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Spin-crossover (SCO) materials exhibit thermal conversion of
their electronic state from low (LS) to high (HS) spin state, which
both
reorganisations within the crystal. The occurrence of coupled

also involves intra- and inter-molecular structural
SCO and symmetry-breaking (SB), also responsible for structural
reorganisations, is a current topic of interest because it can
generate exotic behaviours such as unsymmetric hysteresis loops,
stepwise evolution of the spin conversion, or sequences of phase
transitions. Here we study the coupling and decoupling of SCO
and SB during the thermal conversion of the prototypical
[Fe(ptz)el(BF4), compound diluted in the isostructural ruthenium
host lattice [Ru(ptz)el(BF4),. We show that the [Rug 3sFeq 5(ptz)el
(BF4), system undergoes a SB between the high-spin high
symmetry (HShs) phase (R3 space group) and the low-spin low
symmetry (LSls) phase (P1 space group). We present a structural
analysis of the ferroelastic R3 — P1 phase transition and highlight
the structural SB signatures. We also study the metastable low-
spin high symmetry (LShs) phase (R3 space group) reached upon
fast cooling. In the framework of the Landau theory of phase
transition adapted by Collet, and considering the elastic coupling
between SCO and SB, we discuss the structural distortion
between the HShs, LShs, and LSls phases and explain the

metastable nature of the LShs phase.
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Introduction

Entropy-driven molecular bistability, between electronic states
separated by an energy barrier of the order of thermal energy,
can give rise to crossover phenomena at thermal equilibrium
between different electronic states, including charge-transfer
or spin states, for example." In molecular materials, elastic
interactions between sites, for which the change of electronic
state is associated with the volume change, can induce
cooperative phase transitions associated with thermal
hysteresis.” In many cases, this phenomenon occurs without
symmetry change. In solids, symmetry-breaking (SB) phase
transitions can also occur, and more and more systems
exhibit concerted or sequential changes in electronic state
and symmetry.*”* This is the case of the spin-crossover (SCO)
compound [Fe(ptz)q|(BF,), iron(u) (ptz = 1-propyltetrazole),
which exhibits a spin-transition hysteresis at atmospheric
pressure.” The thermal dependence of the fraction y of high-
spin molecules changes discontinuously through a ~7 K wide
thermal hysteresis. This change of electronic state results
from the rearrangement of electrons within metal d-orbitals
between the high-spin (HS, S = 2) and low-spin (LS, S = 0)
configurations. The high-temperature HS phase is the high
symmetry one (HShs), with a rhombohedral R3 space group,
while the low-temperature LS phase is low symmetry (LSIs)
with a triclinic P1 space group.*®*&"* There are different
contributions to the entropy increase between the LSls and
HShs phases. On the one hand, the non-symmetry-breaking
SCO includes an electronic entropy change due to the change
in spin multiplicity and a vibrational entropy due to the
global decrease of the frequency of the modes between LS
and HS states.'™?#° On the other hand, there is also a SB
contribution due to the order-disorder configurational
change and splitting of mode frequencies, and therefore, SCO
and SB can occur simultaneously or sequentially depending

This journal is © The Royal Society of Chemistry 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ce00365e&domain=pdf&date_stamp=2023-06-22
http://orcid.org/0000-0003-3578-5445
http://orcid.org/0000-0003-1785-6449
http://orcid.org/0009-0003-0860-3084
http://orcid.org/0000-0003-1998-1825
http://orcid.org/0000-0003-0810-7411
https://doi.org/10.1039/d3ce00365e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ce00365e
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE025025

Open Access Article. Published on 22 May 2023. Downloaded on 7/30/2025 2:35:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrystEngComm

upon the external parameters.’*®” Indeed, under pressure,
the [Fe(ptz)s](BF,), system exhibits sequential conversions on
cooling with SB from the HShs phase towards a high-spin low
symmetry (HSIs) P1 phase, followed SCO towards the low-spin
low symmetry (LSIs) P1 phase.**® In addition, upon fast
cooling, a metastable low-spin high-symmetry (LShs) R3 phase
appears.’

