
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2024, 53,
6983

Received 15th February 2024,
Accepted 25th March 2024

DOI: 10.1039/d4dt00443d

rsc.li/dalton

Activating a high-spin iron(II) complex to thermal
spin-crossover with an inert non-isomorphous
molecular dopant†
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Alexander N. Kulaka and Oscar Cespedesb

[Fe(bpp)2][ClO4]2 (bpp = 2,6-bis{pyrazol-1-yl}pyridine; monoclinic, C2/c) is high-spin between 5–300 K,

and crystallises with a highly distorted molecular geometry that lies along the octahedral–trigonal pris-

matic distortion pathway. In contrast, [Ni(bpp)2][ClO4]2 (monoclinic, P21) adopts a more regular, near-

octahedral coordination geometry. Gas phase DFT minimisations (ω-B97X-D/6-311G**) of [M(bpp)2]
2+

complexes show the energy penalty associated with that coordination geometry distortion runs as M2+ =

Fe2+ (HS) ≈ Mn2+ (HS) < Zn2+ ≈ Co2+ (HS) ≲ Cu2+ ≪ Ni2+ ≪ Ru2+ (LS; HS = high-spin, LS = low-spin).

Slowly crystallised solid solutions [FexNi1−x(bpp)2][ClO4]2 with x = 0.53 (1a) and 0.74 (2a) adopt the P21
lattice, while x = 0.87 (3a) and 0.94 (4a) are mixed-phase materials with the high-spin C2/c phase as the

major component. These materials exhibit thermal spin-transitions at T1
2
= 250 ± 1 K which occurs gradu-

ally in 1a, and abruptly and with narrow thermal hysteresis in 2a–4a. The transition proceeds to 100%

completeness in 1a and 2a; that is, the 26% Ni doping in 2a is enough to convert high-spin [Fe

(bpp)2][ClO4]2 into a cooperative, fully SCO-active material. These results were confirmed crystallographi-

cally for 1a and 2a, which revealed similarities and differences between these materials and the previously

published [FexNi1−x(bpp)2][BF4]2 series. Rapidly precipitated powders with the same compositions (1b–4b)

mostly resemble 1a–4a, except that 2b is a mixed-phase material; 2b–4b also contain a fraction of amor-

phous solid in addition to the two crystal phases. The largest iron fraction that can be accommodated by

the P21 phase in this system is 0.7 ± 0.1.

Introduction

Metal–organic spin-crossover (SCO) compounds1–3 continue to
be widely investigated as switching components in functional
materials,4–7 and for a variety of prototype nanoscale and
macroscopic device applications.8–12 Such compounds also
have a more fundamental interest, as mechanistic probes of
phase transitions and other transformations in the crystalline
phase.13,14 Iron(II) complexes of 2,6-di(pyrazol-1-yl)pyridine
derivatives are some the most studied materials for SCO

research.15–17 Their popularity reflects the synthetic versatility
of the bpp ligand family, which allows substituents to be
appended to any position of the ligand framework.
Appropriately positioned substituents can exert a steric or elec-
tronic influence on the metal spin state, giving some predict-
able control over its SCO temperature.18,19 Alternatively, [Fe
(bpp)2]

2+ switching centres bearing functional or tether group
substituents have yielded a variety of multifunctional mole-
cules, materials and nanostructures.20–25

However, a disadvantage of [Fe(bpp)2]
2+ derivatives for SCO

applications is that the high-spin complexes are prone to an
angular Jahn–Teller distortion in the solid state.26 This is an
evolution of their coordination geometry along the Oh–D3h

coordinate, constrained by the geometry of the tridentate bpp
ligand.16 The distortion is energetically facile, and a range of
distorted geometries are computationally accessible to [Fe
(bpp)2]

2+ derivatives around room temperature.26–28 Hence, the
observation of distorted vs. undistorted geometries in a par-
ticular crystalline compound is dictated by packing consider-
ations.29 Materials containing distorted molecules are often
inactive towards SCO, since conversion of distorted high-spin
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to undistorted low-spin molecular structures is kinetically
inhibited by the solid lattice.27

