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a b s t r a c t

Synthetic procedures are available for the derivatisation of almost every position of the 2,6-di(pyrazol-1-
yl)pyridine (1-bpp) skeleton. This has led to the preparation of a large number of iron(II) complexes of the
[Fe(1-bpp)2]2+ type, many of which undergo spin-crossover transitions at accessible temperatures, some-
times around room temperature. This review surveys these compounds, and presents a wider discussion
of their structural chemistry and photomagnetic properties. The availability of a series of chemically sim-
ilar spin-transition materials has allowed trends in their behaviour to be identified and correlated with
their molecular and lattice structures. This represents a rare, positively identified structure:function rela-
tionship for spin-crossover materials. Other topics under discussion are the existence of a novel angular
Spin-crossover
LIESST

Jahn–Teller distortion in several of these compounds and its consequences for spin-crossover; and, the
normal and abnormal behavio 2+

states at low temperature.

∗ Fax: +44 113 343 6565.
E-mail address: M.A.Halcrow@leeds.ac.uk.

0010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2009.07.009
ur of different [Fe(1-bpp)2] materials trapped in metastable high-spin

© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Several classes of transition metal compound can adopt either
a high- or low-spin electronic state, containing the highest or low-
est possible number of unpaired electrons. If the energy difference
between the two configurations is small, a “spin-crossover” tran-
sition between the two can be induced by an external stimulus

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:M.A.Halcrow@leeds.ac.uk
dx.doi.org/10.1016/j.ccr.2009.07.009
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1–3]. Most commonly these transitions are induced by a change
n temperature, but they can also be achieved by irradiation [2–4],
y application of pressure [5], or in an applied magnetic field. The
henomenon is most common in octahedral iron(II) [6], iron(III)
7] and cobalt(II) [8] complexes, but several other combinations of

etal ion and coordination geometry can also give rise to the effect
9].

A thermal spin transition in a spin-transition molecule results
n changes to several of its physical properties [10], including its

agnetic moment, colour, molecular structure [11], dielectric con-
tant [12] and electrical resistance [13]. Functional liquid crystals
nd Langmuir–Blodgett films [14,15], nanoparticles [16], thin films
nd surface patterns [13,17] of spin-transition materials have also
een demonstrated, whose functionality is comparable to that of
he corresponding bulk materials. These properties have led to sev-
ral applications of spin-transition materials, including: a display
evice with pixels of a spin-transition material whose colour is
witched by spot-heating and cooling [18]; an electroluminescent
evice, where a thin film of a spin-transition compound quenches

ight-emission through changes in its electrical resistance [19]; and,
temperature-sensitive MRI contrast agent [20]. On a still smaller

cale, spin-crossover can be used to modulate other physical phe-
omena at the molecular level [21]. The greatest success has been
chieved with double salts of spin-transition cations and potentially
onducting metal/dithiolene anions [22,23], where contraction of
he cation sub-lattice can cause a change in the conductivity at
he spin-transition temperature [23]. Because of these applica-
ions, there is still great interest in understanding the solid-state
hemistry and physics of spin-state transformations, so that switch-
ble materials with predictable bulk properties can be designed.

hether a transition occurs gradually or abruptly, continuously
r discontinuously with decreasing temperature, and if it exhibits
ysteresis, are determined by the dimensionality and strength of

nter-molecular interactions in the bulk solid [24]. Therefore, the
tudy of spin transitions is largely a question of crystal engineering.

In a related phenomenon, low-spin iron(II) compounds may be
xcited to a metastable high-spin state by irradiation with green
r red laser light, which can often have a lifetime of hours below
0 K. This is known as light-induced excited spin-state trapping,
r the ‘LIESST’ effect [2–4]. Below a critical temperature (TLIESST),
hich can be as high as 130 K [25], the excited state can only relax

ack to its low-spin ground state by quantum mechanical tun-
elling [26]. This can be slow in iron(II) compounds, which often
how the largest differences in molecular structure between the
igh- and low-spin states. Since LIESST compounds are effectively
hoto-activated molecular switches, there is great interest in find-

ng new compounds with high operating temperatures (that is, in
aximising TLIESST) [4].

Although they were discovered relatively recently in the
imeframe of spin-crossover research [27], iron(II) complexes
f 2,6-di(pyrazol-1-yl)pyridine (1-bpp) and its derivatives have
roven to be very flexible compounds for the study of spin tran-
itions (Scheme 1). Synthetic routes have been developed for the
unctionalisation of almost every site of the 1-bpp skeleton. Sub-
titution at the distal pyrazole 3-positions can modify the steric
nvironment of the coordinated iron ion, giving some control over
ts spin state [28] (Scheme 1A). Alternatively, substitution at the
igand pyrazole 4-position or pyridine 4-position allows modifica-
ion of the periphery of the complex, without perturbing the iron
entre to a great extent (Scheme 1B and C). Complexes of all the
ypes shown in Scheme 1 often undergo thermal spin-crossover

t accessible temperatures, and no other ligand system used in
pin-crossover research is so synthetically flexible.

