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Abstract: A high pressure single crystal X-ray diffraction and Raman spectroscopy study
has revealed a similar mechanism for both thermal and pressure-induced spin crossover in
[FeL12](ClO4)2 (L1 = 2,6-bis{3-methylpyrazol-1-yl}-pyrazine) and the concomitant anion
order-disorder transition.
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phenomena

1. Introduction

Structure-property correlations in spin crossover (SCO) materials have the power to reveal the
origins of cooperative behavior during spin state switching. The high spin (HS) state has a
significantly larger volume than the low spin (LS) state, caused by differences in occupation of anti-
bonding molecular orbitals altering the metal-ligand bond distances in the complex [1]. The difference
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in molecular shape between HS and LS states and the long-range elastic interactions in the solid state
that determine the ability of the lattice to accommodate that strain determine the degree of
cooperativity in these materials, and may also influence whether or not SCO can occur at all [1,2].
Strongly cooperative systems favor abrupt, first-order thermal spin transitions, while weakly
cooperative systems present more gradual SCO behavior [3,4].

In the case of Fe?* SCO complexes, the Fe-L bond lengths decrease by c.a. 0.2 A on going from the
HS to LS state. This typically manifests itself at the macroscopic scale as a change in volume of the
material of between 2 and 10 %. A deep understanding of what drives cooperativity, particularly in
systems showing unusual SCO characteristics, provides an opportunity to exploit these characteristics
for the design of novel switchable materials with cooperativity tuned to specific requirements.

Order-disorder transitions, in which SCO is accompanied by a significant change in the long-range
ordering of counter ions, solvent molecules and/or ligand conformation [5,6,7,8] are a particularly
interesting class of systems from the point of view of understanding cooperativity and models have
been developed to explore them further [9]. In this latter study [9], the importance of detailed
structural studies across a range of temperature (i.e. not simply structures in HS and LS states alone)
was specifically highlighted.
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Figure 1. Variable temperature SQUID magnetometry data for 1 derived from those
presented in ref [12]. The inset shows the chemical structure of 2,6-bis{3-methylpyrazol-
1-yI}pyrazine (L1).

The molecular complex [Fe(L1)2]-2ClOs, 1, (L1 = 2,6-bis{3-methylpyrazol-1-yl}pyrazine) is
closely related to the family of spin crossover (SCO) active [Fe(bpp)2]** (bpp = 2,6-di{pyrazol-1-
yl}pyridine) systems [10]. A previous SQUID magnetometry study of 1 revealed an unusual transition
curve, consisting of two steps, separated not by a plateau as is often the case in stepped SCO materials
[11], but rather by a change in gradient from an abrupt initial step (on cooling) followed by a much
more gradual second step [12], as shown in Figure 1. The change in gradient occurs when c.a. 50% of
the iron centers have undergone SCO. A subsequent structural study [13] aimed to rationalize the
relationship between an observed order/disorder transition in this material and the unusual two-step
transition in this complex, and led to the development of an Ising-like Hamiltonian for coupled SCO
and order-disorder processes [9]. At no temperature did the structural study identify any indication of
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symmetry breaking to an intermediate phase with long range order of HS and LS states. . In the HS
state at 210 K one of the two perchlorate anions was found to be highly disordered, while the other was
fully ordered. At 180 K (after the initial abrupt step) both ions are fully ordered. It was suggested that
the ordering of the second cation may reduce the cooperativity in the material, resulting in the gradual
second step.

The large difference in the metal-ligand bond lengths between HS and LS states imparts high
sensitivity of SCO materials to pressure. Increasing pressure destabilizes the larger HS state,
decreasing the energy barrier between the two states and thus shifts the transition to higher
temperatures [14]. More generally, hydrostatic pressure can be used as a tool to probe structure-
property correlations, often modifying crystallographic phase transitions and tuning intermolecular
interactions without changing the chemical connectivity of the material. The latter point is particularly
pertinent in the case of molecular SCO materials where both the chemical connectivity and the
intermolecular interactions have strong influence on properties: small changes in chemistry of ligands
can significantly alter switching properties, while different polymorphs of the same molecule can show
vastly different SCO properties [15]. Pressure has also been used to decouple crystallographic phase
transitions from SCO properties in order to probe their interrelationship [16].