Salts of the prototype complex [Fe(bpp)2]
2+ are a good

example of this. The high-spin form of [Fe(bpp)2][BF4]2 has a
regular coordination geometry, that deviates only slightly from
idealised D2d symmetry (Fig. 1).26 That allows it to undergo an
abrupt thermal spin-transition just below room temperature,
making it a useful testbed for new materials applications30–32

and computational method development.33,34 In contrast the
ClO4

−, PF6
−, SbF6

−, CF3SO3
− and I−/I3

− salts of that complex
all adopt highly distorted coordination geometries, and
remain high-spin on cooling (Fig. 1).26,28,35–37

Solid solutions of SCO materials with isomorphous, inert
dopants are an established tool for elucidating the lattice ener-
getics of SCO processes.38–55 We, and others, have also investi-
gated doping as a way to introduce new functionality into SCO
materials.42,55–60 Two examples are particularly relevant to this
work, where doping a complex into a host lattice changes its
spin state properties. First, low-spin [Fe(terpy)2][ClO4]2 (terpy =
2,2′:6′,2″-terpyridine) is activated towards light-induced spin
state trapping38 at low temperatures when doped into isomor-
phous [Mn(terpy)2][ClO4]2.

56 Second, two families of solid solu-
tions of different, non-isomorphous SCO complexes exhibit
simultaneous, allosteric switching of both their component
molecules.57–59 These examples highlight that SCO properties
can be manipulated, by changes to the localised chemical
pressure exerted on switchable molecules diluted within a host
material.

It is known in other contexts, that crystals can be induced
to adopt polymorphic forms by the inclusion of impurities or
dopants.61 We reasoned that co-crystallising [Fe(bpp)2][ClO4]2
with another [M(bpp)2][ClO4]2 compound might force the iron
complex to crystallise in an SCO-active form, if the dopant M2+

is a less plastic metal ion which is more resistant to the
angular distortion. That could be a useful route to new SCO
materials, if the dopant concentration needed to induce SCO
is sufficiently small to retain their cooperative switching
properties.38,62 This is a proof-of-principle study of this
concept.

Results and discussion
Selection of a suitable dopant molecule

To identify a suitable dopant species, a gas phase DFT study
was undertaken at the ω-B97X-D/6-311G** level (we used the
same protocol in a recent survey of the structural preferences
of the angular distortion).28 Different [M(bpp)2]

2+ complexes
were minimised at stages along the angular distortion, by
fixing the trans-N{pyridyl}-M-N{pyridyl} angle (ϕ) to values
between 165 ≤ ϕ ≤ 155°;26,63 the lower limit is the experi-
mental value of ϕ in [Fe(bpp)2][ClO4]2.

35 The metal ions listed
below were examined because salts of those [M(bpp)2]

2+ com-
plexes are known to be isomorphous with one of the iron
complex phases shown in Fig. 1.42,47,54,57,64–67

The energy penalty associated with the distortion, ΔE(dist),
for the different complexes runs as follows (Fig. 2 and ESI;†
HS = high-spin):

M2þ¼ Fe2þðHSÞ � Mn2þðHSÞ , Zn2þ

�Co2þðHSÞ � Cu2þ � Ni2þ � Ru2þ

The ΔE(dist) values for [Fe(bpp)2]
2+ by this protocol are

<1 kcal mol−1,28 which is consistent with previous studies of
this type using different functionals.26,27,68–70

[Ni(bpp)2]
2+ was chosen as the dopant for this study, for

three reasons. It shows a higher ΔE(dist) distortion energy
than the other potential dopants, except the ruthenium
complex. It is more synthetically accessible than its ruthenium
analogue. Lastly, doping iron(II) SCO materials with nickel(II)
has little effect on their transition temperature (T1

2
), which sim-

plifies the interpretation of these results.40,42–44,48,52,55,71

Crystalline [Ni(bpp)2][ClO4]2 (monoclinic, space group P21,
Z = 2) is not isomorphous with [Fe(bpp)2][ClO4]2 (monoclinic,
C2/c, Z = 4). However it is isomorphous with both

Fig. 1 Crystallographic high-spin molecular geometries in SCO-active
[Fe(bpp)2][BF4]2 (P21 phase, left),26 and [Fe(bpp)2][ClO4]2 (C2/c phase,
right) which does not exhibit SCO.35 H atoms are omitted for clarity.
Colour code: C, white; N, blue; Fe, green.

