Fig.7 View of the intersheet interaction i—i; for the four Fe(PM-
L),(NCS), compounds in HS and LS states.
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Fig. 8 Relative cell parameters and temperature dependence of the
cell volume of 4.

The results are not accurate enough to confirm or otherwise
the presence of a large structural hysteresis; the lack of
supplementary values is due to the fragility towards irradiation
of the crystals in the range 190-220 K.

The powder diffraction analyses show that the powder phase
is identical to the single crystal in both LS and HS states; in
Fe(PM-BiA),(NCS), the existence of different phases at room
temperature was proved from powder measurements,® which
emphasized that physical and crystallographic measurements
should be performed on the same sample.

3.2 Fe(PM-TeA),(NCS), 1

HS state (298 K and 140 K). This compound crystallises in
the orthorhombic space group, Pccn, and the asymmetric unit
contains one half molecule [Fig. 2(b)] which lies on a two-

fold axis, the iron atom being in a special position. Therefore,
the intramolecular environment of the iron is symmetric; the
angles and distances correspond to a high spin state both at
298 and 140 K. Nevertheless, the significant decrease of the
iron—nitrogen bond lengths is consistent with the beginning of
a transition towards a low spin state. The Fe—-NCS angle is
170° at 298 K and 171° at 140 K.

To a first approximation the packing of the molecules for 1
is similar to that for 4 in the LS state. The molecules define
sheets where the neighbours are linked to each other through
short carbon—carbon contacts. This packing can be defined by
the same four kinds of interactions used previously, two
intrasheet ones (i—i; and i—i,) and two intersheet ones (i, and
i3) (Fig. 7 and 8, Table 3). The iron—iron distance correspond-
ing to the i; interaction is very short and creates S—C contacts,
slightly shorter at 140 K. Such contacts exist also in the
intersheet 7, interaction but in both no carbon—carbon contacts
are observed. The iron—iron distance corresponding to i, is
long and no contacts exist between the two molecules. This
can be related to the presence of a molecule of methanol that
does not allow the two ligands of the two molecules to be
close in that direction. Many C-C contacts link the i and i,
intrasheet molecules and very short ones (3.34 A) exist at low
temperature. However, the structures at 298 and 140 K are
very similar and the global evolution of the packing corre-
sponds only to the thermal contraction.

LS state (11 K). As expected from the magnetic properties,
no large structural phase transition occurs; the cooling of the
sample simply induces a contraction of the cell. The intramol-
ecular angles between the three phenyl groups are quite high
at room temperature and do not change significantly on
cooling: 31.5° at 298 K, 29.9° at 140K and 27.7° at 11 K
between the C20 ring and the C10 ring and 25.3, 25.6 and
26.3° between the C20 ring and the C50 ring. Thus, the
planarity increases very slightly when cooling. The Fe—N bond
lengths and the values of the corresponding angles, closer to
90°, (Table 2) are consistent with the occurrence of the spin
crossover transition. Nevertheless, the Fe-N31 and Fe-N26
bond contractions [0.144(2) and 0.205(2) A, respectively] are
less pronounced than the previous one for the same family
(i.e. compound 4), suggesting that the spin conversion is not
complete, even at 11 K. The iron atom network remains
essentially identical with slight decreases of the Fe—Fe distances
induced by the cell contraction. Even at 11 K no very short
C-C intersheet contacts exist. The intrasheet contacts decrease,
leading to very short interactions in the i—i; direction. This
decrease appears almost continuous from 298 to 11 K. No
short contact is created between the i and i, molecules. The
crystal structure variations of 1 from 298 to 11 K are weak
and continuous, in agreement with the magnetic behaviour.

At 298 K, the carbon atom of the solvent molecule, which
is near a two-fold axis, is statistically disordered while it lies
on the two-fold axis at low temperature. Moreover, the thermal
displacement parameters of this atom decrease by a factor of
three from 298K [U,=184(8)x107° A’ to 140K
[63(7)x 1072 A?] while those of the other carbon atoms of
the main molecules only decrease by a factor of two. The
decrease of this parameter is almost identical for all other
carbon atoms from 140 to 10 K. Thus, the solvent molecule
undergoes an ordering from 298 to 140 K. This is consistent
with the study of [Fe(a-pic);]Cl,-EtOH (a-pic=a-picoline =
2-methylpyridine) where a similar ordering has been considered
as the initiator of the spin transition.?*

3.3 Fe(PM-AzA),(NCS), 2

HS state (298 K). this compound crystallizes in the mono-
clinic space group P2,/c and the asymmetric unit contains one
molecule [Fig. 2(c)]. The iron environment is slightly unsym-
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metrical. The phenyl rings are not coplanar and form angles
of 28.5° (C10 group and C20 group) and 32.5° (C110 and
C120). At first glance, the crystal structure appears to be very
similar to that adopted by 4 at high temperature and can be
described with the same interactions i, i;, i,, iz and i,.
Nevertheless, only a few weak intersheet interactions are found
through sulfur—carbon contacts and no short C—C contacts
are observed (Table 3). A small number of strong intrasheet
interactions exist, the strongest involving the nitrogen atom
of the azo group (N117-C27i;=3.494 A). The interaction
between the two farthest neighbours i and i, is significant and
this also involves the nitrogen of the azo group (N17-Cl14
iy=3.544 A).