It was recently shown that the dilution of the [Fe(ptz)s]
(BF,), compound in the isostructural Ru host lattice
[Ru(ptz)e](BF,),, which also undergoes the same R3 — P1
crystallographic phase transition upon cooling, stabilises the
Fe(u) low-spin state.”? In the [Rug s5Feo ¢5(ptz)s](BF4), system
(1) studied here, the half conversion temperature was found
to be of the order of 135 K, i.e., =8 K above the one of the
neat [Fe(ptz)e](BF,), compound. This results from the fact
that the Ru(u) host, with lattice dimensions similar to the
lattice of the pure LS Fe(u) compound, induces a chemical
pressure favouring LS Fe(un) complex of lower volume, shifting
SCO towards higher temperatures compared to pure
[Fe(ptz)e](BF,),. In the previous structural characterisation of
(1) performed by single-crystal X-ray diffraction, three
different phases were identified.”? Above 150 K, the HShs
phase is exclusively dominant, displaying the R3 space group.
At 150 K, the lattice parameters of the hexagonal lattice are:
ay = by = 10.83 A, ¢y = 32.03 A. Below ~130 K two possible
low-spin phases can be generated, depending on the cooling
rate of crystals. On the one hand, a slow cooling (=~0.2 K
min') induces a LSls phase, which has a triclinic lattice (P1
space group) with ap = 12.33 A, bp = 10.77 A, ¢p = 16.37 A, a =
90.20°, = 100.54° and y = 90.20°. On the other hand, fast
quenching at 80 K from the HShs phase induces low-
temperature LShs phase, which retains the R3 space group,
with lattice parameters ay = by = 10.73 A, ¢y = 32.01 A.
Therefore, SB and SCO may decouple in the [Rugss-
Feg.65(ptz)s](BF,), solid solution.

In the framework of the Landau theory adapted by Collet
for coupled SB and SCO,”*** the theoretical phase diagram
of [Fe(ptz)s](BF,), was described through the evolution and
coupling of SCO and SB phenomena with temperature and
pressure. It provided an excellent qualitative agreement with
the experimental data through the evolution of SCO curves or
lattice deformations under pressure.>” In the present paper,
we study the evolution of SCO and SB during the thermal
conversion of (1). First, we present a detailed structural
analysis of the HShs-to-LSls phase transition and highlight
the associated symmetry-breaking signatures in both real and
reciprocal spaces. These show that structural phase transition
corresponds to a ferroelastic R3 — P1 symmetry-breaking
phase transition, with a group-subgroup relationship, and
not to a reconstructive phase transition. In such a case, the
Landau theory approach is relevant to describe the observed
phenomena. We also study the metastable low-spin high
symmetry (LShs) phase (R3 space group) reached upon fast
cooling. Within the Landau theory framework of phase
transition adapted by Collet, we explain that the metastable
nature of the LShs phase is due to the partial volume strain,

This journal is © The Royal Society of Chemistry 2023
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containing only the contribution of the SCO and not the SB
one.

Results and discussion
Materials and methods

Mixed crystals of [RugssFeqq5(ptz)s](BF4), were synthesised
from previously synthesised [Ru(ptz)s](BFs), and [Fe(ptz)e]
(BF,), crystals, separately redissolved in CH3;CN. The two
solutions were mixed homogeneously to obtain [Rug ;s
Fey.65(ptz)s)(BF4), single crystals. Details of the synthesis and
characterisation were reported by Chakraborty et al.”

Single-crystal X-ray diffraction (SCXRD) data of the
complex (1) were collected on the same single crystal at 250
K (HShs) and 80 K (LSls) on slow cooling (~0.2 K min ') as
well as on flash cooling at 80 K (LShs) using an Oxford
Diffraction Xcalibur3 X-ray diffractometer with an enhanced
source, using Mo K, (4 = 0.71073 A) radiation, fitted with a
Sapphire3 detector. Changes in unit cell volume, cell
parameters, and Bragg peak intensities as a function of
temperature were investigated on a new single crystal during
cooling from 250 K to 80 K and warming from 80 to 250 K
(2-3 K steps with 200 K h™" cooling/heating rate). Single
crystals were mounted on cryo-loops with Parabar 10312 oil.
Nitrogen flow 700Plus series cryostat from Oxford
Cryosystems the variable-temperature
measurements and the complete data collections. The
CrysAlisPRO95 software package from Rigaku Oxford
Diffraction was used for all data collections and data
processing (indexing, integration, and reduction). All
structures were solved by dual direct methods with SHELXT®
and refined by full-matrix least-squares on F> using SHELXL’
in OLEX2."° All non-hydrogen atoms refined
anisotropically and H-atoms were constrained by geometry.
When applicable, DFIX, SIMU and ISOR restraints as well
EADP and EXYZ constraints were applied for occupational
disorders of selected atoms sites. In case of 80 K data in LSls
phase, a domain formation upon transition was detected;
only data of a main domain component were taken for final
structure determination here. CCDC 2256112 (250 K), CCDC
2256113 (80 K flash cooling), and CCDC 2256114 (80 K)
contain the crystal data collection and refinement parameter
details for this paper.