Fig. 2 The energy penalty associated with the angular distortion
[ΔE(dist)] for different [M(bpp)2]

2+ complexes. ΔE(dist) is the energy of
each minimisation relative to the corresponding molecule with an undis-
torted structure; see the ESI† for more details. The data for the iron
complex are taken from ref. 28.
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[Ni(bpp)2][BF4]2
64 and the SCO-active salt [Fe(bpp)2][BF4]2,

26

which adopt the same P21 phase. The cation in
[Ni(bpp)2][ClO4]2 exhibits an undistorted six-coordinate geo-
metry, with no unusual features (Fig. S2†).

Composition and SCO properties of the solid solutions

Preformed [Fe(bpp)2][ClO4]2 and [Ni(bpp)2][ClO4]2 were co-crys-
tallised from acetonitrile, using diethyl ether as antisolvent.
Four compositions of the [FexNi1−x(bpp)2][ClO4]2 solid solu-
tions were investigated in two solid forms; as polycrystalline
materials grown over 1–2 days by a vapour diffusion method
(1a–4a; Table 1), and as rapidly precipitated powders (1b–4b).
The analytical compositions of the materials were confirmed
by elemental microanalysis, EDX measurements and from
their magnetic susceptibility data (Table 1). EDX element
maps confirm the iron and nickel content is homogeneously
distributed through each material (Fig. S1†).

The fractional metal compositions (x) deduced in this way
were within experimental error of the synthetic stoichiometry
used for all the doped materials. Different samples of slowly
crystallised 1a–4a, and rapidly precipitated 1b, showed consist-
ent structural and magnetic properties. However, the crystalli-
nity (by powder diffraction) and magnetic behaviour showed
some variability between different samples of 2b–4b.
Representative examples of each composition of 2b–4b are
described below.

X-ray powder diffraction show the polycrystalline materials
adopt purely the P21 phase when x = 0.50 (1a, Table 1) and
0.73 (2a); and form a mixture of the P21 and C2/c phases when
x = 0.88 (3a) and 0.94 (4a; Fig. 3). That is, 26% nickel doping is
sufficient to produce the pure P21 phase under these con-
ditions. The high-spin C2/c phase is the main component of
3a and 4a, but the presence of a P21 fraction is indicated by a
low-angle shoulder at 2θ = 11.1°, for example, which becomes
weaker as x approaches 1.

The powder patterns of 1b and 4b are essentially identical
to their congeners 1a and 4a (Fig. 3). However, the diffraction
peaks for 2b and 3b are broadened, implying those samples
have reduced crystallinity. The powder patterns of 2b and 3b
can both be simulated as mixed-phase materials, with 3b
having a lower fraction of the P21 phase.

All the powder patterns were reproduced by simulations
using phase compositions deduced from the magnetic data, as
described below (Fig. 3). A previous study of mixed-phase
materials comprised of different iron complex salts, proposed
that the C2/c phase is the thermodynamic crystallisation
product but the P21 phase is the kinetic product which is
favoured by rapid precipitation.72 That relationship is less
clear in this mixed-metal system, however.

The iron content in all the compounds is high-spin at room
temperature, with χMT at 300 K close to the expected values
based on their metal composition (Table 1). 1a and 2a exhibit
SCO centred at 250 ± 1 K, which is respectively gradual (1a),
and abrupt with a small thermal hysteresis (2a; Fig. 4). The
completeness of the transition (y, Table 1) is >98% based on
their measured iron content. SCO in 3a and 4a resembles 2a
but only occurs in ca. 32% (3a) or 6% (4a) of the iron content
in the samples, with the rest of their iron remaining high-spin
on further cooling.

These data are consistent with the phase composition of
the samples predicted by powder diffraction. Both 1a and 2a
adopt the SCO-active P21 phase, while 3a and 4a are mixed-
phase materials. Assuming that the P21 phase contains the
nickel (1 − x) plus the SCO-active fraction (y) of the iron
content in the sample (x), the fraction of the material adopting
the P21 phase (ω{P21}) can be estimated by eqn (1):

ωfP21g ¼ xyþ ð1� xÞ ð1Þ

This predicts P21 : C2/c phase ratios of 0.40 : 0.60 for 3a and
0.12 : 0.88 for 4a (Table 1); simulated powder patterns based

