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The influence of dopant molecules on the structure and functionality of spin-crossover (SCO) materials is
surveyed. Two aspects of the topic are well established. Firstly, isomorphous inert metal ion dopants in
SCO lattices are a useful probe of the energetics of SCO processes. Secondly, molecular alloys of iron(u)/
triazole coordination polymers containing mixtures of ligands were used to tune their spin-transitions
towards room temperature. More recent examples of these and related materials are discussed that reveal
new insights into these questions. Complexes which are not isomorphous can also be co-crystallised,
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either as solid solutions of the precursor molecules or as a random distribution of homo- and hetero-
leptic centres in a molecular alloy. This could be a powerful method to manipulate SCO functionality.
Published molecular alloys show different SCO behaviours, which may or may not include allosteric
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Introduction

Spin-crossover (SCO) compounds undergo a transition
between high-spin and low-spin electronic states under a
physical stimulus (Fig. 1)." SCO is usually found in com-
pounds of first row transition ions from the middle of the
d-block,* and is particularly common in six-coordinate iron
(1)>™** and cobalt(u)**® compounds with N-donor ligands; and,
in iron(m) compounds with mixed N/O ligation."” It occurs
equally in molecular compounds, and in coordination poly-
mers and framework materials containing those metal/ligand
combinations."® SCO in such materials is usually effected by
cooling or heating, but it can also be induced by applying
pressure to the sample;'® with visible light irradiation;"?~*
and with more specialised stimuli such as intense magnetic
fields®® or synchrotron X-rays.>

A spin transition at a metal ion significantly rearranges its
coordination sphere, which induces wider structural changes
in the bulk material.>® These changes propagate through a
sample via elastic interactions between the switching centres,
and the form of an SCO transition reflects the strength and
dimensionality of these interactions.>* That is, the magnitude
of the structural changes at the individual switching sites, and
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switching of their chemically distinct metal sites.

their mutual disposition in the lattice (i.e. the crystal
packing).?® SCO in different compounds can occur gradually or
abruptly, with or without thermal hysteresis, and in one or
more discrete steps.”®*” Cooperative (abrupt, hysteretic) tran-
sitions near room temperature are desirable for most practical
applications. Such cooperative SCO is most common in iron(u)
chemistry, and most of the examples cited below are iron(u)
compounds.

As well as these structural changes, a spin transition
changes the magnetic moment of a material, and often its
colour (Fig. 1).* Modulating permittivity,®® conductivity,**
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Fig. 1 Magnetic susceptibility data from an iron(i) spin-crossover
complex, showing the change in magnetic moment associated with an

abrupt transition between its low-spin and high-spin d-electron
configurations at 260 K. Data are taken from ref. 28.
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fluorescence®* and bulk moduli*® by SCO switching is also
established, while the thermodynamic and structural conse-
quences of SCO are also relevant to certain applications.?*?*
Moreover, some molecular and coordination polymer SCO
materials are processable at the micro and nano scales,**®
and SCO switching in single molecules has been demonstrated
inside an STM.*”>°

These aspects make SCO compounds attractive as switch-
able components in nanoelectronic devices.***® SCO materials
have also been used in prototype macroscopic applications as
diverse as  mechanical actuationy®**'  solid state
refrigeration;*>*> impact sensors;*’ switchable optical wave-
guides** and microwave absorbers;**> and, for thermochromic
3D printing.*® There is a continued drive to produce new
single-component or hybrid SCO materials with useful
materials properties and switching characteristics.

Introducing new functionality into SCO compounds is
usually achieved by molecular design and chemical synthesis.
Appending fluorophores or other functional substituents to
the periphery of SCO molecules, affords single-component
compounds combining both properties.’*> Multifunctional
salts of an SCO cation and redox-active or protic anion(s) have
also produced crystals with switchable semiconducting or
dielectric properties.>**"*” Lastly decorating SCO centres with
alkyl chains, or incorporating them into hybrid polymers, has
yielded switchable amphiphiles*® and other soft materials.*’

This Perspective explores an alternative approach to
manipulating SCO functionality by combining SCO centres
with inert, or functional, auxiliary molecules in homo-
geneous solid solutions. Controlling crystal polymorphism
and morphology by incorporating foreign dopants is estab-
lished in the crystal engineering community.’®>" Using
molecular cocrystals® or mixed-component frameworks™ to
change the properties of other families of metal-organic
materials is also well known. There is great scope to
produce SCO materials with controlled switching properties
and embedded functionality using these principles, without
extended chemical syntheses.

Isomorphous dopants

The simplest SCO solid solutions have the form [Fe,M;_,L,]"™",
where SCO-active [Fe"L,|”* and the inert dopant [M"L,]™" (M
= Mn, Co, Ni, Zn, Cd etc.) are cocrystallised in different frac-
tions z. The [FeL,]™" and [ML,]™" precursors and [Fe,M;_,L,,]""
cocrystal are crystallographically isomorphous, and the bulk
composition of the doped material usually mirrors the stoi-
chiometry of the crystallisation solution. Such isomorphous
doping of SCO compounds has been studied since the 1970s,
as a probe of the interplay between SCO and the elastic inter-
actions in different lattices (Tables S1 and $2+).>° From that
work, the effects of inert dopants on SCO materials are largely
predictable based on the identity of the dopant ion and its
concentration in the sample. SCO in a typical series of isomor-
phous Fe,Zn,_, materials is shown in Fig. 2.
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Fig.2 SCO in different compositions of [Fe,Zn;_,(1-bpp),l[BF,l>