Group-subgroup symmetry breaking. Fig. 1 shows the
nodes of the R3 rhombohedral lattice and the different unit
cells that can be used to describe lattice periodicity: the
primitive rhombohedral cell, the hexagonal cell, and t}Le
triclinic primitive cell. Any lattice translation vector T,
connecting nodes of the high-temperature lattices can be
given in the primitive triclinic P1 or hexagonal R3 lattices:

was used for

were

T =Uay + Vb +Weg =uan +vby +wen (1)

where U, V, W, u, v and w are integers. The transformation
matrix given in ref. 11 connecting the lattices is:

CrystEngComm, 2023, 25, 3588-3597 | 3589
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Fig. 1 Nodes of the R3 rhombohedral lattice (green), showing the
relationship with the hexagonal (H subscript purple) and primitive
triclinic (P subscript orange) unit cells.

&\ (-2 - -\ /@
- 3 3 3| ("
bp | =] 0 -1 0 bu (2)
— 2 1 2 —
Cp - == — CH
3 3 3

>
consequently, any vector Q of the reciprocal space can be
expressed both in the P1 triclinic reciprocal cell or in the R3
hexagonal reciprocal one:

— — — — — _— —
Q=Has+Kby+Lcg =ha};+ kbl +1c} (3)

Considering the transformation matrix:

— -1 0 -1 —
ag 1 ag;

— - -1 0 —

sl =1 2 b (4)
— 1 —

ot -5 0 1)\

we obtain the following developments:
— — — —
Q =Ha}+KDb§+Lc§ or

1 1 (5)
@ - n(-a-a) +k(Sai-57) + 1 ~5ai+ )

and the relationships between the indexes of the R3 and P1
reciprocal lattices:

11
h=-H+ K-_Lk=-Kandl=-H+L (6)

In the conventional R3 hexagonal lattice cell, only (kkl) peaks
with —h + k + [ = 3n are present, while (HKL) Bragg peaks are
allowed for any H, K, L integers in the primitive triclinic cell.
Therefore, in the case of a group-subgroup SB phase
transition due to a distortion from hexagonal to triclinic
lattices, with a pseudo hexagonal reciprocal lattice, the R3 —

3590 | CrystEngComm, 2023, 25, 3588-3597
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P1 symmetry breaking is characterized by the appearance of
Bragg peaks with —h + k + [ # 3n and also with & = n + 1.

Fig. 2 shows the diffracted intensity in the reciprocal
space using the (pseudo) hexagonal cell. The diffraction
patterns were obtained from single crystal diffraction data
collected at 250 K for the HShs phase and at 80 K for the LSls
and LShs phases. We were cautious about the cooling rate
when the low-spin phases were generated: the LShs was
reached by fast cooling of the single crystals, directly put
under the N, stream of the cryostat set to 80 K, while the LSls
phase was reached on slow cooling (~0.2 K min™") from the
HShs phase. The diffraction patterns of the HShs and LShs
phases are similar (within the thermal contraction): both
exhibit hexagonal reciprocal lattices of R3 space group with
afi = bii and 7§; = 60°, and the Bragg peaks present in the
(hk0) or (hO0I) reciprocal planes obey —4 + k + [ = 3n. In the
LSls phase, the symmetry is broken, as characterized by the
appearance of new Bragg peaks on the nodes of the
hexagonal lattice and indexed —% + k + [ # 3n and additional
peaks at & = n + 3, in both (kk0) and (h0l) reciprocal planes.
As explained above, the presence of these new diffraction
peaks at these specific coordinates of the reciprocal space is
a direct proof of the symmetry-breaking relationship between
the R3 and the P1 crystalline structures of (1). These results
show that the HShs R3 — LSIs P1 phase transition is
associated with the loss of the 3-fold symmetry axis along
tu, which corresponds therefore to a symmetry-breaking
ferroelastic distortion with a group-subgroup relationship."
Noteworthy, the metastability of the trapped LShs state is
characterized by its relaxation towards the LSls ground state.
The associated structural reorganization is characterized by
the changes in the X-ray diffraction signal due to the R3 —
P1 ferroelastic distortion discussed above. Even after 17 h, we
didn't observe any signature of relaxation of the LShs state
thermally quenched at 80 K, which is consistent with
previous measurements on the [Fe(ptz)s](BF,), complex at 90
K.

