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Raman scattering and X-ray diffraction study of
the temperature- and pressure-induced multistep
spin transition in the complex
{Fe"(AnPy),[Ag'(CN),],}-NO,bz

Yasmine Remili,> Maryam Nasimsobhan,® Rubén Turo-Cortés, (2 ° Laure Vendier,?
Carlos Bartual-Murgui, 12 © Gabor Molnar, 2 ** Azzedine Bousseksou*® and
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We acquired Raman spectra and X-ray diffraction (XRD) patterns across the temperature- and pressure-
induced multistep spin transition in single crystals of the complex {Fe'(AnPy),[Ag"(CN)]5}-NO,bz (AnPy =
4-anthracenepyridine, NO,bz = nitrobenzene). At the half transition plateau (ca. 200-220 K), previous
work evidenced no superstructure or diffuse reflections in the XRD pattern, which could be indicative of
spontaneous long- or short-range ordering of molecules in different spin states. Despite this lack of
ordering, a distinct local symmetry breaking in the plateau is inferred from Raman spectroscopy in the
present work, which revealed a complete extinction of several vibrational modes associated with the pure
high spin and low spin states. We suggest that this local symmetry breaking does not transform into
longer range order due to the positional disorder of NO,bz guest molecules. The investigation was
extended also to the high pressure behavior of the complex revealing a similar, stepped variation of
lattice parameters with a plateau near 2—4 kbar, corresponding to ca. 50% transition, while the complete
transformation to the LS form was achieved at ca. 6 kbar. The high pressure Raman spectra indicate local
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Introduction

The molecular spin crossover (SCO) phenomenon between the
high spin (HS) and low spin (LS) configurations of 3d*-3d’
transition metal ions, displayed by certain (pseudo-)octahedral
coordination complexes, has been studied extensively in the
past decades both from a fundamental point of view as well as
for its potential applications."™ At the molecular level the
phenomenon is well understood on the basis of ligand field
theory® and SCO systems with non-interacting molecules (i.e.
solutions) can be then conveniently analyzed using straightfor-
ward thermodynamic considerations.” On the other hand, bulk
SCO solids often display more intricate behaviors, which arise
from the strong coupling between the spin state of the mole-
cules and the structure of the crystal lattice. The most obvious
manifestation of these couplings is evidenced by the plethora of
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symmetry breaking in the plateau, which is closely comparable with the thermal transition behavior.

thermal SCO curves, i.e. the plot of the high spin fraction (rns)
vs. temperature. In bulk solids, these can be not only gradual
(as in solutions), but also abrupt, can display hysteresis
between the heating and cooling modes, can be incomplete
and can exhibit two or more steps." The differences in abrupt-
ness and the emergence of hysteresis can be rationalized in
terms of cooperative interactions between the molecules. From
a microscopic point of view, the cooperativity stems primarily
from the large volume misfit between molecules of different
spin states, giving rise to an elastic interaction energy,® which
thus favors molecules in the same spin state. The volume strain
associated with the spin state switching is also the principal
reason for the coupling of the SCO phenomenon with other
phase transitions, such as ferroelastic or order-disorder transi-
tions, giving rise to crystallographic symmetry breakings at the
intrinsically isostructural spin transitions.”™" Another intri-
guing aspect of solid-state SCO behavior is the occurrence
of multistep spin transitions, characterized by two or
more distinct steps (up to, at least, eight'?), separated by
plateaus. Reported as early as 1969," this aspect of the SCO
phenomenon has continued to draw attention of researchers —
with the number of reported examples exploding in the past
10-15 years.
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When discussing multistep SCO, first of all, one should
underline that the steps do not reflect the occurrence of
intermediate spin (IS) states: instead they signify the coexistence
of HS and LS states. One must differentiate here the trivial case
(class 1), wherein two (or more) nonequivalent metal sites are
present in the lattice in both spin states. The ligand field (and
structural parameters) being different at these sites, they will usually
undergo SCO at different temperatures. A well characterized exam-
ple for this behavior is provided by the compound [Fe(btr);](ClO,),
(btr = (4,4-bis-1,2,4-triazole)), wherein the two slightly different Fe(u)
sites in the lattice undergo SCO at 222 K and 185 K, respectively, as
observed using both >’Fe Méssbauer spectroscopy and single-crystal
XRD." A more interesting situation is represented by compounds,
which contain a unique SCO site (in one or both spin states), in
which case the stepped transition must involve some symmetry
breaking process (class 2). Among these compounds, we can further
distinguish two main sub-classes depending on the existence or not
of long-range ordering of HS and LS complexes.