(Scheme 1). Top, the measured magnetic susceptibility data. Bottom, the
same data expressed as the high-spin fraction in the iron content of the
samples (yys). Data points are linked by spline curves for clarity and the
dashed line corresponds to yys = 0.5, indicating the SCO midpoint at Ty
This figure has been adapted from ref. 63 with permission from the
Royal Society of Chemistry, copyright 2023.
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Scheme 1 The solid solutions [Fe,M;_,(1-bpp),l[BF4l, (1-bpp = 2,6-bis
{pyrazol-1-yl}pyridine; M?* = Co?*, Ni?*, Zn®* or Ru?*; X~ = BF4~ or
Clo,).%3

Doping with most common transition ions lowers the SCO
transition temperature, as expressed by its midpoint tempera-
ture T3 (Fig. 2). That correlates with the ionic radius of the
dopant ion M. Larger dopant ions expand and rigidify the
lattice, reducing the chemical pressure exerted on the SCO
switching centres by their nearest neighbour lattice sites.
Thus, since the ionic radius of high-spin iron(u) (78 pm) is
larger than its low-spin state (61 pm), a lattice containing
larger dopant ions stabilises the high-spin form of an iron(u)
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complex. The ionic radii of common six-coordinate dopant
ions are:**

Cd**(95pm) > Mn>" (83 pm) > Co*"(74.5 pm)
~ Zn*"(74pm) > Ni** (69 pm)

The influence of those dopant ions on T: follows the same
trend, when different dopants are compared in the same SCO
host material (Fig. S1 and $21).>*® Doping with nickel(i),
whose ionic radius lies between the iron(n) spin states, has a
roughly neutral effect on the internal lattice chemical pressure.
Thus, nickel dopants induce much smaller changes to T: than
the other dopants listed (Fig. 3).

An exception to that generalisation occurs in two sets of
[Fe,Ru,_,L,]™" materials, where doping with ruthenium(u)
leads to increasing Ti (Fig. 3).°>°* That cannot be explained by
the ionic radius of Ru®>*, which is similar to Ni**. Rather, it
may reflect the stereochemical rigidity of the [RuL,]™" dopant
molecules, which influences the molecular geometry of the
[FeL,]™ switching centres as the dopant concentration
increases.®?

The second trend in Fig. 2 is that larger dopant concen-
trations reduce the cooperativity of the spin-transition. That
reflects attenuation of the elastic interactions between the
remaining switching centres, as more lattice sites are occupied
by inert dopant spacers.”® As a result, doping broadens the
temperature range of the transition as shown in Fig. 2. If this
broadening extends the SCO below 100 K the transition may
become incomplete, as a fraction of the sample becomes kine-
tically trapped in its high-spin form at such
temperatures.®®™®” For the same reason, doping hysteretic SCO
materials progressively narrows the hysteresis width, so the
hysteresis may be lost above a particular dopant
concentration.>®**®°>% Moreover some SCO transitions occur
in stepwise fashion, reflecting the presence of multiple unique
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Fig. 3 Variation of T% with composition in [Fe,M;_,(1-bpp),l[BF,4l,
(Scheme 1) with different dopant ions. The Fe,Zn;_, data correspond to
those in Fig. 2. Analogous data for other doped SCO compounds are in
Fig. S1 and S2.1 This figure has been adapted from ref. 63 with per-
mission from the Royal Society of Chemistry, copyright 2023.
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iron sites in the lattice or involvement of crystallographic
phase changes in the SCO. Such structured SCO becomes con-
tinuous, and any intermediate phase transitions are quenched,
above a threshold concentration of inert dopants.®®*”° This
weakened cooperativity is reflected in calorimetric data, where
AH and AS of SCO (per mole of iron) decrease steadily on
doping as the transition broadens.”®%*7"72

The first computational treatments of these effects
employed a mean field model describing the macroscopic
thermodynamics of SCO transitions. This worked well for data
like Fig. 2, but could not treat more complicated
behaviours.>®”®> More recent approaches to the problem
include Ising Hamiltonians that couple spin state changes to
structural transformations; and, mechanoelastic models con-
sidering lattices as spheres linked by pairwise elastic inter-
actions (i.e. springs). These approaches can model hysteretic
and multi-step thermal SCO, by manipulating the coupling
matrix or elastic interactions between lattice sites in each spin
state.”* The current state-of-the-art employs Monte Carlo simu-
lations of mechanoelastic models to describe the nucleation
and progression of SCO through model lattices.**”> Such
simulations have rationalised phenomena such as the fact that
SCO in single crystals propagates from lattice defects; and,
surface effects on SCO in very small nanoobjects.”®

While many of the studies in this section have involved
molecule-based materials, doping inert metal ions into coordi-
nation polymers or frameworks during the crystallisation
process has a similar impact on their SCO T: and cooperativity
(Table S2+).””®° The isomorphous 3D frameworks [Fe(ji5-ta),]
and [Cu(ps-ta),] (Hta = 1H-1,2,3-triazole) cannot be co-crystal-
lised from solution, but homogeneous solid solutions were
achieved by grinding them in a ball mill.®" Pure [Fe(p;-ta),]
exhibits a high-temperature spin-transition with very wide
thermal hysteresis,**®* but SCO in the Cu-doped samples was
not measured.®’

High dilutions of iron(u) inside isomorphous host crystals
are used to probe the photophysics of isolated iron(u) centres
in rigid lattices.®* Such samples typically contain <1% of the
iron compound doped into an optically transparent manga-
nese(u) or zinc(u) host. These studies are outside the scope of
this article, but examples are collected in Table S3.}