Table 1 Compositions and spin-crossover parameters for the [FexNi1−x(bpp)2][ClO4]2 solid solutions, from magnetic susceptibility data. Estimated
errors are ±0.03 on x and y, ±0.05 on ω{P21} and up to ±0.1 on za

x y ω{P21} z T1
2
↓/K T1

2
↑/K

χMT/cm
3 mol−1 K

T = 300 K HScalc
b T = 100 K LScalc

b

Polycrystalline
1a 0.53 0.97 0.98 0.52 249 249 2.35 2.42 0.62 0.56
2a 0.74 0.98 0.98 0.74 249 251 2.87 2.90 0.37 0.31
3a 0.87 0.32c 0.40c 0.68c 250 251 3.21 3.20 2.19 [2.24d] 0.16
4a 0.94 0.06c 0.12c 0.50c 250 251 3.38 3.36 3.13 [3.15d] 0.07
Powder
1b 0.52 0.97 0.98 0.51 246 246 2.29 2.39 0.63 0.58
2b 0.74 0.64c 0.73c 0.64c 248 249 2.81 2.90 0.90 [1.25d] 0.31
3b 0.88 0.55c 0.61c 0.80c 248 250 3.16 3.22 1.33 [1.52d] 0.14
4b 0.93 0.07c 0.14c 0.48c 248 248 3.33 3.34 2.97 [3.11d] 0.08

a y is the completeness of the spin-transition in the magnetic measurements; ω{P21} is the fraction of the sample adopting the P21 phase [eqn
(1)]; and z gives the metal composition of the P21 fraction of the sample [eqn (2)]. b Calculated from x, using these values for the constituent com-
pounds: [Ni(bpp)2][BF4]2, 1.2 cm3 mol−1 K; high-spin [Fe(bpp)2][BF4]2, 3.5 cm3 mol−1 K; low-spin [Fe(bpp)2][BF4]2, 0.

42 c Calculated from χMT at
230 K to exclude SCO in any amorphous fraction of the sample at lower temperatures. d This is χMT at 230 K, just below the abrupt partial spin-
transition, which is given for the mixed phase samples in the Table. 2b–4b show an additional slow monotonic decrease in χMT on further
cooling, which implies a fraction of the material is amorphous (Fig. S6†).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 6983–6992 | 6985

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
m

ar
s 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
5-

01
-0

9 
16

:2
0:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt00443d


on those compositions are excellent matches for the data
(Fig. 3). The metal content of that P21 fraction is then
[FezNi1−z] (eqn (2)):

z ¼ xy
ωfP21g ð2Þ

This gives z = 0.68 for 3a and 0.50 for 4a, which are lower
than the iron content of the samples as a whole (Table 1). That
is, the SCO-active P21 fractions of 3a and 4a are enriched in
nickel. In contrast, z for 1a and 2a is equal to their stoichio-
metric composition x, within experimental error.

The thermal SCO equilibrium in 1b occurs a little more
gradually than for 1a, and is centred at slightly lower tempera-
ture (Fig. S6†). In other respects, the properties of those two
materials are identical within experimental error. However,
magnetic data for 2b–4b show more differences from their

slowly crystallised counterparts. Each sample undergoes abrupt
partial SCO just below 250 K, which is then followed by a very
gradual, almost monotonic decrease in χMT on further cooling
(Fig. S6†). The latter feature is characteristic of amorphous solids
containing SCO centres, where they are less densely packed in
heterogeneous chemical environments.38,73,74 The abrupt spin-
transitions in 2b and 3b each proceed to ca. 50% completeness
based on their iron content, but with 2b exhibiting a more pro-
nounced amorphous tail at lower temperatures. The data imply
ω{P21} follows a consistent trend in the rapidly precipitate
samples (Table 1):

1b ðωfP21g ¼ 0:98Þ > 2b ð0:67Þ > 3b ð0:56Þ > 4b ð0:13Þ

The remainder of each of these samples is a mixture of the
C2/c phase and a smaller quantity of amorphous material. The
SCO-active P21 phase is calculated to be more iron-rich in 3b (z

Fig. 3 Room temperature X-ray powder patterns for the solid solutions (black), and simulations derived from the single crystal X-ray structures of
the precursor materials (red; details in the Experimental section). The composition of phases employed in each simulation is derived from the ω{P21}
values in Table 1, although that doesn’t account for the presence of amorphous material evident in the magnetic data for 2b–4b (Fig. S6†).
Differences in peak intensities between the measured and simulated data arise from preferred orientation effects, which are more pronounced for
polycrystalline 1a–4a.
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= 0.80) than in 2b (z = 0.64) or 3a (z = 0.68). However the error
on that calculation should increase as ω{P21} decreases, and
could be as high as ±0.1 for 3a/3b.