The first sub-category concerns transitions, wherein mole-
cules in the broken symmetry phase self-organize to form long-
range ordered patterns of HS and LS sites (class 2a). The
distinctive feature of these periodically modulated structures
is the emergence of sharp superstructure reflections in the XRD
pattern, which reflect a new periodicity in the crystal."""* The
prototypical example here is the complex [Fe(2-pic);]Cl,-EtOH
(pic = picolylamine). The two-step SCO in this compound was
discovered serendipitously in 1982,"° but the definitive proof for
the formation of a long-range ordered ‘“chessboard” pattern of
molecules in the plateau was provided by XRD only in 2003."”
Besides this type of cell doubling, associated with a double
symmetry breaking,'® several other types of modulated struc-
tures (stripes and other patterns) have been reported in multi-
step compounds (coined also as spin-state concentration waves,
SSCng), whose wavevector can be either commensurate®*" or,
less frequently, incommensurate®>~® with respect to the under-
lying crystal lattice. In certain cases, more than one modulated
structures (commensurate and/or incommensurate) were shown
to appear through the spin transition, which has led to the
analogy with the concept of Devil’s staircase."

The second sub-category (class 2b) covers stepped transi-
tions, wherein local order (e.g. HS-LS pairs) appears in the inter-
mediate phase(s), which is, however, not translated into a long-
range modulated structure. In this case, no satellite reflections
appear in the XRD pattern, but short-range order is manifested in
certain cases by the emergence of a diffuse scattering signal.**®
The prototype compound of class 2b is the binuclear complex
[Fe(bt)(NCS),l,bpym (bt = 2,2'-bi-2-thiazoline, bpym = 2.2’
bipyrimidine), which was the first purposefully designed two-step
SCO compound.”” *’Fe Mdossbauer*® and Raman®® spectroscopy
measurements demonstrated that the plateau in the SCO corre-
sponds to the formation of broken-symmetry HS-LS binuclear
molecules, but XRD measurements showed only a random dis-
tribution of HS-LS and LS-HS molecules, without any long-range
order.*

Arguably, the above classification of multistep SCO phenom-
ena is subjective, such as the cited illustrations (for more
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examples, see the review of Ortega-Villar et al.*"). For instance,
several compounds can be categorized into more than one
classes.*” Further intricacies are related to the possibility of
coupling the multistep SCO with other transitions and ordering
phenomena.*®**** In addition, stepped transitions may also
arise due to finite size effects and the presence of inhomogene-
ities in the system.*>*° It is worth noting also that the steps can
be either gradual, associated with a homogeneous transforma-
tion, or hysteretic, associated with nucleation and growth
processes.*” This ‘jungle’ of complex ordering phenomena is also
reflected by the large number of theoretical models developed to
interpret the experimentally observed behaviors (and predict
novel ones). To our best knowledge, the first model was proposed
by Bari and Sivardiere in 1972 to interpret stepped spin transi-
tions observed in transition metal oxides.”® Further develop-
ments used a range of different methodologies with various
refinements, such as thermodynamic models,*”***° including
regular-solution approaches® or the Landau theory of phase
transitions,”>® as well as microscopic ‘Ising-like’’®** or
‘spring-ball’***”° models, and even a combination of these
models with electronic structure calculations.®® To put it simple,
thermodynamic models (and microscopic models treated in the
mean-field approximation) provide simple descriptions of the
typical SCO behaviors using a small number of parameters,
whereas microscopic models can provide a more in depth
picture, but call for more-or-less complex numerical analysis
(e.g. Monte Carlo simulations). Nevertheless, the basic aspects
of the theory underlying the symmetry breaking in the most
intriguing ‘class 2’ have been known since more than three
decades, when the idea of antagonistic ferro- and antiferro-like
elastic interactions was introduced'® - in analogy with antiferro-
magnetic materials. This concept of opposed short-range
(through bond) and long-range (through space) interactions,
favoring either the formation of HS-LS pairs or pure (HS or LS)
phases, respectively, continues to be the cornerstone of our
understanding of symmetry-breaking multistep spin transitions.