Probing slow SCO kinetics with
iIsomorphous dopants

The above principles have recently been applied to probe kine-
tically inhibited SCO in two very different materials. [Fe
(NCBH;),(*™L)] (*™L = N,N'-dimethyl-N,N'-bis-{pyrid-2-
ylmethyl}-1,2-diaminoethane; Scheme 2) is apparently high-
spin, but it can be reversibly converted to its low-spin state by
irradiation with red light at 10 K (a reverse-LIESST effect®”*").
That implies its low-spin form is thermodynamically accessi-
ble, despite it not being observed under normal conditions.®>
This was confirmed by doping the compound with nickel(u),
which lowers the SCO activation energy by attenuating lattice

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 [Fe(NCBH3),(?"eL)].858¢

cooperativity, while only slightly influencing T: (Fig. 3).
Although [Fe,Ni; _,(NCBH;),(**°L)] remained high-spin when z
= 0.52, when z = 0.48 and 0.41 a cooperative but incomplete
spin-transition was revealed at 7: = 72-73 K. Doping with ca.
50% zinc did not have the same effect, since the reduced SCO
activation energy was offset by its shifting 7: to even lower
temperature.®¢

Unique behaviour was found recently in [Me,NH,]¢[Fes(p-
trzs)s(H,0)s] ([trzs]’~ = 2-{1,2,4-triazol-4-yl}ethane-1,1-disulfo-
nate; Scheme 3). The central iron atom in the trinuclear anion
exhibits gradual SCO upon slow cooling, which is centred at
355 K and shows a 90 K thermal hysteresis width.®” Cooling
the sample more rapidly traps it in its high-spin state which is
metastable at low temperatures (a TIESST effect®®), and it can
only relax to its thermodynamic low-spin form on rewarming
to ca. 250 K. That relaxation temperature is at least 100 K
higher than for any other spin-state trapping phenomenon to
date. A different salt of the same anion exhibits similar SCO
and TIESST properties, but with a narrower thermal hysteresis
of 50 K.*

Exceptionally, doping the dimethylammonium complex salt
with zinc(i1) leads to widening of the thermal hysteresis, as its
high — low-spin T: shifts to lower temperature while the low —
high-spin transition is unchanged. The high-temperature
TIESST properties are also retained in the doped materials.”®
Thus the hysteretic SCO and thermal trapping in
[Me,NH, ¢[Fes(p-trzs)s(H,O)s] are not a function of lattice

[MesNHlg | HaOm=—F& "N=N- Fe N—N=F&;OH,
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H,O N—N k( 3 OH;
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Scheme 3 [MesN H2]5[Feg(l,l-trZS)s(Hzo)G].87'90
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cooperativity. Rather, they reflect slow relaxation of the individ-
ual molecules in the material during thermal cycling. The con-
centrated negative charge around the periphery of the complex
may contribute to these novel properties.”®

Isomorphous dopants in reverse
spin-crossover materials

Reverse-SCO, a low — high-spin transition on cooling and high
— low-spin on warming, is rare because of its unfavourable
electronic and vibrational entropy. However that may be offset
by the entropy associated with an order:disorder transition
elsewhere in the lattice, which is coupled to the spin-state
change. Hence, reverse-SCO materials often contain molecules
with flexible alkyl chain substituents.®’

[Co(terpyOCy6H33),][BF4], (terpyOC;6Hjz; = 4'-hexadecoxy-
2,2":6',2"-terpyridine) exhibits an abrupt reverse-SCO transition
at T: = 239 K, with a 43 K thermal hysteresis loop.”” Doping
the compound with up to 70% zinc(u) gradually increases the
reverse-SCO T as z decreases.”® Conversely doping the same
complex with 20% iron lowers T: by 20 K, and induces a
“reverse-TIESST” effect when the sample is rapidly cooled.®***
These are opposite trends to those in conventional SCO
materials (see above), but they can again be understood from
the dopants’ ionic radii. The ionic radius of zinc(u) is similar
to high-spin cobalt(u),* so zinc doping increases T: by stabilis-
ing the low-temperature, high-spin form of the sample. The
iron(u) dopant is low-spin in this system, with a small ionic
radius. That stabilises the low-spin, high-temperature state of
the reverse-SCO host lattice and lowers T1.

Another unusual aspect is that the cooperativity of the hys-
teretic reverse-SCO in [Co,M;_,(terpyOC;6H33),][BF4), (M = Zn
or Fe) is not affected by metal doping.”® That may be because
the transition is driven by ligand conformational changes,
which are not influenced by the introduction of inert metal
centres.

Isomorphous dopants as functional
centres

The low-spin state of iron(u) is diamagnetic while, as a non-
Kramers ion, its high-spin state is also EPR-silent above
helium temperatures in a typical X-band or Q-band spectro-
meter.”> However, SCO in iron(u) complexes can be monitored
by EPR if the sample is doped with small quantities of an EPR-
active metal ion. Manganese(u) and copper(u) dopants are
usually used for this purpose, and typically <3% of the dopant
ion is required (i.e. Fe,M;_, with z > 0.97). In one case, good
EPR data were obtained with a sample prepared from a com-
mercial Fe(u) salt containing trace Mn(u) impurities, without
any further enrichment.®®

The anisotropy of Cu(u) EPR spectra’” and the zero-field
splitting of Mn() ions®® are sensitive to the symmetry and
local geometry of the dopant lattice sites. This can be a useful
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probe of structural changes during SCO, for example to detect
crystallographic phase changes in the absence of structural
data (Table S47).°°7'°" EPR can also monitor the response of
dopant species to SCO in the host lattice (see below).'**

A few SCO iron(n) compounds are single ion magnets
(SIMs) below 5 K, in their photogenerated high-spin
form.'*>"'% However cobalt(i) complexes are often better SIMs
than their iron(u) analogues, because of their larger zero-field
splitting.} '°® There is one report of a cobalt(u) centre exhibit-
ing SIM properties when doped into an iron(u) SCO lattice,
although the effect of spin-state switching on that SIM dopant
could not be probed.'®”