Ferroelastic lattice distortions in the LSls phase. The
thermal evolutions of the lattice parameters of (1), given in
the (pseudo) hexagonal cell, were monitored in the 80-250 K
range in cooling and warming modes. Fig. 3 show the
characteristic R3 — P1 ferroelastic distortions. In the
hexagonal cell of the HShs phase, ay = by, @ = f = 90° and y
=120°. In the slow cooling mode, these relationships remain
valid down to 136 K. At lower temperatures, we observe a
splitting of the lattice parameters ay; and by, accompanied by
a significant deviation of the lattice angles « and f from 90°.
Fig. 2c also shows the distortions of the reciprocal lattice in
the LSls phase at 80 K (f* # 90°, y* # 60°). The data in the
warming mode show that the R3 HShs state is restored above
144 XK. These curves obtained by single-crystal X-ray
diffraction reveal =8 K wide thermal hysteresis between the
HShs phase and the LSls phase reached on slow cooling.

The thermal dependence of the amplitude of the
symmetry-breaking order parameter #(7) can be monitored

This journal is © The Royal Society of Chemistry 2023
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y*=59.3°
b* &

Fig. 2 Diffracted intensity on the nodes of the hexagonal high symmetry reciprocal lattice, for the HShs (a), LShs (b) and LSls (c) phases, in the
(h0l) plane (top) and (hk0) plane (bottom). In the R3 HShs and LShs phases, only Bragg peaks fulfilling -h + k + [ = 3n rule are present. In the LSls

phase, Bragg peaks appear ath =n +1/2and -h + k + | # 3n.

through the evolution of ferroelastic R3 — P1 distortions, as
shown in Fig. 4a through the evolution of the parameter ¢
defined as:

1
6= 3 (|ag = by|/0.015 + | —90°|/0.28 + |[f-90°]/0.78)  (7)

and obtained through a linear fit of the data from Fig. 3. The
symmetry change is also characterised by the thermal
dependence of the intensity of the symmetry-breaking (hkl)
Bragg peaks with =& + k + [ # 3n or h = n + 3 appearing in the
LSls phase (Fig. 4a). Both the ferroelastic lattice distortion ()
and the intensity of the symmetry-breaking Bragg peaks are
direct signatures of the R3 — P1 ferroelastic phase transition.
The curves exhibit thermal hysteresis, and the discontinuous
symmetry-breaking corresponds to what is expected for the
R3 — P1 ferroelastic phase transition.

Indeed, the symmetry-breaking order parameter » belongs
to the bi-dimensional E, representation of the 3 point group,
which restricts the phase transition to first-order.>2

For the ferroelastic R3 — PI symmetry breaking, three
ferroelastic domains form, due to the loss of the 3-fold axis.
This data by the
superposition of reciprocal lattices of the 3 domains (Fig. 3c),
with three equivalent strain axes that are 120° apart. Crystals
often break during the phase transition to release the elastic

translates into X-ray diffraction

This journal is © The Royal Society of Chemistry 2023

stress associated with the ferroelastic distortion and therefore
we could not monitor the deviation of y lattice angle from
120°.

Fig. 4b shows the large volume strain associated with the
phase transition, defined as:

 Vi(T)

vs(T) = Veee(T)

-1 (8)

where Vip(T) is the low-temperature phase volume at T
and Vyr(7) the high-temperature one, extrapolated at T.
vs(T), normalized to the number of formula unit Z per
cell, also exhibits thermal hysteresis
concomitant with the symmetry-breaking ones. These data

unit curves
confirm that SB and SCO phenomena coincide, which
results from their coupling as theoretically explained for
[Fe(ptz)e](BF,),. >

Thermal quenching of the LShs phase. Fig. 3 shows the
lattice parameters of the LShs phase, obtained on fast cooling
to 80 K, with a R3 lattice (ay = by, a = = 90° and y = 120°).
We notice a slight deviation from the thermal contraction of
the lattice parameters extrapolated from the HShs phase.
This partial volume strain (vsco = —0.015(1)) is then only due
to the SCO of the Fe centres of (1) and is characteristic of the
HShs — LShs conversion.”? During the phase transitions, the
SB is monitored with the order parameter 7, while the SCO is