A general review of the syntheses and coordination chem-
stry of 1-bpp, its regioisomer 2,6-di(pyrazol-3-yl)pyridine (3-bpp,
cheme 1), and their derivatives was published in 2005 [29]. This
Scheme 1. Structures of [Fe(1-bpp)2]2+ and [Fe(3-bpp)2]2+, and the orientation of
ligand substituents at the pyrazole 3-position (A), the pyrazole 4-position (B) and
the pyridine 4-position (C) in [Fe(1-bpp)2]2+.

article concentrates on more recent results in the iron chemistry
of 1-bpp derivatives, from our laboratory and from other groups.
The structural, magnetic and photomagnetic properties of all these
compounds are surveyed, to highlight the particular ways in which
1-bpp complexes have contributed to our understanding of spin-
crossover chemistry.

2. Complexes of 2,6-di(pyrazol-1-yl)pyridine (1-bpp)

2.1. [Fe(1-bpp)2][BF4]2

The prototype compound in the series is [Fe(1-bpp)2][BF4]2,
which undergoes an abrupt and complete thermal spin transition
centred at 260 K (Fig. 1) [27,30]. This transition exhibits a narrow
but reproducible hysteresis loop, 3 K in width. The same solvent-
free crystal phase of the compound is obtained at room temperature
from all common organic solvent mixtures, in the monoclinic space
group P21 [27,31,32]. Single crystal structures above and below
the transition temperature confirm that there is no change in
crystallographic symmetry during spin-crossover, nor does there
appear to be a change in the extensive BF4

− anion disorder at
these temperatures (anion ordering does occur on cooling, but only
at a temperature between 150 and 240 K) [27]. Interestingly, the
enthalpy of spin-crossover in solid [Fe(1-bpp)2][BF4]2 from DSC

measurements varies significantly, between samples crystallised
from acetone/Et2O (16.6 kJ mol−1) [27], MeCN/Et2O (17.2 kJ mol−1)
[31] and MeNO2/Et2O (21.8 kJ mol−1) [32]. The single crystal struc-
tures, phase purity (by X-ray powder diffraction) and the form of the
spin transitions (from magnetic susceptibility data) are the same in
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ig. 1. Variable temperature magnetic susceptibility data for three salts of [Fe(1-
pp)2]X2: X− = BF4

− (�) [27,30], X− = [Co(C2B9H11)2]− (♦) [39] and X− = PF6
− (©) [30].

ata for the BF4
− salt were measured in both cooling and warming mode.

ll three samples. It was suggested that the solvent-dependent ther-
odynamics of spin-crossover in [Fe(1-bpp)2][BF4]2 might reflect

he different crystal morphologies obtained from these solvents
32]. While small, well-formed single crystals are obtained upon
iffusion of Et2O into acetone and MeCN solutions of the com-
ound, crystallisation from MeNO2/Et2O affords large blocks of
ggregated material. The LIESST effect shown by [Fe(1-bpp)2][BF4]2
s described in Section 8 below [33–35].

Crystallisation of [Fe(1-bpp)2][BF4]2 from MeNO2/Et2O at
40 K (below the spin-transition temperature) affords a differ-
nt, solvated phase of the material, of approximate formula
Fe(1-bpp)2][BF4]2·3CH3NO2 [30]. This phase contains two unique
omplex cations in its asymmetric unit, both of which are low-spin,
nd is only stable below about 260 K. Above that temperature the
ark brown crystals decompose spontaneously to a yellow pow-
er, the change in colour indicating a concomitant transition to a
igh-spin state. For two different phases of a compound to undergo
pin-crossover abruptly at (essentially) the same temperature
s extremely unusual. An analogous recrystallisation of [Fe(1-
pp)2][BF4]2 from MeCN/Et2O at 240 K instead affords the same
olvent-free material that is obtained at room temperature [30].

Three theoretical studies of [Fe(1-bpp)2][BF4]2 have been
eported. A combined crystal field/molecular mechanics calculation
f both spin states of the cation reproduced their molecular geome-
ries accurately, and correctly predicted its low-spin ground state
t 0 K [36]. A static density functional (DF) calculation reached the
ame conclusion [30]. However a recent, more detailed DF study has
apped out the complete low → high and high → low-spin conver-

ion pathways in [Fe(1-bpp)2]2+, and analysed the electronic states
nvolved [37]. The distortion of the molecule from an ideal octa-
edral geometry, caused by the narrow ligand bite angle, has the
ffect of allowing singlet ↔ quintet interconversion via intermedi-
te triplet states. These are not accessible in a perfectly octahedral
ron(II) complex, which can only undergo spin-crossover directly
hrough a double intersystem crossing [37].