Doping anions and lattice solvent

Many SCO compounds are charged, and preparing their salts
with different anions can be facile. Different salts of the same
SCO complex cations are not always isomorphous, and can
have very different spin state properties.”” However, where iso-
morphous salts of the same SCO complex can be compared, T1
shows a (usually inverse) correlation with anion size.*

Non-stoichiometric mixed-anion SCO salts [FeL,|X;.Y> 5,
(X7, Y = anion; 0 < z < 1) mostly show switching properties
intermediate  between pure [FeL,]X, and [FeL,]Y,
(Table S51).'°®*'* However an exception is the coordination
polymers [Fe(p-atrz);][BF,),.,[SiFe);—. (atrz = 4-amino-1,2,4-tri-
azole), whose SCO occurs more abruptly and at 60-70 K higher
temperature than in the pure BF,~ and SiF¢*~ salts.***'** Such
anion doping can control T without attenuating the coopera-
tivity of an SCO transition, as occurs with metal doping. It has
also been used to probe the kinetics of SCO in highly coopera-
tive lattices, which can be sensitive to changes in anion
size.110’111

Different lattice solvents also impact SCO in solvate
materials, especially when they are not isomorphous.*® That is
particularly evident in materials undergoing single-crystal-to-
single-crystal solvent exchange, which allows a range of SCO
behaviours to be accessed from the same crystal
precursor.'“'* However, the effect of mixed lattice solvent has
only been studied systematically in one case. Crystals of [Fe
(pic)s]Cl,-(EtOH)y 74-(iPrOH)g 56 (pic = 2-{aminomethyl}-pyri-
dine) undergo more gradual thermal SCO than the pure, iso-
morphous ethanol or 2-propanol solvates.''®> That should
reflect local heterogeneities in the crystal lattice induced by a
random distribution of differently shaped solvent molecules.

Non-isomorphous dopants

Chemically analogous [Fe''L,|”" and [M"L,]™" compounds are
not always structurally isomorphous, but that need not prevent
them from co-crystallising. We have exploited that to activate a

{There are examples of the same cobalt(i) complex exhibiting either SCO or SIM

properties in different solid forms.'”>™"77
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high-spin iron(i) compound to undergo SCO. The perchlorate
salt of the iron complex in Fig. 2, [Fe(1-bpp),][ClO,],, is high-
spin and adopts a different crystal phase from [Ni(1-
bpp).][Cl0,4],."°® Polycrystalline [Fe,Ni;_,(1-bpp),][ClO4], (z =
0.53 and 0.74; Scheme 1) adopt the nickel complex structure
and exhibit complete SCO at 250 K, which is abrupt with
narrow hysteresis for z = 0.74 (Fig. 4)."'® Compositions contain-
ing less nickel form mixed-phase solids exhibiting incomplete
abrupt SCO, which implies z = 0.74 is close to the maximum
iron content the SCO-active phase can accommodate. This
could be a powerful new way to induce SCO in otherwise inac-
tive materials.

The iron(u) and cobalt(u) perchlorate complexes of [2,6-bis
{pyrazol-1-yl}pyrid-4-ylcarboxylic acid (1-bpp®°°") are not
isomorphous,"'”'*® but can be combined in a rapidly precipi-
tated powder showing gradual SCO above room temperature.
While the pure cobalt complex is a field-induced SIM at 3.5 K,
[Feo.02C00.0s(1-bpp“°°),][ClO,], did not show SIM
properties.'"®

Completely different complex molecules may also be co-
crystallised, as long as they have compatible molecular sym-
metry or shape.”® We investigated this through the solid solu-
tions [Fe(1-bpp),].[M(terpy),]i—.[BF,], (terpy = 2,2":6',2"-terpyri-
dine; M = Co, Cu or Ru; Scheme 4)."°"*?* The precursors [Fe(1-
bpp).][BF4]. and [M(terpy),][BF,], are not isomorphous but
adopt the same crystal packing motif, which probably helps
them cocrystallise. Five ruthenium-containing samples were
obtained with 0.95 > z > 0.28.""° These predominantly
adopted one or the other of the precursor crystal phases,
although a fraction of the other phase was also present when z
~ 0.5. The unit cell volumes of the major phase in each
sample show a linear correlation with z, confirming they are
genuine solid solutions (Fig. 5)."**

Thermal SCO in [Fe(1-bpp),].[Ru(terpy),]:—.[BF.], becomes
more gradual with increased ruthenium doping, as expected.
However, Ti follows a more complicated dependence on z than

1.0

0.8 1

0.6 1

Ths

0.4 1 z=1 (pure Fe)
0.94
0.2 1 0.87
0.74
0.53
0 —

100 140 180 220 260 300
T/IK

Fig. 4 SCO in the non-isomorphous doped materials [Fe,Ni;_,(1-
bpp),][ClO4], (Scheme 1). Data for z < 1 were measured in cooling and
warming modes. Other details as for Fig. 2. This figure has been adapted
from ref. 116 with permission from the Royal Society of Chemistry, copy-
right 2024.
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Fig. 5 Composition dependence of T; (black/grey) and the normalised
unit cell volume at room temperature (dark/pale red) in [Fe(1-bpp),l.[M
(terpy)sli_,[BF4l, (M?* = Co?* or Ru?*; Scheme 4).}2* Each plot is con-
nected by a regression line for clarity. The materials adopt purely or pre-
dominantly the [Fe(1-bpp),l[BF4l, crystal phase for z > ca. 0.5, and the
[M(terpy),l[BF4]> phase at other compositions. The data are replotted
from ref. 122.