CrystEngComm, 2023, 25, 3588-3597 | 3591
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Fig. 3 Thermal dependence of the (pseudo) hexagonal cell volume (a)
and lattice parameters ay, by, « and S (b) between the HShs and LSls
phases. The parameters of the LShs phase are shown by the green
dots. (c) In the LSls phase, the X-ray diffraction signal is the
superposition of the Bragg peaks from the 3 different ferroelastic
domains that are 120° apart upon the R3 — P1 phase transition, which
is also characterized by the peak splitting of Bragg peaks such as
(0-5 11) shown in the inset.
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Fig. 4 (a) Thermal signatures of the R3 — Pl symmetry breaking
monitored through the parameter § probing the ferroelastic lattice
distortions and through the intensity of the symmetry-breaking Bragg
peaks. (b) Corresponding volume strain in the LSls and LShs phases.

Nus —Nis
Nus + Nis
number of sites in high or low spin states). The Landau
analysis® has shown that both SCO and SB couple, and
therefore contribute to vy:

s

cs°

monitored through g = (Nus and Nig denote the

Vg = = Vsco + Vs 9)

For the [Fe(ptz)s](BF,), it was found that vs = —0.058(1), which
includes both SCO and SB contributions.

Reorganisation of the molecular structures and packing.
The reversible conversion between the different phases
accessible upon the R3 — P1 ferroelastic phase transition is
accompanied by a significant number of structural
rearrangements at the intra- and inter-molecular levels,

This journal is © The Royal Society of Chemistry 2023
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involving both the cationic complexes and the tetrahedral
BF, counter-anions. The metallic centres of the complex,
constituted by a mixture of iron(u) and ruthenium(u) ions in
0.65:0.35 percentage, are surrounded by six 1-propyl-1H-
tetrazole ligands defining a slightly distorted octahedral [M"-
Ng] coordination environment around the metal M. Table 1
contains the average metal-nitrogen bond lengths and the
deviation from the ideal octahedral geometry of the
coordination sphere in the different phases, often used to
characterise the spin state.'® The average (M-N) bond length
contraction between the HShs phase and the two high and
low symmetry LS phases are very similar (0.102 A and 0.101
A, respectively). They are in good agreement with a complete
spin transition of all the SCO-active Fe sites and clearly show
the possibility of decoupling the R3 — P1 ferroelastic phase
transition from the SCO. The experimental M"-N values
reported for the [RugssFeg 5(ptz)s](BF4), in the HShs (2.128
A) and the LSls phase (2.027 A) are quite comparable to the
expected values considering the values obtained for the pure
Fe and Ru complexes:

d(M"-N)gishs = (Fe''-N)sns % 0.65 + (Ru"'-N)y % 0.35
=2.134 A and d(M"-N),gi; = (Fe"-N) g5 X 0.65
+ (RuM-N)j x 0.35 = 2.021 A.

In the same way, for [Fe(ptz)e](BF4),,>* the volume strain
due to the SCO between the HShs phase and the LShs phase,
thermally quenched at 84 K is vsco = —0.028(1), while the
volume strain only due to the ferroelastic distortion between
LShs phase and the LSls phase is vgg = —0.031(1).>* This is a
nice illustration that the total volume strain vy associated
with the HShs — LSls transition includes vgg and vggo
components as Vg = —0.058 = vgco + Vgp. In the case of [Rug s5-
Feo.65(ptz)s](BF4),, we find vgco -0.015(1) and vgg =
-0.032(1). vsp are similar for [RugssFeges(ptz)s](BF4), and
[Fe(ptz)s](BF4), as both crystals exhibit similar ferroelastic
distortion. However, vsco in [RugssFeges(ptz)s](BF4), is

2
=3 Vsco of [Fe(ptz)e)(BF.),, due to the chemical composition

including only 2/3 of SCO-active Fe sites. Fig. 5a shows the
molecular overlay of the cationic complex in the HShs, LShs,
and LSls phases. Small changes are appreciable when the
HShs and LShs phases are compared, which involve a subtle
reorganisation of the core [MNg] due to the spin state change,
as can be seen from the average angular (2) and trigonal (©)

Table 1 Average M'-N bond lengths and distortion parameters X and @
of the M'Ng octahedra in the HShs, LShs and LSls phases, with

12 24
2 =>3"190-a| and ©® = " (|60 -6;|) as defined in ref. 13
i=1 i=1

LSls (80 K) LShs (80 K) HShs (250 K)
(M"-N) (A) 2.027 2.026 2.128
(9 10.3 6.9 41
o) 15.0 7.9 4.7
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distortion™ in Table 1, and an order-disorder transition of
the n-propyl groups.