With the aim of shedding further light on this material and indeed the coupling between order-
disorder phenomena and SCO in general we performed a detailed series of variable temperature and
pressure X-ray diffraction and Raman spectroscopic experiments on single crystal samples of 1.

2. Results and Discussion
2.1. Variable Temperature and Pressure Raman Spectroscopy

Raman spectroscopy can be used to monitor the spin state of the material as a function of both
temperature and pressure [17], with the intensities of selected “marker” peaks used to follow the SCO.
The spectra of 1 at 273, 178 and 103 K (Figure 2a) clearly reflect the significant structural changes that
occur during SCO. The spectra of 1 at ambient pressure inside the diamond anvil cell (DAC), at 10.0
and 28.8 kbar are also shown in Figure 2b.

The peaks at 653 cm™ (marker for HS state) and 663 cm™ (marker for LS state) were chosen to
follow the spin state as a function of both temperature and pressure. A plot of the relative intensities of
the two peaks as a function of temperature is shown in Figure 3; comparison with the magnetometry
curve reveals the same abrupt/gradual profile of the SCO properties as expected if appropriate marker
peaks are chosen. It should be noted that the intensity ratio is not necessarily directly proportional to
the HS fraction, and thus quantification of the proportion of molecules in either spin state at a given
temperature (or pressure) must be obtained from another method. This technique does however
provide qualitative information regarding the overall shape of the SCO curve, and the relative
simplicity of the experiment means much finer sampling over both temperature and pressure is viable.

Using the same spin state indicator peaks, a qualitative pressure-induced SCO curve can be
determined as shown in Figure 3b. A similar overall shape is observed for both the thermal and
pressure-induced processes; an abrupt initial step (intensity ratio decreases by c.a. 60% within 2.5
kbar) centered at 10 kbar followed by a much more gradual second step indicating the remaining
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molecules undergo SCO over c.a. 15 kbar. By 25 kbar the spin crossover process appears to be
complete. The similarity of the full Raman spectra across the thermal and pressure-induced transitions
(shown in Figure 2) also suggest that the mechanism of SCO is the same in both cases.

On warming back to room temperature or depressurization from 32 kbar the Raman spectra are
indistinguishable from those before changing conditions, i.e. both the thermal and pressure-induced
transitions are fully reversible.
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Figure 2. (a) Raman spectra of 1 at 273 178 and 103 K; (b) Raman spectra of 1 at ambient
pressure inside the DAC, at 10.0 and 28.8 kbar. The dashed box highlights the region of
the HS and LS marker peaks (c.a. 653 and 663 cm™ respectively). The region between
1300 and 1450 cm™ is obscured by intense diamond and ruby signals from the DAC during
the high pressure study



Magnetochemistry 2015, 1 5

Q
~
—_
(=3
-~

1.0 4 ro *» & o 1-0MOQ>O
*

08

06 *

0.4

0.2

Raman Intensity Ratio
*
Raman Intensity Ratio

%&
el fe3
00 o ®o4* . ‘ ‘ : ‘ ‘ 0.0 : . O.OOMQ

T
80 105 130 155 180 205 230 255 280 0 5 10 15 20 25 30 35

Temperature /K Pressure /kbar

Figure 3. Relative intensities of peaks at 653 and 663 cm™ (a) as a function of
temperature; (b) as a function of pressure at ambient temperature.

2.2. Variable Temperature X-ray Diffraction

The crystal structure was determined every 10 K on cooling from 270 to 100 K, allowing both steps
of the transition to be investigated thoroughly. The structure at 270 K is shown in Figure 4a, where the
disorder of one of the two perchlorate anions is clearly visible. As O2 displays dynamic thermal
disorder no attempt was made to model this motion over multiple discrete positions; it is evident that
this perchlorate ion is tumbling. The Fe-Ne coordination volume as a function of temperature is shown
in Figure 4b, and again closely matches the curve from the magnetic data, with an abrupt decrease in
the volume (equal to c.a. 58% of the total volume change) occurring within 10 K, with a second
gradual decrease in volume taking place over more than 80 K. The abrupt/gradual transition is also
observed in the unit cell parameters (Figure 4c).
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Figure 4. (a) Crystal structure of 1 at 270 K showing the numbering scheme used
throughout for the crystallographically unique atoms. Atomic displacement parameters are
shown at 50% probability and hydrogen atoms have been omitted for clarity; (b) Volume
of the FeNe coordination polyhedron as a function of temperature. The insets show
pictures of the crystal in the yellow HS state (at 270 K) and the brown LS state (at 100 K);
(c) Evolution of the a- (A) and c- (o) axes as a function of temperature, normalized to the
270 K value.
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As in the previous study, no indication of symmetry breaking to an intermediate phase with long
range order of HS and LS sites was observed. Nor were any supercell reflections observed at any
temperature, precluding the possibility of cell doubling to an intermediate phase with long range order
of spin states. Zone images of the hkO and Okl zones of reciprocal space recorded at 190 and 180 K are
shown in Figure 5, demonstrating the lack of commensurate modulation accompanying the spin
transition.
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Figure 5. Images at 190 K (left) and 180 K (right) of the hkO (top) and Okl (bottom) zones
of reciprocal space, demonstrating the lack of commensurate modulation after the initial
abrupt step in the transition.