The midpoint temperature (T1
2
) for the spin transitions in all

these samples is very similar, at 246 ≤ T1
2
≤ 251 K (Table 1). That

small variation is consistent with other iron(II) compounds con-
taining isomorphous nickel(II) dopants,40,42–44,48,52,55,71 including
[FexNi1−x(bpp)2][BF4]2.

42 The SCO cooperativity shown by 1a/1b
and 3a/3b closely resembles that in [FexNi1−x(bpp)2][BF4]2
materials with comparable compositions. However, the spin tran-
sition in 2a is more abrupt than its closest analogue from the
BF4

− series (Fig. S7†).
The SCO-active perchlorates in this work exhibit T1

2
10 ± 1 K

below the corresponding BF4
− salt materials.42 That should

reflect the larger volume of the perchlorate anion,75 which
leads to an expansion of the ClO4

−-containing P21 lattice. That
expansion additionally stabilises the high-spin state of the iron
complex, whose molecular volume is 1.4% larger than the low-
spin form,76 thus lowering T1

2
. While counter examples

exist,77–80 an inverse relationship between T1
2
and anion size is

most commonly found when isomorphous salts of the same
complex with weakly interacting anions are compared.77,80–88

Crystallographic characterisation

Single crystals of 1a and 2a (both monoclinic, P21, Z = 2) are
isomorphous with [Ni(bpp)2][ClO4]2. Full structure refinements
of 1a were achieved in its high- and low-spin states, at 300 and
100 K respectively (Fig. S8†). However crystals of 2a diffracted
poorly above ca. 200 K, and did not afford a satisfactory high-
spin dataset. That could be a consequence of their containing
almost the maximum iron content consistent with the P21
phase. Better data were obtained at lower temperatures, and a
precise structure refinement of low-spin 2a was also achieved
at 100 K (Fig. S9†). The metal content x of the crystals at 100 K
refined as 0.50(2) for 1a and 0.76(3) for 2a.

The structure refinements contain a crystallographically
ordered [FexNi1−x(bpp)2]

2+ molecule, with partial iron and
nickel atoms having the same atomic coordinates and displa-
cement parameters. That is the approach taken in other crys-
tallographic studies of doped SCO crystals.55,89–92 Metric para-
meters from the refinements are consistent with statistical
mixtures of the low-spin iron(II) and nickel(II) complexes, in
those ratios (Table S6†).54 That is useful confirmation of the
crystal metal stoichiometries in the previous paragraph.

Attempts to resolve the fractional [Fe(bpp)2]
2+ and [Ni

(bpp)2]
2+ molecules in 1a and 2a at 100 K required numerous

distance and thermal parameter restraints, which made them
less useful as probes of molecular structure. Such disorder
models were achieved in [FexM1−x(bpp)2][BF4]2 cocrystals using
higher resolution datasets collected with synchrotron radi-
ation.54 Synchrotron data were not obtained for 1a and 2a in
this work, however.

Variable temperature unit cell measurements demonstrate
gradual thermal SCO in the crystal of 1a with T1

2
= 245 ± 3 K;

and, an abrupt spin-transition for the crystal of 2a at T1
2
= 255 ±

5 K (Fig. 5 and S13, S14†). These behaviours are broadly con-
sistent with the magnetic data for both compounds (Fig. 5 and
S6†). The changes to the unit cell dimensions during SCO
resemble our previous study of the [FexNi1−x(bpp)2][BF4]2
system (Table S9†).54 The isothermal volume change during
high → low-spin SCO at T1

2
(ΔVSCO) for 1a [−19.0(5) Å3] is identi-

cal to that of a [FexNi1−x(bpp)2][BF4]2 crystal with a similar
metal content [−18.8(3) Å3],54 within experimental error.
However ΔVSCO for 2a [−21.9(6) Å3] is ca. 3 Å3 smaller than
expected, based on data from the BF4