In the past decade, thanks to the remarkable development of
laboratory crystallography techniques, ‘class 2a’ transitions have
been extensively studied both experimentally and theoretically,
affording a highly sophisticated treatment.'>" In contrast, ‘class
2b’ transitions remain less investigated,®’ primarily for the
difficulties of their experimental characterization. In the present
paper, we examine the complex {Fe"(AnPy),[Ag'(CN),],}-NO,bz (1)
(AnPy = 4-anthracenepyridine, NO,bz = nitrobenzene) belonging
to this class of compounds. Complex 1, as well as a series of
similar compounds with formulae {Fe"(AnPy),[M'(CN),],}-Xbz
(X = Ag or Au and X = NO,, CH3, Cl, Br or I), were reported by
some of us previously.®> With the exception of AnPyAu-CH;bz
and AnPyAu-Clbz, the different members of the family crystallize
in orthorhombic structures, with a unique Fe''N; site both in the
HS and LS phases, wherein the iron center is coordinated to four
equivalent equatorial [M(CN),]*~ ligands and two axial AnPy
ligands (Fig. 1a). Each equatorial ligand bridges two iron centers
and therefore builds up infinite {Fe(AnPy),[M(CN),],} two-
dimensional (2D) layers. The bulky AnPy ligand promotes the
generation of open structures, wherein the void space between
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Fig. 1 Structure of AnPyAg-BzNO,: (a) the coordination octahedron of the Fe(i) center, showing two possible orientations of the AnPy ligand. (b) Packing
of three consecutive layers displaying the channels where the guest NO,Bz molecules are located (these molecules are not shown because they are
strongly disordered, and only one orientation of the AnPy ligand is shown). (c) ‘Chessboard’ of the HS (red) and LS (blue) iron centers observed in the

plateau at half-transition for AnPyAg-ClBz, AnPyAg-BrBz and AnPyAu-BrBz.5?

the layers allows for the inclusion of the Xbz guest molecules
(Fig. 1b). Depending on the nature of the guest molecules, the
compounds display different SCO temperatures, but share a com-
mon feature, which is the occurrence of a multistep SCO - typical
for this family of dicyanometallic SCO frameworks,'*?% 3163766
Although in certain compounds, such as complex 1, some of the
steps cannot be resolved, in most cases four steps can be clearly
distinguished, each corresponding to ca. 25% spin state conversion.
Remarkably, the compounds AnPyAg-BrBz, AnPyAu-BrBz and
AnPyAg-CIBz display a crystallographic transition, associated with
the formation of two structurally independent HS and LS iron
centers at the half-transition plateau, which form a regular “chess-
board” within the 2D layers (Fig. 1c), exemplifying ‘class 2a’ stepped
SCO behavior. In contrast, no symmetry breaking was observed in
the compounds AnPyAg-NO,Bz, AnPyAg-CH;Bz and AnPyAu-NO,Bz,
for which the half-transition plateau is characterized by a mixture of
HS and LS iron sites without any long range ordering, and which
can therefore be ascribed to ‘class 2b-type stepped spin transitions.