It is important to emphasise that in both phases the 6
n-propyl groups of different monodentate ligands are
symmetry-equivalent, by the rotoinversion 3 symmetry
element located on the Fe, keeping therefore same gauche
conformation. The dihedral angle changes from 59.76° in the
HShs phase to 58.40° in the LShs phase. When the SB phase
transition occurs, the n-propyl groups of the different ligands
are no more equivalent due to the loss of the 3 symmetry. In
the LSIs phase, four crystallographically independent
n-propyl groups retain the same conformational position,
showing torsion angles that can vary between 55.97° and
58.60°, similar to those reported for the HShs and LShs
phases.

A stronger rearrangement of the two-remaining n-propyl
groups can be easily seen. From one side, the n-propyl group
associated with the C2B-C3B-C4B fragment adopts a new
gauche conformation after a rotation of 133.28° of the C4B
carbon atom. On the other hand, a more significant change
occurs in the fragment C2A-C3A-C4A, where an isomeric
transition from gauche- to anti-conformation takes place.
Fig. 5b shows the evolution of the supramolecular
rearrangements with 3 and 1 symmetry elements in the HShs
phase. In the LSls P1 phase the 3 symmetry is lost and some
1 symmetry elements are kept in-between some cations
complexes. These cation complexes interact with each other
through numerous BF,  counter anions as shown in Fig. 6a.
The number and strength of these intermolecular contacts
depend on the spin state and the symmetry of (1) (Table 2).
In the HShs phase, the counter-anions are located on 3-fold
axis and display a static disorder between two specific
positions (not shown). There are two different types of
symmetry-equivalent intermolecular contacts below the Van
der Waals radius. When the spin transition is induced
without changing the symmetry, generating the LShs phase,
the number of symmetry-equivalent intermolecular contacts
significantly increases due to the lattice contraction,
favouring the formation of a set of particularly very short
N--F contacts [d(N4---F2) = 2.890 A]. In addition, the static
disorder of the BF, anions disappears, locking the anionic
moieties in one of the preferential positions displayed in the
HShs phase. The LSls phase also shows a higher number of
intermolecular contacts when compared with the HShs
phase, but in less extension than the LShs phase does. The
R3 — P1 ferroelastic phase transition is accompanied by an
essential displacement of the BF, anions in the crystal
lattice, significantly impacting the possible supramolecular
contacts that can rise between the cationic complex and the
counter-anions.

Another characteristic of the symmetry breaking is shown
in Fig. 6b. In the R3 phase, the BF, tetrahedra are located
on 3-fold Wyckoff positions, with one of the F atoms on the
3-fold axis and pointing up or down along the c¢ axis. In the
LSls phase, the 3-fold axis is lost, and the tetrahedra can
point in any direction. The new disposition of the BF, plus

CrystEngComm, 2023, 25, 3588-3597 | 3593


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ce00365e

Open Access Article. Published on 22 May 2023. Downloaded on 7/30/2025 2:35:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Communication CrystEngComm
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Fig. 5 a) Minimised overlay of the cationic complex in the HShs (pink), LShs (purple) and LSls (green) phases showing the conformational changes
of n-propyl groups (C2A-C3A-C4A and C2B-C3B-C4B) in circled areas. Disorder of n-propyl group in the HShs phase is omitted for clarity. b)
Symmetry-breaking associated with rearrangement of propyl groups, viewed along the c axis of the (pseudo) rhombohedral lattice. In the HShs
and LShs states, the cations are located on 3 symmetry with equivalent A-B-C-D-E-F n-propyl groups. The cations are related by 3-fold and

inversion symmetry. In the LSls phase the 3-fold axis are lost and some 1 symmetry elements are kept in the P1 lattice.

the special rearrangement of the n-propyl groups are some of
the identity signatures of the ferroelastic phase transition.
The molecular rearrangement is also associated with a shear
strain, shown in Fig. 6b, with opposite motions of the cation
layers in the (a, b) plane (grey arrows) responsible for the
deviation of the lattice angles a and f from 90°.