Conformational changes have previously been suggested as the origin of cooperative properties in
some related SCO complexes with bpp ligands [1,2,18]. In the case of 1, the angle between the mean-
planes defined by the ligands is constrained by symmetry at all temperatures to be 90°, although
deviation of atomic positions from that mean-plane increases in the LS state as the ligand puckers. The
deviation of individual atoms from the plane to be relatively small; more significant is the rotation of
the whole cation, and its effect on the crystal packing, as shown in see Figure 6. This rotation may be
quantified by measuring the angle between the L1-Fe mean plane and the crystallographic ac-plane, 6,
as illustrated in Figure 6¢c. While 6 generally increases on cooling, an abrupt increase is observed at
the same temperature as the abrupt step of the spin transition. This step is concomitant with the
ordering of the second perchlorate anion. The abrupt discontinuities in structural parameters (6, unit
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cell volume and the a and c-parameters) indicate the presence of an isostructural crystallographic
phase transition (in which an abrupt and significant structural transition is observed, but the symmetry
of both phases is equivalent) accompanying the abrupt portion of the SCO.
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Figure 6. (a) Views of 1 at 270 K (left) and 100 K (right) down the c-axis, highlighting the
rotation of the Fe complex during SCO, leading to a reduction in volume of the region
occupied by the counterions and thus reducing dynamic disorder of the second perchlorate
ion. Atomic displacement parameters are drawn at 50% for the perchlorate ions, a ball and
stick model is used for all other atoms; (b) Illustration of the rotation mechanism for the Fe
complex during the first step of the SCO. Color indicates height in the c-direction; (c)
Orientation of the molecule relative to the a-axis at 270 K and definition of the 6 angle
between the mean-plane defined by the non-hydrogen atoms of one L1 ligand and the
central iron atom (illustrated with green dashed line) and the ac-plane; (d) Evolution of the
0 angle as a function of temperature, with the relative ordering of the second perchlorate
ion indicated.

2.3. High Pressure X-ray Diffraction

The structure of 1 was determined at 9 pressures between ambient pressure and 20 kbar. As in the
case of the variable temperature study, the symmetry remained the same at all pressures. Again, the
order-disorder transition observed in the thermal study is also observed as a function of pressure, with
structures at 8.32 kbar and below showing disorder of the second perchlorate ion, while those at 9.86
kbar and higher show both anions as fully ordered. Within the experimental error of the pressure
determination method, this is in accordance with the variable pressure Raman spectroscopic study,
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where the abrupt step in the pressure-induced SCO is located around 10 kbar. The Fe-Ng volume
(Figure 7a) and the unit cell parameters as a function of pressure (Figure 7b) reveal a similar pattern to
those in the thermal study, with the c-axis increasing with the abrupt step in the SCO, while the a-axis
decreases.