− salt materials
(Fig. S14†).93 Its a, b and c unit cell dimensions all undergo
smaller changes during SCO than predicted from its compo-
sition (Table S9†). While its low-spin crystal structure is as-
expected (Table S6†), a high-spin structure refinement of 2a
was not achieved. So, the structural basis for that anomaly is
unclear. The small ΔVSCO of 2a has no impact on the abrupt-
ness of its spin-transition, however.62

The complex molecules in the P21 phase pack into 2D “ter-
pyridine embrace” layers94 in the (001) plane, through interdi-
gitation of their pyrazolyl arms via face-to-face C–H⋯π and
edge-to-face π⋯π contacts (Fig. S10 and S11†).54 Neighbouring
cation layers associate more loosely along c, and are separated
by the ClO4

− ions. [Fe(bpp)2]
2+ derivatives with this crystal

packing motif often show abrupt thermal spin-transitions with
narrow thermal hysteresis;95,96 the magnetic data from 2a and
3a imply the P21 phase of [Fe(bpp)2][ClO4]2 behaves similarly
(Fig. 4).

Other salts of [Fe(bpp)2]
2+ and [Ni(bpp)2]

2+

Solid [Fe(bpp)2][PF6]2 is high-spin, and crystallises in the C2/c
crystal phase.26 A crystal structure of [Fe(bpp)2][CF3SO3]2 in the
C2/c phase is also available,28 although bulk samples of that
salt contain a mixture of phases by powder diffraction
(Fig. S16†). Hence, [Ni(bpp)2][PF6]2 and [Ni(bpp)2][CF3SO3]2
were also investigated as potential dopants in this study. However
crystals of those compounds were difficult to obtain, and decom-

Fig. 4 The spin-transitions shown by polycrystalline 1a–4a, from mag-
netic susceptibility data measured in cooling and warming modes at a
scan rate of 2 K min−1. The graph shows the high-spin fraction of the
iron content in the sample (γHS) at each temperature, with data for each
compound connected by a spline curve for clarity. χMT vs. T plots for all
the samples in Table 1 are given in Fig. S6.†
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posed rapidly outside their mother liquor which prevented their
structural characterisation. Powder samples of [Ni(bpp)2][PF6]2
and [Ni(bpp)2][CF3SO3]2 are not isomorphous by X-ray powder
diffraction, and neither salt adopts the P21 phase (Fig. S15 and
S16†). Since structures of the nickel complex host lattices could
not be determined, solid solutions of those iron and nickel
complex salts were not pursued further.

Conclusions

High-spin [Fe(bpp)2][ClO4]2, which adopts the C2/c crystal
phase, can be induced to crystallise in the SCO-active P21
phase by doping with [Ni(bpp)2][ClO4]2. (Poly)crystalline solid
solutions [FexNi1−x(bpp)2][ClO4]2 with x = 0.54 (1a) or 0.74 (2a),
produced under slow crystallisation conditions, are phase-pure
and exhibit gradual (1a) or abrupt (2a) SCO at T1

2
= 250 ± 1 K.

Both transitions proceed to ca. 98% completeness based on
their iron content (Fig. 4). Analogous materials with x = 0.87
(3a) and 0.94 (4a) have a mixed phase composition, with the

high-spin C2/c phase as the major component. Those samples
exhibit partial spin-transitions which resemble 2a, but are
incomplete.

Rapidly precipitated powders with the same compositions
(1b–4b) behave similarly, except that 2b–4b appear to contain
an amorphous fraction as well as the two crystalline phases.
Hence materials with the best-defined phase compositions
and SCO properties are produced by slow crystallisation in this
system. On the basis of Table 1, the maximum iron content
that can be present in the P21 phase is estimated at z = 0.7 ±
0.1 (eqn (2)). Surplus iron in the more iron-rich samples,
which cannot be accommodated within their P21 crystallites, is
then present as the C2/c or (for 2b–4b) amorphous material.