The neutral layers of complexes are stacked along the ¢
direction in the HShs and LShs phases through very weak
intermolecular contacts between the n-propyl groups pointing
to the interlayer space. The distance between the layers is
11.007 A and 10.641 A for the HShs and LShs phases,

respectively. The same stacking can be detected in the LSls
phase, showing an interlayer distance slightly smaller than
that for the LShs phase (10.224 A). In addition, the molecular
packing clearly shows the shear strain with the deviation of
the angle # from 90° in the P1 phase, as it is illustrated in
the Fig. 6b.

Origin of the metastable LShs phase. All these
experimental data provide key information on the change of
spin state and crystalline structures between the HShs, LShs,
and LSls phases. In SCO materials, structural trapping of
HShs state at low temperatures was reported in many

Fig. 6 a) Intermolecular contacts between the cationic complex located on 3 symmetry and BF,~ counter-anions located on 3-fold symmetry axis
in the HShs and LShs. In the LSls the inter-molecular contacts are no more symmetry-equivalent. b) Ferroelastic distortion upon the R3 — P1
transformation of the lattice viewed along the b axis of the pseudo-rhombohedral lattice, with a shear strain shown by the grey arrows. Hydrogen
atoms and possible disorder of both n-propyl groups and BF;~ counter-anions are omitted for clarity.

3594 | CrystEngComm, 2023, 25, 3588-3597 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ce00365e

Open Access Article. Published on 22 May 2023. Downloaded on 7/30/2025 2:35:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrystEngComm

Table 2 Intermolecular contacts for the HShs, LShs and LSls phases

Inter. HShs Inter. LShs Inter. LSls

contact (250 K) contact (80 K) contact (80 K)

C1-F2 3.156 A C1-F2 3.128 A C1A-F7 3.108 A

C3'-F1 3.028 A C1-F2 3.170 A C1B-F5 3.095 A

N4-F2 2.890 A C1C-F1 3.169 A

C1D-F4 3.130 A
C1E-F6 3.164 A
C1F-F4 3.113 A
C1F-F2 3.125 A
C2A-F8 3.112 A
C2D-F3 3.116 A
N4D-F3 3.004 A
N4F-F4 2.997 A

systems.’@”%!* The key feature related to such metastable HS
state is the energy barrier between the HS and LS states and
the thermally activated relaxation. However, this can't explain
the occurrence of a metastable LShs phase observed in
[Rug 35Feg65(ptz)s](BF4), or in the pure [Fe(ptz)s|(BF.)s
materials. To understand the metastable LShs state, we need
to discuss in more details Collet's approach of the Landau
theory of phase transition applied to SCO materials
exhibiting symmetry breaking.?**” As explained in the case
of [Fe(ptz)s](BF,),, which exhibits similar SCO and SB, the
simplest symmetry-adapted Landau potential to describe
simultaneously SCO, measured through the order parameter
g, and symmetry breaking #, takes the following form:

1 1 1 1 1
G(g n) = an* + b’ + o' +Ag+ - Bg* +Cq'

+ % Cs"vs® + Ayvsi” + Agvs (1—2q> (10)
where the 5%, #°, 4" terms describe the usual Landau SB
potential for R3 — P1 ferroelastic transition, with a = a(T —
Tsp) and ¢ > 0 for stability."? The coefficient a changes sign
at the symmetry-breaking temperature Tsg, which stabilizes #
=0 above Tsg and 5 # 0 below. Similarly, the g, ¢°, g* terms
describe the SCO as A changes linearly with 7." In this
model, a key point is to consider the elastic contributions to

. . 1 .
the potential: the elastic energy Ecsovsz related to elastic

constant C,°, as well as the elastic coupling to v, of i) the
ferroelastic distortion (4,v#”) and ii) the SCO where

1 —
AqVs (Tq) both taken as reference in HS state (g = 1). Collet

et al. have shown that the equilibrium volume strain includes
contributions from both SCO and SB2*“*”° and scales as: v =
Vsco t Vsp. Substituting in eqn (10) vg given in eqn (9) results
in the renormalized thermodynamic potential:

1 1 1 1 1
Gq.n)=an*+ b’ + on' + Aq+ - Bq* +Cq' +Dgn*  (11)
2 3 4 2 4
where the SB-SCO coupling term Dgn> appears, with D > 0
which stabilizes HShs or LSIs phases.