for the isomorphous solid solutions in Fig. 2 and 3, reaching a
minimum near z % 0.7 before increasing again with greater
ruthenium doping (Fig. 5)."*° That could reflect changes to the
phase composition of the materials as z varies, and/or the
effect of ruthenium dopants raising 7: through their rigid
molecular structures (Fig. 3).°> Attempts to cocrystallise [Fe(1-
bpp),][BF4], with two other ruthenium(u) complexes also
yielded homogeneous SCO-active solid solutions with one of
the dopants, but not with the other."**

[Fe(1-bpp),].[Co(terpy)s]i—[BF4]» (0.97 > z > 0.76) are cocrys-
tals of two different SCO compounds.'>>'*® Magnetic measure-
ments implied the iron host lattice and cobalt dopant complex
undergo thermal SCO simultaneously, but that was difficult to
confirm.’*® Light-Induced Excited Spin State Trapping
(LIESST) measurements at low temperature, which measure
the high — low state transition under kinetic control,>*>">°
were more informative (Fig. 6).">> EPR spectroscopy, which
selectively probes the low-spin state of the [Co(terpy),]** sites,
showed the low-spin dopant population mirrors the spin state
of the host lattice as the LIESST experiment proceeds.'%

That is, allosteric spin state switching of the iron and
cobalt sites in the material occurs under these conditions
(Fig. 6).'°* Since cobalt(n) compounds do not themselves
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exhibit LIESST effects,"*” the spin state of [Co(terpy),]*" in this
system is controlled by thermal expansion or contraction of
the [Fe(1-bpp),][BF.], host lattice as its spin state changes.

The materials in Scheme 4 were prepared by cocrystallising
preformed [Fe(1-bpp),][BF,], and [M(terpy),|[BF,], from a
weakly associating solvent. Minimal ligand exchange between
the metal centres was detected under those conditions, so the
solid solutions are not contaminated by heteroleptic species
like [Fe(1-bpp)(terpy)]**.**>**° In contrast ligand redistribution
was observed in other cocrystals of two SCO molecules, which
are described in the Molecular Alloys section below.'*%'2°

Stoichiometric salts of cationic and
ahionic SCO centres

Cations and anions exhibiting SCO and other functionalities
have been combined to form multifunctional salts.>®*"*7:%?
There is one such compound that combines two SCO centres,
namely [Fe"(tpm)(tpm’)][Fe'"(azp),][ClO,]-2MeCN (tpm = tris
{pyrazol-1-yl}methane, tpm’ = tris{3,5-dimethylpyrazol-1-yl}
methane, H,azp = 2,2"-azodiphenol; Scheme 5). The com-
pound undergoes very gradual thermal SCO with a small hys-
teresis, involving both its cation and anion sites. However
Mossbauer spectroscopy showed these do not undergo SCO
simultaneously; T: for the cations is near room temperature,

when the anions are still predominantly low-spin.**°

Molecular alloys

Solid solutions of different ligands within the same SCO
material were first investigated in the iron/triazole coordi-
nation polymers"? [Fe(p-atrz)s,(u-Htrz)s_s,][C104],-H,0 (atrz =
4-amino-1,2,4-triazole, Htrz = 4H-1,2,4-triazole; 0 < n < 1)."*"
Homoleptic [Fe(Htrz);][ClO,],-H,O and [Fe(atrz);][ClO,4],-H,O
both exhibit SCO with moderate thermal hysteresis, at T1 =
311 K for the Htrz polymer and 188 K for the atrz material.
Varying the ratio of the ligands in the synthesis mixture
afforded molecular alloys, whose SCO properties evolved con-
tinuously with the ligand ratio n between those two limits
(Fig. 7). That allowed fine control of T: using the appropriate
ligand stoichiometries while retaining SCO hysteresis, which
would not have been possible using inert metal dopants for

example, %

<%>.\F/ N {0
"FeN—N N—Es [CIO,]
% N Fe N‘, 4.
N—N/ N-N /}) N

M A °

Scheme 5 The [Fe''(tpm)(tpm")l[Fe"(azp),IClO,4 SCO double salt.**°
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Fig. 6 Left: LIESST experiment on the [Fe(1-bpp),][BF,], host lattice. The sample was cooled to 10 K then irradiated with green light, causing photo-
excitation to its high-spin state which is metastable at those temperatures.?®?*2 Rewarming to 80 K leads to thermal high — low spin relaxation.
Right: Q-band EPR spectra of [Fe(1-bpp).lo.g7[Colterpy)zlo.03[BF4l> under LIESST conditions. The sample was measured prior to illumination (20 K,
dark); irradiated and remeasured (20 K, light); then warmed at 10 K intervals up to its high — low relaxation temperature. The asterisk marks a radical
impurity. This figure has been adapted from ref. 28 with permission from the Royal Society of Chemistry, copyright 2006; and from ref. 102 with per-

mission from the American Chemical Society, copyright 2018.

The composition [Fe(p-Htrz), 55(p-atrz)g 45][Cl04],-H,O exhi-
bits a hysteretic spin-transition spanning room temperature
(Fig. 7),"*" which was employed in a prototype display device
based on pixels of a thermochromic SCO material."** Ligand
alloys from the same family were used to produce nano-
particles undergoing SCO just above, or at, room
temperature.”*>**® The principle has since been extended to
the new alloy formulations  [Fe(Htrz)isy—m(trz),—n
(atrz),,[BF4],-xH,0, where the ratios of the triazole/triazolate
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Fig. 7 Measured (circles) and calculated (lines) dependence of T; on
composition in [Fe(u-atz)s,(n-Htz)s_3,][ClO4]1,:H,O. The dashed lines
indicate the composition z that is thermally bistable at room tempera-
ture (magnetic data shown in inset). The data were replotted from ref.
132, while the inset is adapted from ref. 134 with permission from
Springer/Nature, copyright 2009.
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ligands and the polymer cationic charge can be continuously
varied. These have found use in hybrid polymer materials
showing thermally switchable piezoelectric and semiconduct-
ing properties.’*” 1%