LS state (110 K). No phase transition occurs and the cell
parameters simply decrease as a result of thermal effects. The
volume is reduced by 172 A3 from 298 to 110 K. The Fe-N
distances correspond to those expected for a low spin state;
the shortening of Fe-N26 [0.281(2) A] and Fe-N126
[0.267(2) A] from the high to the low spin state is very large.
The FeNg core is slightly more symmetrical due to the N-Fe-N
angles that are all close to 90°. The intramolecular phenyl
rings are still non-coplanar and the angles between them
change slightly to 25.6 and 35.3°, respectively. The intramol-
ecular angles in the azo group strongly increase from 298 K
to 110 K: from 94.5 to 113.8° (C13, N17, N16), from 92.3 to
112.1 (C20, N16, N17), from 103.3 to 112.9° (C110, N117,
N116) and from 103.3 to 114.5° (C120, N116, N117). So,
from this point of view, the molecule appears to be more
symmetrical in the low spin state. The intersheet interactions
are similar to those at high temperature, with no short ones
being found. The intrasheet distances decrease leading to a
very short i—i, interaction (N17-C14 i,=3.346 A).

4 Discussion
4.1 Thermal contraction

Compounds 1, 3 and 4 adopt the same crystallographic space
group, Pccn, at low temperature, 1 and 3 crystallize also in

this space group at room temperature while 2 and 4 crystallize
in the monoclinic P2;/c space group in the HS state. The
volume reduction per degree of temperature from the HS to
the LS state is largest (1.5 A3 K1) for 4, which is the only
one to undergo a phase transition while the values are similar
for 3 (0.78 A3 K1), 1 (0.82 A3 K~ ') and 2 (0.91 A3 K1)
as well as in previously reported similar compounds
Fe(phen),(NCS), and Fe(btz),(NCS), (0.74 and 0.76 A®
K !, respectively). The reduction of the volume corresponding
to the spin transition itself has been estimated from the
temperature dependence curves to be 2.4% for 4 and 1.9% for
3. In order to estimate this reduction for 1, we could, in a first
approach, compare its volume variation to those of some
molecular charge transfer compounds, which do not undergo
spin crossover but which have been studied systematically in
this range of temperature (298-10 K) and which have similar
unit cell volume.?® As a common trend, they showed a volume
contraction from 298 to 10 K of 3-4%. The unit cell volume
of 1 decreases by 5.4% from 298 to 10 K, which suggests a
volume contraction due to the spin transition to be in the
range 1.5-2.5%. This estimated value is consistent with pre-
vious values and could be a general trend for these compounds.
Indeed, Fe(phen),(NCS), and Fe(btz),(NCS), presented very
similar values, 2.5 and 2.2%, respectively.

It is worth remarking that the spin transition upon cooling
is accompanied by a strong increase of the ¢ parameter
(intersheet directions) only for 3 and 4 which are the only
compounds of the series that present an abrupt transition.

4.2 Iron atom network and iron environment

Iron atom network. The main difference between these spin
transitions is that a large structural phase transition occurs
only in 4 with a change in space group and in the relative
positions of the centers of gravity of the molecules. In this
compound and in 2, the iron atom is not in a special position
at room temperature and so the iron network appears to be
less symmetrical than in the two other compounds (Fig. 2).
At low temperature, the phase transition in 4 results in a more

Table 3 List of the shortest intermolecular distances (A) for Fe(PM-L),(NCS), with the corresponding Fe—Fe distances*