With the aim to get further insight into the nature of this
latter phenomenon, we conducted a Raman spectroscopic study
on compound AnPyAg-NO,Bz (1), which we report herein. The
use of Raman spectroscopy is particularly interesting in this
context, because it can reveal the local symmetry breaking even
in the absence of long- or short-range ordering.*® On the other
hand, the fraction of HS and LS molecules is not always
straightforward to extract from the Raman spectra. To obtain
this information we have also acquired lattice parameter data of
the crystals as a function of temperature and pressure, the
spontaneous volume strain being proportional to the high spin
fraction (nys oc ey) to a good approximation. Besides the
thermal SCO, we have also explored the pressure-induced spin
transition behavior in 1. In a first approximation, the effect of an
applied hydrostatic pressure is expected to be the same as the
lowering of temperature, both stabilizing the LS state, charac-
terized by reduced entropy and volume in comparison with the
HS form.® Nevertheless, the effect of pressure on the SCO

This journal is © the Owner Societies 2025

phenomenon often appears more intricate. For example, the
hysteresis loop associated with the thermal SCO can exhibit
either a decrease or an increase under pressure.® In other
occasions, the application of pressure allowed separation of
the SCO from coupled crystallographic phase transitions.”®”
From a fundamental point of view, it is thus interesting to
examine the effect of pressure on stepped phase transitions as
well,”* but this has been done in only a few instances and, in
general, using only magnetometry detection.®®

Experimental

Single crystals of 1 have been obtained according to previously
described procedures.®® Low temperature XRD measurements
have been conducted between 100 and 300 K using a Bruker
Kappa Apex II diffractometer with graphite-monochromated
Mo-Ko radiation (A = 0.71073 A) and an Oxford Cryosystems
Cryostream cooler device. High pressure XRD data were col-
lected using an XtaLAB Synergy-S Rigaku diffractometer
equipped with a hybrid photon counting Hypix-6000HE detec-
tor and a Mo microsource. The CrysAlisPro program suite was
used for pre-experiment, DAC alignment, data collection, deter-
mination of the UB matrices, and initial data reduction.®’
Crystal structures were solved and refined using SHELXS and
SHELXL programs.”® Hydrogen atoms were located from geo-
metry after each refinement cycle. The high-pressure diffrac-
tion experiments have been performed at room temperature
using a One20DAC Almax-EasyLab wide-angle diamond anvil
cell (DAC) equipped with diamonds of Boehler-Almax design
and of a cullet diameter of 800 um.%” Stainless steel gaskets of
0.2 mm thickness with holes of ca. 0.3 mm in diameter have
been prepared by spark-erosion. The fluorescence of ruby was
used as a pressure gauge’' and Daphne 7373 oil as the
pressure-transmitting medium.”” The uncertainty of the pres-
sure values is estimated on the order of 0.5-1 kbar. Raman
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spectra were acquired using an Xplora microspectrometer
(Horiba) equipped with 532 and 638 nm lasers. The laser beam
was focused on the sample with a long-working-distance objec-
tive (50%, numerical aperture = 0.5), which was also used to
collect the scattered photons. The laser intensity (ca. 1 mW) was
carefully adjusted to minimize unwanted laser-induced heat-
ing. During the experiments the orientation of the sample
crystal was kept constant with respect to the polarization
direction of the laser. Using a 2400 grooves per mm grating
and a 100 pm slit, a spectral resolution of ca. 3 cm ' was
achieved. For high pressure Raman experiments the One20DAC
was employed, whereas variable temperature Raman spectra
were collected using a THMS600 heating-cooling stage (Linkam
Scientific).