The 2D contour plots of G(g, #) in Fig. 7 show how the
stability of the HShs (g = 1, # = 0) or LSls phase (¢ = -1, #

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 2D contour map of the thermodynamic potential G(q, #) in eqn
(11) along the spin state (q) and symmetry breaking (;) degrees of
freedom. At high temperature (top) the HShs state corresponding to (q
~1, n = 0) is stable. At low temperature (bottom) the LSls state (g =~ -1,
n #+ 0) is stable. The central panel shows corresponding cuts along the
symmetry-breaking axis for the HShs (red) and LSls (blue) phases. In
the case of flash cooling, allowing SCO but not SB, the reduced
volume strain can generate a metastable LShs state (q ~ -1, = 0).

0) changes with temperature at equilibrium when both SB
and SCO degrees of freedom. This is due to the considerable
volume strain vg, including vsco and vsg, which stabilises
either the HShs or the LSls phase. Under pressure, [Fe(ptz)e]
(BF,), exhibits sequential SB and SCO with an intermediate
HSls phase.**® Consequently, the volume strain also evolves
sequentially with a first contraction (vsg) at high temperature
during the SB phase transition and another one (vsco) at a
lower temperature due to SCO. vsco and vgg have similar

amplitudes and at ambient pressure vy =~ Vgco + vgp.2?

CrystEngComm, 2023, 25, 3588-3597 | 3595
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However, on changing temperature from HShs to LSls, the
LShs phase does not form at intermediate temperature with
this potential. To explain the appearance of the LShs
metastable phase, let's consider for simplicity the symmetry-
breaking part of the Landau-type expansion of the Gibbs
energy describing the R3 — P1 ferroelastic phase
transition:'22<1°

1 1,2 1 3 1 4
G(iy)fian +§bn g (12)
The renormalisation of the coefficient a' = a + 24, includes
the elastic coupling of the symmetry breaking to the volume
strain (vs < 0 and 4, > 0). Above Tsg in the HShs phase a’
(HShs) > 0 (since a > 0 and vq = 0). Therefore, the potential
(11) along 7 shows a high symmetry equilibrium phase (7 = 0)
corresponding to the R3 lattice (red curve in Fig. 7). The
LSls phase (a < 0) vg includes SCO and SB components (Vsco

1
+vgp = Vs < 0) and a'(LSls) = a + 24,v5 < 0. The 5 (a+ 22,vs)n”

term stabilises the low symmetry P1 lattice with a minimum
for  # 0 (blue curve in Fig. 7). On fast cooling, SCO occurs,
due to rapid equilibration of the spin state degrees of
freedom; while slower long-range lattice ordering and
propagation of shear strains preclude the emergence of SB.
The volume strains on fast cooling (vgc) towards the LShs
state are then reduced to the sole contribution of the SCO:
Ve = Vgco- This situation, which is intermediate between the
HShs and LSls cases, can generate a metastable LShs state as
the elastic coupling gain of the symmetry-breaking is reduced

1
to vgc. The 5(a+2/1,,v1:c)712 term with reduced amplitude

stabilises less the low symmetry P1 lattice (4 # 0) and
generates a metastable LShs state (7 = 0), as shown by the
green potential curve in Fig. 7. If the energy barrier is of the
order of the thermal energy (kgT), the system may thermally
relax towards the stable LSls phase, which will be even more
stabilised by an additional symmetry-breaking component of
the volume strain.

Conclusion

The present study shows that for understanding thermal-
equilibrium properties and the emergence of metastable
phases in the [Rug 35Feq 65(ptz)s](BF4), material, derivate from
the original [Fe(ptz)e](BF,), system, it is essential to consider
SCO and SB phenomena and their coupling to the volume
strain. The critical point is that both SCO and SB contribute
to the volume strain, almost equally. At thermal equilibrium
on slow cooling, the spin state and symmetry-breaking
degrees of freedom have time to equilibrate, which induces a
large volume strain that stabilises the low-spin low-symmetry
phase. On flash cooling, the SCO occurs, but long-range
symmetry breaking doesn't have time to set up. The reduced
volume strain, limited to the contribution of the SCO, is
responsible for the appearance of a metastable LShs phase.
We are therefore convinced that such analysis can be
expanded to other SCO compounds, and more generally to
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other classes of materials exhibiting a coupled change of
electronic state and symmetry.
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