Fe(PM-PEA),(NCS),

Fe(PM-BiA ),(NCS),

Fe(PM-TeA ),(NCS), Fe(PM-AzA),(NCS),

298 K 140K 298K 140 K 298 K 140 K 11K 298 K 110K
FeFei,!/i,? 11.710/13.868 12327 11.708 11.269 13.206 13.031 12779 11.529/13.501 11.144/13.081
Fe—Fei,! /i,? 11.109/9.037 10293 10.331 10.176 11.528 11.425 11.330 9.115/10.914 9.197/10.888
FeFeiy 8.491 8.734 8.805 9.141 8.491 8.451 8.426 8.603 8.396
FeFei, 15.637 14291 12.949 12.370 17.048 16.960 16.759  15.155 15.037
ii, S-C 3.65 3.767 3.416 3.437 3.600 3.579 3.619 3721 3.734
S-C 3.46 3.588 3.608 3.764
i—iy C-C 3.62
cC 3.457 3.409
C-S 3.74 3.551 3.776 3.818 3.673 3.626 3.601 3.753 3.691
i, C-S — — 3.348 3416 — — — 3.746 3.646
c-C 3.56 3.503 3.406 3.602 3.513 3.473 3.426 3.687 3.606
3.62 3.647 3.464 3.500 3.608 3.605 3.518 3.646 3.646
3.64 3.449 3.684 3.522 3.593 3.556 3.535 3.667 3.552
3.57 3.629 3.599 3.456 3.567 3.556 3.553
3.54 3.492 3.683 3.571 3.564 3.545 3521  C-N(AzA) C-N(AzA)
3.62 3.476 3.599 3.456 3.393 3.338 3.295 3.494 3.422
3.60 3.533 3.521 3.494 3.634 3.583
3.30 3.556 3.491 3.478
3.62 3.647 3.579 3.551
3.51
3.40 i~iy C-N(AzA)
3.61 3.615 3.493
3.55 3.544 3.346
i—iy C-C 3.50 3.476 3.657 3.337 3.660 3.466

“Contacts are considered short for C-C <3.65 A and S-C 3.75 A. Standard deviations are <0.02 A in Fe(PM-PEA),(NCS), (298 K) and
0.01 A in the others. The nomenclature i, i, i,, i3 and i, is defined in Fig. 3 and 6. i, and i—i, correspond to intrasheet interactions while i—i,

and i—i; correspond to intersheet ones.
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symmetrical network which becomes, in that sense, similar to
those of 1 and 3. In all the structures, the shortest Fe—Fe
distance is observed between the two neighbouring molecules
in the ¢ direction (Table 3, interaction i—i3). As a consequence
of the increase of this parameter when cooling, the shortest
Fe-Fe distance is longer at low temperature in Fe(PM-
PEA),(NCS), and Fe(PM-BiA),(NCS),, than in Fe(PM-
TeA),(NCS), or Fe(PM-AzA),(NCS),.

Iron environment. The changes in the FeNy core are quite
similar in all the complexes upon changing from high to low
spin (Table 2). All the N-Fe—N angles converge to 90° upon
transformation to the LS state. The contraction of the Fe—N
bond lengths appears to be similar in 2, 3 and 4 (the spin
conversion is not complete for 1): the normalized values of
the variation of these distances between HS and LS show a
similar evolution of the Fe-N2 bond (ca. 5%) for all the
compounds, whilst this is not the case for Fe-N31 (11.9% for
3, 10.1% for 4, 6.6% for 1 and 8.9% for 2) or for Fe-N26
(12.7, 12.8, 9.1 and 12.1%, respectively). The Fe—N31 changes
were 8.5% for Fe(btz),(NCS), and 8.4% for Fe(phen),(NCS),
and 9.4% for Fe—N26. These values reflect the large variations
which occur in the Fe-N26 and Fe-N31 bond lengths 1-4 at
the transition. Indeed, the corresponding Fe-N26 and Fe-N31
bond length changes in Fe" compounds have always been
reported®® to be within the range 0.15-0.20 A while the
variation, in the present study, reaches 0.299 A in 4, 0.285 A
in 3 and 0.281 A in 2. This remarkable evolution arises from
unusually long Fe-N26 and Fe-N31 bond lengths in the HS
state together with usual values in the LS state. We can also
see that these shift values are close to the Fe—P values (0.28 A)
in Fe(dppen),Cl,-2(CH3),CO [dppen = cis-1,2-bis(diphenyl-
phosphino)ethylene].?” The same observation has been made
for compounds with the Fe"P,X, core, where Fe-P bond
lengths vary by as much as 0.27 A between the LS and HS
state.?® For Fe(PM-BiA),(NCS), at 10K, a LIESST (light
induced excited spin state trapping) effect has been observed.’
The HS—LS relaxation after LIESST was investigated between
10 and 78 K and revealed a very slow rate of quantum
mechanical tunneling. Such an effect has been attributed to
the unusually large change in Fe-N (organic ligand) bond
lengths associated with the spin transition.

4.3 Intersheet and intrasheet interactions

Intersheet interactions. Although 3 also develops short C-C
contacts, the intersheet interactions involve mainly sulfur—
carbon contacts (Table 3). These contacts are short for 4 and
3, slightly longer for 1 and the longest are generated in 2. The
NCS branches form arms that clasp neighbouring molecules
in the ¢ direction. A significant change in the shape of the
NCS arms occurs during the spin conversion for 3 and 4 but
not for 1 and 2, as shown in Fig. 7.