Results and discussion

Compound 1 displays a multistep transition between the pure
low spin (S = 0, 'A;g) and high spin (S = 2, °T,,) states when
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heated from 175 K to 275 K.*? Lattice volume and orthorhombic
(Cccm) lattice parameter variations through this transition,
extracted from single-crystal XRD measurements, are shown
in Fig. 2a and b, respectively. As it can be expected, the cell
volume increases considerably upon heating due to the con-
comitant effects of the thermal expansion and the LS — HS
transition. Ordinary thermal dilation is characterized by the

dv
volumetric coefficients of thermal expansion (ocv =7 dT> of
0

7.2(2) x 107° K" and 1.2(1) x 10”* K" in the LS and HS
phases, respectively, whereas the SCO involves an ca. one order
of magnitude higher thermal expansion, reaching peak values
of ca. 1072 K™ ! near the transition temperatures. On the other
hand, the cell axis lengths show distinct behaviors. The linear

di
—=, i=aborc
ihdT’ ' )
exhibits positive values along the a and b directions, but a

negative linear thermal expansion (NLTE) behavior is apparent
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parameter variations are strongly anisotropic at the spin transition
as well, but in this case an anomalous decrease of the b-axis length
is observed when going to the HS phase, whereas an expansion
occurs in the a and ¢ directions. Nevertheless, we should stress
that this type of ‘anomalous’ negative expansion of cell axis lengths
is frequently encountered both on heating and on the SCO, in
particular, in cyanometallate based frameworks.*®

From the lattice parameter data we extracted the transfor-
mation strain characterizing the spin transition. To do this, we
have extrapolated the lattice parameters of the LS phase to the
entire temperature range (see Fig. 2a and b) and subtracted
them from the total strain to obtain the neat transformation
strain (in Voigt notation:”® e; = Aa/ays = 0.035, e, = Ab/bg =
—0.004, e; = Ac/cps = 0.022) (Fig. 2¢). The sum of the individual
strain components obtained from this analysis equals the volume
strain (e; + e, + e3 = ey = AV/Vig = 0.053), thus providing
confidence for the validity of the data treatment. One can also
note that the plateau between the two steps of the SCO corre-
sponds to the half of the volume strain (i.e. half-transition), in
line with previous experimental observations. On the other hand,
the two other steps at 1/4 and 3/4 transitions cannot be resolved
in the present experiments. For isostructural transitions, such as
the case of compound 1, symmetry constraints do not arise and
therefore the lowest-order coupling between the order parameter
(i.e. the high spin fraction) and the transformation strain is
bilinear.>®”* Since higher-order coupling terms usually provide
rather small contributions to the free energy, the relationship
between nygs and the different strain components for 1 is then
expected to be linear:

Nygs OC ey oC €, oC ey oC €3 (1)

As shown in Fig. 2d, this linear relationship is indeed
verified between ey, e; and e;, but e, shows a clear deviation
from the expected behavior. This aberration might be either the
manifestation of higher-order couplings or the sign of a con-
current phenomenon, characterized by another order para-
meter. While we cannot discard the latter possibility, we
suggest that the anomaly should be related to the manifestly
weak bilinear coupling between the high spin fraction and the
strain component e,. Indeed, in such a case, one might expect
that even a small higher order coupling may appear significant
with respect to the weak lowest-order (bilinear) coupling term.
Clearly, this finding represents only a minor deviation from the
standard linear strain behavior in SCO materials and it reveals
a subtle aspect of the SCO in 1.