The Hofmann networks [Fe(p-pyz){M(CN),}] (pyz = pyrazine,
M = Ni, Pd or Pt) contain [Fe{u,-M(CN),}] 4" sheets linked by
ditopic pyz ligands, bridging through the axial coordination
sites of the iron atoms.'*'®> They each undergo a hysteretic
thermal spin-transition, which spans room temperature in the
platinum-containing material."*® Molecular alloys [Fe(p-pyz),(i-
vz ) _{M(CN),}] (pyz"™* = aminopyrazine) have been pre-
pared, for both M = Pd and Pt."** All the compositions were iso-
morphous by powder diffraction. As the pyz "> fraction
increases T shifts to lower temperature, the hysteresis width
narrows and the transition becomes less complete, reflecting
that pure [Fe(u-pyz" 2}{Pt(CN),}] is a high-spin material. The
plot of T: vs. n in this system is also approximately linear. "

The 1D coordination polymer [Fe(NCEt),(u-ebtz),][BF,],
(ebtz = 1,2-bis{tetrazol-2-yl}ethane) shows a slow, hysteretic
spin-transition at 71 = 101 K that is only revealed by measuring
at very slow thermal scan rates. The kinetic barrier to SCO is
associated with a reorientation of the EtCN ligands between
the spin states."*” In [Fe(NCEt),,(NCPr),_,,(p-ebtz),][BF4], (n =
0.85 and 0.72) the transition hysteresis narrows and Ti
increases with larger butyronitrile content. That was attributed
to the larger PrCN ligand fraction sterically restricting the
capacity of the remaining EtCN ligands to undergo their con-
formational rearrangement.'*® While the structural chemistry
is different, the consequences of ligand-doping on SCO in this
system resemble nickel-doping in [Fe(NCBH;),(*™°L)]
(Scheme 2).%¢
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The above molecular alloys all exhibit continuous, coopera-
tive SCO at temperatures varying with their chemical compo-
sition. In contrast, some other coordination polymer mole-
cular alloys show quite different behaviours. An example is [Fe
(p-btix)z,(u-btzx);_3,][ClO4], (Scheme 6; btix = 1,4-bis{1,2,4-
triazol-1-ylmethyl}benzene, btzx = 1,4-bis{tetrazol-1-ylmethyl}
benzene). The precursor compounds are 1D coordination poly-
mers with the same chemical connectivity, but which are not
crystallographically isomorphous. Moreover [Fe(p-btzx);][C1O,],
exhibits an abrupt spin-transition at 73 = 200 K,'** while [Fe(u-
btix);][Cl0O,], is high-spin."*®

Up to 20% btix can be introduced into the [Fe(p-
btzx);][ClO,], structure (i.e. 0.05 < n < 0.2) without affecting its
crystallinity by powder diffraction.'® All those compositions
show broad, incomplete SCO which is resolvable into two or
three steps at 7: ~ 190, 140 and 60 K (Fig. 8). The lower temp-
erature features increase in intensity with respect to the 190 K
step as n increases, but their temperatures do not change sig-
nificantly. The 190, 140 and 60 K steps were attributed to
resolved SCO in [Fe(N-tetrazolyl)]**, [Fe(N-tetrazolyl)s(N-

N : N N : N
r\/lf ,,\N NI \\\ Ir \N Nl
N

P y/
N N N

1
N

btzx btix

Scheme 6 The ditopic bis-(azolylmethyl)benzene ligands employed in
ref. 144-146, and a schematic of their 1D iron(i) coordination polymers.
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Fig. 8 Magnetic data for [Fe(u-btix)g g(n-btzx), 4][ClO4], (Scheme 6),
and (inset) the first derivative of the data highlighting the three com-
ponents in its SCO. This figure has been adapted from ref. 146 with per-
mission from the American Chemical Society, copyright 2014.
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triazolyl)]** and [Fe(N-tetrazolyl),(N-triazolyl),]** centres in the
heteroleptic polymer chains."*®

Similar behaviour occurs in [Fe(NCS),,(NCBH;),_s,(p-
bpe),]-solvent (bpe = 1,2-bis{pyrid-4-yl}ethane; 0 < n < 1). These
materials can be crystallised as 1D coordination polymers, or
as interpenetrated 2D sheet structures, from different solvents.
Two of the 1D compounds exhibited gradual thermal SCO
below 150 K, which again occurred in two discrete steps. The
height of the steps correlated reasonably with the expected
number of Fe(NCS), and Fe(NCS)(NCBH;) centres in each
sample.'?’

Ligand alloys based on two molecular SCO systems have
been explored. Isomorphous [Fe(LF)(HLF)]}H,O and [Fe(L“")
(HL®)]H,0 (H,L* = a {5-halosalicyl}thiosemicarbazone;
Scheme 7) exhibit abrupt spin-transitions at 73 = 317 and
230 K respectively. Cocrystallisation of H,LF, H,L”' and an
iron(m) salt in different ratios yields [Fe(HqsL"),,
(Ho.sL),—,]'H,O (Scheme 7; 0 < n < 1)."*® These contain a
random distribution of L and L' ligands, with statistical
ratios of homoleptic and heteroleptic iron centres. Consistent
with that, their crystallographic unit cell volume changes line-
arly with composition (Fig. 9). Their SCO becomes broadened
as n increases from n = 0 to 0.5, then progressively regains its
abruptness from #n = 0.5 to 1. In contrast to Fig. 7, T: does not