The dependence of T1
2

on the composition of 1a–4a
resembles that found in isomorphous [FexNi1−x(bpp)2][BF4]2
(Fig. S14†). The putative P21 phase of [Fe(bpp)2][ClO4]2 itself is
predicted to show T1

2
= 251 ± 1 K, which is 10 K below that of

isomorphous BF4
− salt.72 That is consistent with the behaviour

of most other isomorphous salts of SCO compounds contain-
ing those anions.77,80–88 Interestingly, the isothermal unit cell
volume change during SCO (ΔVSCO) for 1a and 2a does not
mirror the trend shown by the [FexNi1−x(bpp)2][BF4]2 series,
with ΔVSCO for 2a being smaller than expected.93 The poor
X-ray diffraction exhibited by crystals of 2a at room tempera-
ture also contrasts with 1a, and other [M(bpp)2]

2+ complex
salts exhibiting the P21 phase.26,54,64–66,72 These anomalies
may reflect the metal stoichiometry of 2a (x = 0.74), which is
around the maximum iron content that the P21 phase can
accommodate; that merits further investigation.

In conclusion, 26% nickel(II) doping is sufficient to convert
high-spin [Fe(bpp)2][ClO4]2 into a single phase (poly)crystalline
material showing a complete, cooperative thermal spin-tran-
sition. These are rare examples of SCO solid solutions formed
from non-isomorphous constituents.42,57–59 This is also the
first demonstration of a new method for producing SCO com-
pounds from nominally inert precursors, which could further
expand the range of available SCO materials.

Experimental

2,6-Bis(pyrazol-1-yl)pyridine (bpp),97 [Fe(bpp)2][ClO4]2,
35 [Fe

(bpp)2][PF6]2
26 and [Fe(bpp)2][CF3SO3]2

28 were prepared by the
published procedures.

CAUTION We experienced no problems using the perchlor-
ate salts in this study, but metal–organic perchlorates are
potentially explosive and should be handled with care in small
quantities.

Synthesis of [Ni(bpp)2][ClO4]2

A mixture of Ni[ClO4]2·6H2O (0.22 g, 0.59 mmol) and bpp
(0.25 g, 1.2 mmol) in acetonitrile (25 cm3) was stirred at room
temperature until all the solid had dissolved. The blue solu-
tion was concentrated to ca. 10 cm3, then filtered. Slow
diffusion of diethyl ether vapour into the solution yielded
large blue crystals of the product complex. Yield 0.31g, 77%.

Fig. 5 Variable temperature unit cell volumes for 1a (top) and 2a
(bottom). The grey lines show the thermal expansion linear regression
fits for the volume change at T1

2
(ΔVSCO). The first derivative of the mag-

netic susceptibility data for each compound is also plotted to an arbi-
trary scale, as blue data points connected by a spline curve.
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Found C, 38.9; H, 2.53; N, 20.3%. Calcd for C22H18Cl2N10NiO8

C, 38.9; H, 2.67; N, 20.6%.

Synthesis of [Ni(bpp)2][PF6]2

A mixture of NiCl2·6H2O (0.14 g, 0.59 mmol), bpp (0.25 g,
1.2 mmol) and AgPF6 (0.30 g, 1.2 mmol) in acetonitrile
(25 cm3) was stirred at room temperature for 1 h. The resultant
mixture was allowed to settle, then filtered to remove the AgCl
precipitate and concentrated to ca. 10 cm3. Addition of excess
diethyl ether to the filtrate yielded a blue powder, which was
collected and dried in vacuo. Yield 0.33 g, 72%. Found C, 34.1;
H, 1.91; N, 18.3%. Calcd for C22H18F12N10NiP2 C, 34.3; H, 2.35;
N, 18.2%.

Synthesis of [Ni(bpp)2][CF3SO3]2

Method as for [Ni(bpp)2][ClO4]2, using Ni[CF3SO3]2 (0.21 g,
0.59 mmol). The product was a blue powder. Yield 0.31 g,
68%. Found C, 36.9; H, 2.00; N, 18.0%. Calcd for
C24H18F6N10NiO6S2 C, 37.0; H, 2.33; N, 18.0%.

While [Ni(bpp)2][PF6]2 and [Ni(bpp)2][CF3SO3]2 are tractable
as rapidly precipitated powders, attempted crystallisations of
both salts gave similar results. Slow diffusion of diethyl ether
vapour into solutions of the compounds in common organic
solvents sometimes gave crystals with an ingrown plate mor-
phology, if the dehydrating agent triethyl orthoformate was
added to the solution. These crystals decomposed rapidly
when removed from the original mother liquor, however.
Other crystallisations under the same conditions instead
afforded blue oils, while recrystallisations using di-iso-propy-
lether or methyl(tert-butyl)ether as the antisolvent also led to
oils. Hence, no crystal structure determination was achieved
for these salts.