Raman spectra of 1 (excited at 532 nm) have been acquired
from 150 to 293 K. Laser-induced heating of the sample was
clearly evidenced by testing the effect of the laser intensity on the
Raman spectra within the spin transition region. Based on this
test, we have chosen a laser power of 1 mW, which provided a
reasonable compromise between the Raman signal intensity and
sample heating. Indeed, by comparing the SCO curves obtained
from Raman and XRD measurements, an ca. 30 K heating of the
sample by the laser could be estimated. This does not alter,
however, the observed spectral behavior; it merely downshifts the
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SCO curve vs. the ‘real’ transition temperature (seen for example
in magnetometry). As can be expected for such anisotropic
samples, the Raman signal was also dependent on the crystal
orientation. Unfortunately, it was not possible to orient the
orthorhombic axes parallel to the laser polarization direction
inside the pressure cell (vide infra). For this reason, temperature
scans were run simply in such a way to acquire Raman spectra on
the crystal in similar (arbitrary) orientation to that studied under
variable pressure. Fig. 3a displays selected Raman spectra
acquired in the low-frequency range (100-550 cm™ ") for the pure
LS (150 K), pure HS (300 K) and mixed HS + LS (200 K) states.
Spectra recorded in a wider spectral range are shown in the SI, in
Section S1. The Raman spectra at frequencies between ca. 600
and 1600 cm ™" are dominated by vibrational modes of the AnPy
ligand and the NO,bz guest molecule. Whereas these modes
remain relatively insensitive to the spin state change of the
central metal ion, in agreement with the general expectation,
the low-frequency LS and HS spectra appear drastically different.
Indeed, this low-frequency region comprises primarily vibrational
modes associated with displacements of heavy metal ions (Fe**
and Ag"), as well as, presumably, a few libration modes of guest
molecules and ligands. It is well known that vibrational frequen-
cies associated with different modes of the FeNg coordination
octahedra, in particular the Fe-N stretchings, exhibit consider-
able spectral redshifts when going from the LS to the HS state,
which arises due to the population of antibonding orbitals in the
former." In addition, in ferrous cyanometallate SCO complexes
the frequencies of the cyanometallate group were shown to also
display sizeable changes at the spin transition, due to couplings
with the Fe-N vibrations.”* Remarkably, the Raman spectrum
recorded in the mixed HS + LS state in the plateau region does
not appear as a mixture of the HS and LS spectra. Indeed, several
Raman peaks corresponding to the neat (HS or LS) phases show a
complete extinction in the plateau region, whereas additional
peaks appear. This is clearly seen in Fig. 3b, through the
temperature dependence of the peaks at 190 (resp. 296) cm™ ',
the former (resp. latter) appearing only in the LS (resp. HS)
phases, whereas the one at 220 cm™ " can be observed exclusively
in the plateau region. It is worth mentioning that similar
observations could be obtained from other crystals of 1 and
using different laser excitation wavelengths, which are shown
in the SI, Section S1. This distinct nature of the intermediate HS-
LS state can be nicely depicted in the low-frequency Raman maps
in Fig. 3c and d. On the whole, these spectral features thus reveal
clearly a local symmetry-breaking, which we can interpret as the
predominance of HS-LS neighbors at the detriment of HS-HS or
LS-LS ones. The present results for complex 1 are reminiscent
of those previously reported for the binuclear complex
[Fe(bt)(NCS),],bpym>®® and are clearly different from ‘ordinary’
SCO complexes, which display in general a co-existence of LS and
HS spectral features at the half-transition. This situation also
resembles to the case of the compound [Fe(dpbtz)(Au(CN),),]:
0.5chry-1.5MeCN (dpbtz = 4,7-di(4-pyridyl)-2,1,3-benzothiadi-
azole; chry = chrysene; MeCN = acetonitrile) reported by Windsor
et al. in ref. 65. The authors proposed that the strong positional
disorder of the guest molecules within the voids, which is also the
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pure HS, mixed (50-50%) HS—LS and pure LS forms.

case of compound 1, gives rise to a disorder of local environ-
ments with different local ligand fields, thus impeding a long-
range periodic distribution of HS-LS sites, which could be
detectable by XRD.

Having characterized the stepped thermal SCO phenomenon
in 1, we have extended our investigation to the effects of an
applied hydrostatic pressure. As mentioned above, increasing
pressure is expected to have a similar effect on the spin state of
the compound as decreasing temperature. However, when ana-
lyzing lattice parameter variations, one significant difference with
respect to the thermal expansion is that the compressibility
displays a non-linear behavior, which means that more care is
needed to extrapolate the LS lattice parameters within the HS
stability field. Another practical issue is related to the fact that the
pressure steps in the DAC are rather crude, providing a much
lower resolution of the pressure-induced spin transition, when
compared to the thermally induced SCO. As shown in Fig. 4a, the
cell volume decreases by ca. 15% at 16 kbar due to the combined
effects of the ordinary mechanical compression and the HS — LS

21598 | Phys. Chem. Chem. Phys., 2025, 27, 21593-21603

transition. Above this pressure we noted the onset of a degrada-
tion of the crystal quality. The spin transition is clearly mani-
fested by the non-monotonous shrinking of the volume and
lattice parameters (Fig. 4b) between ca. 1 and 6 kbar applied
pressure. Due to this early onset of the pressure-induced SCO, the
compressibility of the lattice in the HS phase could not be
assessed.