F
Cl
O,
\ K %
/N Fe N
= N{H}
HIN
tN_sf S
NH,
HoN  /2n 2-2n

Scheme 7 The [Fe(HosLM)an(HosL™)2-2n'H,O molecule-based mole-
cular alloys.*?®
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Fig. 9 Composition dependence of Ty (black) and the crystallographic
unit cell volume at 100 K (red) in [Fe(HosL )an(HosL™)2_2n]-H0
(Scheme 7). Both plots are connected by regression lines for clarity. The
data are replotted from ref. 128.
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vary linearly with temperature across the whole composition
range (Fig. 9). However, the graph shows T: can be fine-tuned
about room temperature by controlling the composition
between 0.90 < n < 1."*®

Crystals of [Fe(Me,1,3-bpp)][ClO,], (Scheme 8; T: = 378 K)
and [Fe(Me1,3-bpp)][ClO4], (T3 = 184 K) are not isomor-
phous.'*® None-the-less, homogeneous solid solutions [Fe
(Me,1,3-bpp),n(Me1,3-bpp),_»,][ClO4], with n < 0.5 were
achieved by treating Fe[ClO,4],-6H,O with different ratios of
those ligands."*® The materials are isomorphous with the pure
Me1,3-bpp complex, and their unit cell volumes increased line-
arly with n which again confirms their homogeneity (Fig. 10).
Their SCO becomes more gradual as n increases over this
range, while T: shifts to higher temperature with a reasonably
linear dependence on composition (Fig. 10). However T; for [Fe
(Me,1,3-bpp)|[ClO,], (i.e. n = 1.0), which is not isomorphous
with the alloy materials, is underestimated by this trend by ca.
100 K. Evidently crystal packing significantly influences the
spin state properties of these compounds.

To summarise, most known molecular alloys contain
chemically heterogeneous switching sites that undergo SCO
simultaneously, in one transition step.'?®129132:14L143 Thejr
SCO temperatures and cooperativity vary smoothly with their
chemical composition, between the limiting behaviours shown

Scheme 8 The
alloys.*?°

[Fe(Me;1,3-bpp)2,(Mel,3-bpp)o_2,l[ClO41,  molecular

- 5950
°I 5900
L 5850
- 5800
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L 5650

normalised V {100 K} / A®

- 5600

Fig. 10 Composition dependence of T; (black) and the normalised unit
cell volume at 100 K (red) in [Fe(Me,1,3-bpp),,(Mel,3-bpp),_2,1[ClO4]
(Scheme 8).2%* Both plots are connected by regression lines for clarity.
The data are replotted from ref. 129 and 148.
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by their pure component compounds (Fig. 7, 9 and 10).
However there are also examples of the opposite behaviour,
with chemically distinct iron centres undergoing SCO indepen-
dently of each other at different temperatures (Fig. 8)."*'*
This latter observation implies reduced structural cooperativity
within those alloy materials, but more detailed explanation of
their differences will require further study.

Emissive SCO nanoparticles have been produced by adding
an organic fluorophore dopant to the synthetic emulsion.
However there the fluorophore is noncovalently included in
the surfactant nanoparticle coating, rather than in the bulk of
the SCO nanomaterial."***>°

Ligand alloys by post-synthetic
modification

Another route to molecular alloys of SCO materials is by post-
synthetic modification of a preformed coordination polymer
(Table S6t). This was achieved through heterogeneous Schiff
base condensation reactions of insoluble [Fe(p-atrz);]X, (X~ =
anion) with aldehyde reagents in refluxing solvents
(Scheme 9). This method was first used to append fluoro-
phores to the coordination polymer scaffold (R = anthryl,
pyrenyl, rhodaminyl etc.), which led to 10-15% functionalisa-
tion yields (i.e. n = 0.10-0.15; Scheme 9).'°"'>> The products
exhibit complete thermal SCO, at different temperatures from
the [Fe(p-atrz);][ClO,], starting material but with similar coop-
erativity. The modified polymers were fluorescent, and showed
maxima in their temperature-dependent emission intensities
at the SCO Ti.

A protocol for the reaction in Scheme 9 has since been pub-
lished that allows the degree of functionalisation to be con-
trolled over the entire composition range in refluxing ethanol
(ie. 0 < n < 1)."°*' That implies swelling of the material
during the heterogeneous reaction, to allow the aldehyde to
access the interior of the insoluble polymer particles rather
than simply reacting at their surface. Consistent with that, the
success of the procedure depended on the reaction solvent
used."® When R = 4-methoxyphenyl and X~ = NO;~, the hys-
teretic spin transition of the starting material became overlaid
with a gradual SCO, which grew in at the expense of the abrupt
transition as n increased. That suggests a heterogeneous distri-

2
Fol N x, -RCHO
Wi
N—N /3 )R
P
\ ik
Fe N N X2
S /\Cn
N—N /3n \N—N /3-3n

Scheme 9 Post-synthetic modification of [Fe(p-atrz)s]X, coordination
polymers,151-156
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bution of imine groups at intermediate compositions, with
domains of reacted and unreacted material within the
sample.'*?