The 0 angle as a function of pressure (Figure 7¢) does not show the discontinuity observed in the
variable temperature study, although once the anion becomes fully ordered, the 6 angle does not
decrease further, despite the application of an additional 10 kbar of pressure. The maximum value of 6
observed during the high pressure study is very similar to that of the thermal study (54.2 and 54.3°
respectively), thus it would appear that that represents the maximum possible rotation of the cation that
the lattice can accommodate. This finding may serve to explain the unusual nature of the spin
transition observed in this material. A spin transition of all molecules via the isostructural phase
transition associated with the abrupt part of the curve is not possible as the lattice cannot accommodate
the required rotation. Thus, once the maximum possible rotation is achieved and this collective
(cooperative) movement ceases, the remaining HS centers undergo gradual SCO without cooperative
motion. The fact that the disorder of the perchlorate ceases at the maximum possible rotation is
perhaps not surprising. The additional space occupied by the tumbling anion is required to enable the
[FeL12]%* cation to rotate, and once that tumbling has ceased there is no further space within the lattice
to allow the cooperative molecular rotation.
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Figure 7. (a) Fe-Ns volume as a function of pressure; (b) Evolution of the a- (A) and c-
(o) axes as a function of pressure, normalized to the ambient pressure value; (c) Evolution
of the 0 angle as a function of pressure, with the relative ordering of the second perchlorate
ion indicated. Where not shown, error bars are contained within the points.

3. Experimental Section

CAUTION: while we have experienced no difficulty in handling the perchlorate salt in this study,
metal—-organic perchlorates are potentially explosive and should be handled with due care in small
quantities, especially during high pressure work. The synthesis and analysis of the crystalline sample 1
used in this study has been reported previously [12].

Raman spectra were acquired using a 50 x long working distance objective on a Jobin Yvon HR
640 micro Raman module, attached to an Olympus microscope (BX40). The excitation source was a
632.8 nm laser. For variable temperature experiments the temperature was controlled with a Linkam
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THMS600 thermal stage. The same crystal was used for all experiments in the variable temperature
Raman spectroscopy study.

Pressure was generated using a Merrill-Basset type screw-driven diamond anvil cell (DAC) as
described previously [19]. Fluoroinert FC-77 was used as the pressure transmitting medium, and the
gasket was made from stainless steel. Pressure was determined using the ruby fluorescence method
[20].

Variable temperature X-ray diffraction data at ambient pressure were collected on an Oxford
Diffraction Gemini diffractometer using a graphite-monochromated Mo source. The temperature was
controlled using an Oxford Instruments Cryojet. One single crystal was used for all XRD experiments
in the variable temperature study. Data were integrated using CrysalisPro [21]. Structures were solved
by direct methods using SHELXS and refined via full-matric least squares on F? using SHELXL [22].

High pressure X-ray diffraction experiments were carried out at beamline 11.3.1 at the Advanced
Light Source, Lawrence Berkeley National Laboratory, USA using the same DAC. Data were
collected using a Bruker D8 with PHOTON 100 detector at a wavelength of 0.6702 A (datasets
between 1.37 and 13.29 kbar inclusive) or 0.6888 A (at 16.03 and 18.90 kbar). The change in
wavelength was required to provide increased flux at the highest pressures. High pressure data were
integrated using the APEX2 software suite. Shielding of the diffraction pattern by the DAC was dealt
with by the generation of dynamic masks using a program written by Professor S. Parsons [23].
Datasets were merged using XPREP and a multiscan absorption correction was performed using
SADABS [24]. Data were refined against a previously determined room temperature structure by full-
matrix least squares on F2 using SHELXL.

CCDC 1446432-1446456 contain the supplementary crystallographic data for this paper. Olex2 [25]
was used as an interface to all SHELX programs. In both the variable temperature and high pressure
studies, crystals were found to be merohedrally twinned about the two-fold axis of the tetragonal unit
cell as described previously [13]; further details can be found in the crystallographic information files.

4. Conclusions

This study represents the first high pressure study of a SCO material with an order-disorder
transition. The profile of the transition in 1 as a function of pressure was analyzed using both Raman
spectroscopy and single crystal X-ray diffraction, and found to be remarkably similar to the thermal
transition: and abrupt initial spin transition concomitant with an isostructural phase transition followed
by a more gradual SCO of the remaining HS molecules.

A mechanism has been proposed to account for those observations involving the rotation of the
[FeL12]%* cation relative to the unit cell axis (), which is associated with the isostructural phase
transition of the initial abrupt step. As 6 increases, the pocket in which the disordered perchlorate ion
resides reduces in size, providing less room for the dynamic tumbling process observed at higher
temperatures (and lower pressures). At a certain critical size (induced either by applying pressure or
reducing temperature), the disorder ceases, and no further rotation of the cation is possible, effectively
limiting the capacity of the lattice to accommodate the strain generated by the isostructural phase
transition. As the transition is not complete before this cooperative rotation is obstructed, the
remaining HS centers undergo gradual, non-cooperative SCO to the LS state.
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