V()dp
Cdv
from the P-V data using the second-order Birch-Murnaghan
equation of state,”® is ca. 12(1) GPa, which is comparable with
values reported for other SCO materials.”® Similar to the
thermal expansion behavior, the unidirectional bulk moduli
—%, i=a,bor c> exhibit strongly
anisotropic behavior. Notably, along the a-axis the material is
essentially incompressible in the LS phase, and the data
suggest that a negative linear compressibility (NLC) behavior
might occur along this direction in the HS phase. The values of

In the LS state, the bulk modulus (BV = ), extracted

along the cell axes <Bi =

This journal is © the Owner Societies 2025
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B; were obtained using a second-order polynomial fit,”” which
was also used to extract the pressure-induced transformation
strain values (e;), depicted in Fig. 4c. The validity of the fitting
process is supported by the good match between the linear
and volumetric bulk moduli, which fulfills the expected rela-

1 1
tionship (B_ZZE)' On the whole, the pressure- and
v T b

temperature-induced spin transitions are characterized by clo-
sely comparable unit cell deformations. Notably, one can
observe an anomalous behavior of the strain component e,
under pressure as well (Fig. 4d). The values of e; indicate that
the SCO is complete under ca. 6 kbar applied pressure.
Remarkably, a plateau in the spin transition can be depicted
between ca. 2 and 3 kbar, revealing that the pressure-induced
SCO occurs also in a step-wise manner. This is clearly seen in
the behavior of the strain components ey, e; and e; in Fig. 4c.
From the lattice parameters alone, however, it is not possible to
establish with confidence the fraction of LS centers neither in
the plateau, nor at the end of the pressure-induced SCO. For

This journal is © the Owner Societies 2025

this reason, we collected complete structural data and resolved
the structure of our compound under 2 and 6 kbar compression
(see the detailed crystallographic data in the SI). As shown in
Table 1, the Fe-N distances assessed at 6 and 2 kbar match -
within the experimental uncertainty - those measured in the
thermally-induced LS state (120 K) and in the thermal half-
transition (210 K), respectively. This finding proves that the
pressure-induced SCO leads to a fully populated LS state at
6 kbar, whereas the 2-3 kbar plateau corresponds to a 50-50%
mixture of HS and LS species. (N.B. This analysis is based on
the fact that such relatively small pressure and temperature
variations do not sizably alter the Fe-N distances in the absence
of the SCO phenomenon.”®)

Raman spectra of 1 under hydrostatic pressure have been
acquired through three compression series up to 13 kbar
applied pressure with steps of ca. 1-2 kbar. Due to the presence
of the pressure transmitting medium and the diamond anvils,
these spectra are more noisy than those recorded at ambient
pressure (see Section S2 in the SI for the full set of collected
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Table 1 Fe-N distances in 1 at selected temperatures and pressures.
Atmospheric pressure structural data have been taken from ref. 62

Fe-N1 distance Fe-N2 distance

Temperature (K) Pressure (axial) (A) (equatorial) (A)
293 6 kbar 2.014 (10) 1.936 (5)

293 2 kbar 2.11 (2) 2.017 (12)

290 1 atm 2.228 (6) 2.139 (5)

210 1 atm 2.10 (1) 2.039 (7)