Intrasheet interactions. In the high spin state, the shortest
intrasheet contacts are observed in 4. Nevertheless, considering
the i—i; molecules, the intrasheet interaction appears, in a first
approach, to be similar in the four compounds, with numerous
short C-C contacts being formed. However, from the number
of very short distances (<3.5 A), the interactions created in 3
appear to be the strongest and those of 2 the weakest. The
variation upon cooling appears to be different: for instance,
the shortest distances from 298 to 140 K increase in 4 (3.30
to 3.45 A) and 3 (3.348 to 3.416 A) but decrease in 2 (C-N:
3.494 t0 3.422 A) and in 1 from 298 to 11 K (3.393, 3.338 and
3.295A). One of the main differences between Fe(PM-
TeA),(NCS), and the three other compounds is the absence
of short phenyl C—C contacts belonging to the molecule i and
the molecule i+a, denoted i,. Such interactions between
‘second neighbours’ are strong in 3 and 4 at room temperature,

emphasizing the strength of the intermolecular links in these
two structures. The increase of the length of the [PM-L]
ligands from Fe(PM-BiA),(NCS), to Fe(PM-TeA),(NCS),
results in an increase of the cell parameter a which corresponds
to the i-i, interaction. However, without the presence of
solvent which hinders this ‘second neighbour’ interaction, the
overlap of i and i, could be strong. Thus, even if the greater
length of the ligands in Fe(PM-TeA),(NCS), probably
strongly favours inclusion of solvent, it would be very interes-
ting to obtain the non-solvated compound. Further work
along this line is in progress.

4.4 Abruptness of the transition

Some papers have concluded that the abruptness of the
transition in this kind of iron(i) complex!” could be under-
stood from the intrasheet interactions; this conclusion was
reached by comparing the structures of only one iron complex
with an abrupt transition to another with a quite smooth
transition, the intrasheet interactions being much stronger in
the former. Nevertheless, the intersheet contacts were strong
in both complexes. In the present series, we cannot assign the
abruptness of the transition to only the strength of the
intrasheet interactions as they are quite strong in 1 and 2,
which undergo smooth transitions. On the other hand, the
intersheet interactions are weaker in 1 and 2 than in the two
other compounds. The latter also develops poor contacts
between intrasheet second neighbour molecules. Thus, if strong
intrasheet interactions are obviously required to obtain an
abrupt transition, it is the whole topology of the interaction
which has to be taken into account to explain the differences
in the abruptness of the transitions. The softness of the
transition in 1 is attributed to the presence of the solvent
which prevents intersheet and long range intrasheet contacts.
Taking into account all the interactions, 3 adopts the most
compact structure of the four complexes, even if the shortest
C—C distance is found in 4 which has a more irregular packing.
The relative softness of the transition for 2 is clearly related
to the global topology of interactions that is less favorable
than for 3 or 4. At this point, we can note that the shortest
intermolecular distances in Fe(PM-PEA),(NCS), and in
Fe(PM-AzA),(NCS), involve the —C=C- bond and the
—~N=N- bond, respectively. The only chemical difference
between the two complexes resides in the —C=C- vs. -N=N-
bonds. This difference induces dramatic effects as far as the
spin transition is concerned.

4.5 Hysteresis width

There is a significant hysteresis effect only in 4 which is also
the only compound that undergoes a crystallographically
significant structural phase transition. The low and high
temperature structures are quite different as the former presents
an iron atom network and a topology of interactions which is
much more symmetrical. The hysteresis effect is then obviously
due to the differences in the HS and LS structures in this
complex. Such a phase transition cannot occur in 1 or 3
because these compounds already adopt symmetrical networks,
with the iron atoms on a two fold axis at room temperature
in the HS state. The iron network in 2 appears similar to that
in 4 although no phase transition occurs. This difference can
be connected to the weakest interaction topology in 2 and to
the shortest interaction found in 4. The strength and the
asymmetry of the interactions in 4 could lead to a necessary
rearrangement of the global network at the spin conversion
while the highest flexibility of the packing in 2 could support
both the thermal contraction and the spin conversion without
reorganisation. Thus, in the case of Fe(PM-PEA),(NCS),
which presents an unusually large hysteresis, it is the large
structural phase transition which governs the spin conversion
features.
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The magnetic behaviour of these complexes under high
pressure has been investigated;® the pressure strongly affects

the

temperature of transition as well as the hysteresis width.

A high pressure X-ray diffraction study is in progress in our
laboratories.
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