The transformation in Scheme 9 has also been achieved as
a solid-gas reaction, by treating [Fe(p-atrz);][MeCgH,SO;], with
volatile aldehyde or ketone vapours. Again, complete reaction
of the amino functions in the solid was observed.
Formaldehyde vapour transformed the purple SCO-active start-
ing material to a white high-spin product, while the other
vapours studied had a smaller effect on the spin state of the
material.'>®

A different form of post-synthetic ligand modification was
performed by treating [Fe(p-pyz){Pt(CN),}]"** with controlled
quantities of elemental halogens, which undergo oxidative
addition to the Pt centres in the material.">” The porosity of
the Hofmann framework allows the halogen molecules to
access the interior of the solid, so complete conversion can be
achieved.  Intermediate  compositions of  [Fe(u-pyz)
{PtVI,(CN),},{Pt"(CN),}, ] (0 < 7 < 1) retain the hysteretic
spin-transition showed by the parent framework, while T:
increases linearly from 295 K at n = 0 to 391 K when n = 1
(Fig. 11). Triggering the spin-transition at elevated tempera-
tures activates the iodine atoms to migrate between Pt
centres.'”®

This concept has recently been generalised by treating
other Pt(u)- or Au(i)-containing SCO Hofmann frameworks
with Br, or I,. Those heterogeneous oxidative additions also
proceed to completion and can be reversed by treating the
halogenated products with ascorbic acid, a mild reducing
agent. However partially halogenated compositions of those
materials were not yet reported.'>**¢!

The chemical structure of preformed SCO materials has

also been modified through other heterogeneous
reactions,'®*'®” photochemical transformations'®'®®'%° and
chemical or electrochemical redox.'””'”* Guest exchange
within the pores of an SCO framework material,"*"* or lattice
n=0 01 0.3 5 ( 1.0
3.0 A
s
S
¥
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£
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5
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Fig. 11 Magnetic data from six compositions of [Fe(u-pyz)

{PtI5(CN)4},{Pt(CN)4}1_n]. This figure has been adapted from ref. 158
with permission from the American Chemical Society, copyright 2011.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Perspective
solvent exchange in a solvate crystal,"**'”* can achieve similar
ends through supramolecular chemistry. Few of these have yet
been realised with the stoichiometric control shown in Fig. 11,
but there is great scope for further investigations.

Conclusions

The concept of co-crystallising SCO materials with inert
dopants was introduced nearly 50 years ago, to probe lattice
contributions to the thermodynamics and kinetics of coopera-
tive spin-transitions.?® Studies of this type continue to be an
important testbed for models of SCO in the solid state (Tables
$1-8371).>* However, solid solutions and molecular alloys can
also be used to tune SCO switching properties for bespoke
applications.

Different types of solid solution have complementary
advantages, as a means of controlling T:. The effects of metal
ion doping are best understood. This gives the most predict-
able stoichiometric control of Ti, but at the cost of reduced
switching cooperativity at higher dopant levels (Fig. 2). Anion
doped SCO materials can also behave predictably, if the mixed-
anion materials are isomorphous with their individual com-
ponent salts.'*'> In that case T: can be controlled without
affecting cooperativity, although the accessible range of tran-
sition temperatures varies for different materials.

Some ligand-doped molecular alloys show the best perform-
ance to date, in controllably accessing a range of T: values
spanning 80-100 K while retaining their cooperative switching
properties (Fig. 7, 9 and 11)."*®'321%8 Indeed, molecular alloys
of iron/1,2,4-triazole coordination polymers have been used to
fine-tune their performance for particular
applications.”*'*”'3° However, while individual molecular
alloy systems can behave predictably, different molecular alloy
families show quite different relationships between SCO and
composition (see below). To date, there are insufficient data
available to predict the performance of a new molecular alloy
system.

As well as controlling T;, solid solutions can introduce new
functionality into SCO lattices. Adding small quantities of
dopants as spectroscopic probes (Table S4%), or perturbing
lattice dynamics using mixed-anion compositions (Table S57),
can shed light on the structural chemistry of SCO. That has
been especially useful for cooperative SCO materials without
crystallographic data.'°'°*''® Functional metal ion or ligand
dopants have introduced switchable fluorescence'*"'** and
single ion magnetism'®” into existing SCO materials. An other-
wise inert dopant has also been used as a structural auxiliary,
to activate a high-spin compound to undergo SCO."*® Some of
these have been achieved simply using appropriate metal ion
dopants, but that is not always necessary. Different molecules
with desired functionalities may be combined in a homo-
geneous solid solution, if their shapes and symmetry are
compatible, 97122124

This survey also highlights different SCO behaviours in
solid solutions containing heterogeneous switching sites.
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Multiple SCO centers combined in the same material may
undergo SCO simultaneously, in allosteric fashion (see e.g
Fig. 7 and 11).'012%129:132,14L143 The relationship between T:
and composition in these systems is often linear (Fig. 7 and
10),12%13211 byt is non-linear in at least one example
(Fig. 9)."*® Alternatively, chemically distinct switching sites in
the same lattice may undergo SCO independently of each
other, at different temperatures (Fig. 8)."**'*®'*” While the
intensity of each SCO step changes with the composition of
the sample, their temperatures stay roughly constant.§ ***'*

While diffraction data are not always available, most allo-
steric SCO has been shown to involve different switching
centres disordered within the same lattice site. 0128129141143
Moreover, all known allosteric SCO switching is based on coop-
erative spin-transitions, although that cooperativity can be
reduced at intermediate compositions,'0%128:129,132,141,143
Conversely, mixed materials showing independent switching
sites have shown very gradual SCO equilibria, with weak
cooperativity.'***®'%” Thus, allosteric switching appears to be
more likely in cooperative lattices. That makes intuitive sense,
but more data are required to establish if that is a general
trend.

As a final comment, all the solid solutions in this survey
were assumed to be homogeneous materials, unless evidence
was found to the contrary. However, it was shown that while
the bulk stoichiometries of [M,M';_,(phen);][PF¢], (M, M’ = Fe,
Ni or Ru; phen = 1,10-phenanthroline) and related co-crystals
could be controlled predictably, individual crystallites within
those samples had quite variable compositions by EDX
analysis."”>'’* Those compounds are not SCO-active, and
there has been no comparable investigation of doped SCO crys-
tals. However, if present, sample heterogeneity could contrib-
ute to the broadening of SCO in doped and molecular alloy
materials at increased dopant levels.
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