120 1 atm 2.000 (6) 1.932 (4)

high pressure Raman spectra). In particular, the low-frequency
spectral features are of rather weak intensity. For this reason,
we extended the spectrum acquisition up to the CN stretching
frequencies near 2170 cm™". In fact, the CN modes exhibited
only a minor shift at the spin transition, from ca. 2171 to
2169 cm™ ', which renders them, at first sight, less enlighten-
ing. This lack of sensitivity of the CN stretching frequencies is
likely a consequence of opposed effects of ¢ donation and =
back-bonding on the electron density of antibonding CN orbi-
tals, both being enhanced in the LS state of the ferrous ions. In
addition, we must note that the application of pressure also
leads to an increase of the CN mode frequencies, even in the
absence of SCO. Nevertheless, it turned out that the change of
the linewidth of the CN stretching peak as a function of
pressure provides a useful diagnostic feature of the stepped
spin transition. Indeed, as shown in Fig. 5a, the linewidth of
this Raman peak broadens considerably in an intermediate
pressure range between ca. 1 and 5 kbar, thus delimiting the
region of coexistence of HS and LS molecules, in a reasonably
good agreement with the XRD results obtained under pressure.
Despite the weak intensity of the low-frequency Raman peaks in
the pressure cell, importantly, one can observe the same gen-
eral tendencies as in the temperature dependent spectra. The

17 1

15
144 |
134 ®

124 1

104

CN stretching peak linewidth (cm™) 2

©
1

0 2 4 6 8
Pressure (kbar)

Fig. 5
spectra of a crystal of 1 at selected applied pressures.
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Raman spectrum in the plateau (e.g. 1.9 kbar), shown in Fig. 5b,
is clearly not the sum of the pure HS (0 kbar) and LS (5.8 kbar)
spectra. Notably, the HS marker peaks at 296 and 154 cm '
disappear upon the application of ca. 2-3 kbar for the detri-
ment of new peaks at 220 and 158 cm™ ' in the intermediate
(HS + LS) form, which vanish when the pressure reaches 6 kbar,
wherein the LS marker peak at 190 cm™" emerges. This simi-
larity with the temperature induced changes in the Raman
spectra thus indicates a local symmetry breaking in the course
of the pressure-induced spin transition, which thus appears
analogous to the thermal SCO.

Conclusions

The main finding of the present work is the observation, via
Raman spectroscopy, of a local symmetry breaking at the
plateau of the stepped temperature-induced spin transition in
the complex {Fe"'(AnPy),[Ag'(CN),],}-NO,bz, indicating the pre-
dominance of HS-LS neighbors in the crystal. We believe that
these HS-LS pairs do not adopt a long-range order because of
the considerable positional disorder of the guest NO,bz mole-
cules in the lattice. Using high pressure XRD we could also
establish a two-step sequence in the course of the pressure-
induced SCO with a half-transition plateau between ca. 2 and
4 kbar, whereas the complete transformation to the LS state is
reached at ca. 6 kbar. Despite the less comprehensive experi-
mental data obtained under pressure, both the spontaneous
strain components and the Raman spectra showed comparable
changes under compression and cooling, suggesting that the
stepped transitions are closely analogous under these different
external stimuli. These initial observations open interesting
perspectives for further studies, which include a more refined

(b)

300 400 500

200
Raman shift (cm™)

100

(a) Pressure dependence of the full width at half maximum of the CN stretching peak in the Raman spectrum of 1. (b) Low-frequency Raman
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analysis of the intermediate steps of the SCO, the assignment of
the low-frequency Raman peaks using isotope substitutions
coupled to quantum chemical calculations,”® the extension of
this analysis to the light-induced spin transition as well as to
other members of this family of complexes.

During this work we used single crystal XRD to quantify the
progress of the spin transition as a function of the temperature
and pressure via the analysis of the lattice parameters. Using
these data we have not only extracted the transformation strain,
but also the coefficients of thermal expansion (both HS and LS)
as well as the linear bulk moduli (LS), each revealing pro-
nounced, but distinct anisotropies. The assessment of this type
of information, characterizing the thermo-elastic properties of
SCO complexes, is highly important not only for structure-
property correlations, but also for their potential applications
in mechanical actuators®® and mechanocaloric devices.®
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