Synthesis of [FexNi1−x(bpp)2][ClO4]2 (1–4)

Preformed [Fe(bpp)2][ClO4]2 and [Ni(bpp)2][ClO4]2 were mixed
in different mole ratios, to a combined mass of 0.25 g. The
combined solids were stirred in acetonitrile (25 cm3), until all
the solid had dissolved. The solutions were concentrated to ca.
10 cm3, then filtered. Slow diffusion of diethyl ether vapour
into the filtered solutions over a period of 48 h afforded the
polycrystalline materials 1a–4a. Alternatively the powder
samples 1b–4b were produced by rapid addition of excess
diethyl ether to these same filtered solutions, yielding a fine
precipitate which was stored at 255 K for 18 h, then collected
and dried in vacuo. Crystallised yields were in the range
80–85%.

The materials with high iron content are yellow at room
temperature, which progresses towards a green colour as the
nickel concentration increases. The compositions and analyti-
cal data for the solid solutions are given in Table S1.†

Single crystal X-ray structures

Single crystals of the precursor complexes were obtained by
slow diffusion of diethyl ether vapour into solutions of the
compounds in nitromethane. Crystals of 1a and 2a were
obtained similarly, from acetonitrile solution. Diffraction data

were measured with an Agilent Supernova or a Nonius Kappa-
CCD diffractometer, which were fitted with an Oxford
Cryostream low-temperature device. Monochromated Cu-Kα (λ
= 1.5418 Å) or Mo-Kα (λ = 0.7107 Å) radiation was used for
different measurements.

Experimental details of the structure determinations are
given in Table S2.† All the structures were solved by direct
methods (SHELXTL98), and developed by full least-squares
refinement on F2 (SHELXL-2018 99). Crystallographic figures
and powder pattern simulations were prepared using
XSEED,100 and other publication materials were prepared
using Olex2.101

CCDC 2332656–2332661† contain the supplementary crys-
tallographic data for this paper.

Other measurements

Elemental microanalyses were performed by the microanalyt-
ical service at the London Metropolitan University School of
Human Sciences. SEM images and EDX measurements were
obtained using an FEI Nova NanoSEM 450 environmental
microscope, operating at 3 kV. Magnetic susceptibility
measurements were performed on a Quantum Design MPMS-3
VSM magnetometer, with an applied field of 5000 G and a
scan rate of 2 K min−1. A diamagnetic correction for the
sample was estimated from Pascal’s constants;102 a previously
measured diamagnetic correction for the sample holder was
also applied to the data.

X-ray powder diffraction patterns were measured at room
temperature using a Bruker D2 phaser diffractometer.
Simulations of the solid solution powder patterns in Fig. 3
were based on the structure refinement of [Fe(bpp)2][ClO4]2 at
300 K in this work (C2/c phase); and, a model derived from the
published structure of [Fe(bpp)2][BF4]2 at 290 K,26 with the
BF4

− ions replaced by ClO4
− (P21 phase). Some minor differ-

ences between measured and simulated 2θ values in Fig. 3
reflect small discrepancies between the unit cell dimensions
in that model and the hypothetical P21 phase of [Fe
(bpp)2][ClO4]2.

DFT minimizations of [M(bpp)2]
2+ were performed using

Spartan’20 103 with the ω-B97X-D functional and 6-311G**
basis set.104 Molecules with S = 0 (M2+ = Zn2+ and Ru2+) were
treated as spin-restricted, while molecules with S ≥ 1

2 (M2+ =
Mn2+, Co2+, Ni2+ and Cu2+) were treated as spin-unrestricted.
The calculations were performed in the gas phase because
solvent gradients for transition ions are not implemented in
Spartan’20. Initial models were constructed de novo with ϕ

restrained to the appropriate value, then subjected to a pre-
liminary molecular mechanics minimization before the full
DFT geometry minimization calculation. The computational
results for [Fe(bpp)2]

2+ are reproduced from ref. 28.

Data availability

Data supporting this study are available in the ESI,† or at
https://doi.org/10.5518/1493.
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