Smooth thin films of [Fe(1-bpp)2][BF4]2 of 30 nm thickness can
e spin-coated onto a glass substrate from MeCN solution [13].
hese films also undergo spin-crossover at 260 K, albeit with a
lightly reduced cooperativity (the thermal transition width is
round 15 K) and only to around 75% completeness. The 25% resid-
al high-spin fraction at low temperatures may reflect an increased
umber of lattice defects in the thin film, or the film’s relatively
igh surface area (since molecules outside the bulk of the material
ay be inactive). The electrical resistance of the film decreases by
5% across the spin transition [13], which has been utilised in the
reparation of an electroluminescent device (Scheme 2). The lower
esistance of the low-spin state makes it less efficient at transfer-
ing charge carriers to the luminescent chlorophyll centres, which
uenches the luminescence below 260 K [19].
Scheme 2. Design of a temperature-dependent electroluminescence device based
on a spin-coated thin film of [Fe(1-bpp)2][BF4]2 and chlorophyll [19].

Evans method measurements showed that [Fe(1-bpp)2][BF4]2
also undergoes spin-crossover in solution, with T½ = 248 K in d6-
acetone [30]. The enthalpy of the transition derived from these
data, �H = 24.1 kJ mol−1, is slightly higher than in the solid state (see
above) but is still within the range usually found for spin-crossover
compounds. That implies the compound does not undergo signifi-
cant solvolysis under these conditions [38].

2.2. Other salts of [Fe(1-bpp)2]2+

Despite the behaviour of the BF4
− salt, only one other salt

of this cation exhibits a thermal spin transition. That is [Fe(1-
bpp)2][Co(C2B9H11)2]2, which forms nitromethane solvate crystals
containing two unique molecules per asymmetric unit (Fig. 2) [39].
The magnetic moment of the dried material decreases gradually
upon cooling, from �MT = 2.7 cm3 mol−1 K at 340 K to a plateau of
1.7 cm3 mol−1 K at 220 K and below (Fig. 1). That implies that 50%
of the iron sites in the material undergo a gradual spin transi-
tion, whose midpoint is approximately 318 K, while the other 50%
remain high-spin at low temperatures. That is consistent with the
crystallographic analysis, in which one of the two crystallographi-
cally unique cations (molecule “A”) is clearly low-spin at 150 K but
partially high-spin at 300 K, from its Fe–N bond lengths at each
temperature. In contrast the other molecule “B” has bond lengths
that are the same at both temperatures, and imply it is high-spin.
Notably, the high-spin molecule B has a coordination geometry that
is noticeably distorted, compared to molecule A. This is evident in
the trans-N{pyridine}–Fe–N{pyridine} angle, which is 178.3(3)◦ for
molecule A and 159.6(3)◦ in molecule B at 150 K (Fig. 2) [39]. This
angle would be 180◦ in a [Fe(1-bpp)2]2+ cation with the highest
possible D2d symmetry.

Five other [Fe(1-bpp)2]X2 salts have been reported, with
X− = PF6

− [30], ClO4
−, SbF6

− [40] and I3
− [41], plus a mixed

iodide/triiodide salt [Fe(1-bpp)2]I0.5[I3]1.5 [39]. All five compounds
form solvent-free crystals that are fully high-spin between 5 and
300 K (Fig. 1); the PF6

−, ClO4
− and SbF6

− salts are isostructural.
They each adopt the distorted coordination geometry shown by
molecule B in Fig. 2, often with even stronger deviations from reg-
ularity. The occurrence of this unusual coordination geometry, and
its influence on the spin-crossover behaviour, is discussed in more
detail in Section 5.

3. Derivatives of 1-bpp substituted at the pyrazole ring
3.1. Ligand syntheses

Derivatisation of the pyrazole rings of the 1-bpp framework is
most readily achieved by reacting 2,6-dibromopyridine with the
sodium or potassium salt of the preformed substituted pyrazole in
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ig. 2. Comparison of the structures of molecule A (top) and molecule B (bottom)
n [Fe(1-bpp)2][Co(C2B9H11)2]2 [39].

ot diglyme, Eq. (1) [42].

(1)

The reaction is slow, usually requiring 4–5 days to complete,
nd gives 40–70% yield of purified product depending on the pyra-
ole used. The most common impurities are the monosubstituted
ntermediate I [42] and, where an unsymmetrically substituted
yrazole is used, the more sterically hindered regioisomer II
Scheme 3) [39,42,43]. Contamination by I is often minimised, by
sing excess pyrazole during the reaction. The reaction time can
e reduced by palladium catalysis, although this does not result

n increased yields or product selectivity [44]. Variation of the
eaction conditions allows the two substitution steps to occur sepa-
ately in two steps, yielding unsymmetric derivatives III (Scheme 3)
42].
Most 1-bpp derivatives that have been made in this way contain
-substituted pyrazolyl groups (Eq. (1); R = alkyl, aryl or carboxy;
′ = H), since the corresponding 3{5}-substituted-1H-pyrazole pre-
ursors are often commercially available or are easily prepared
n a large scale from cheap starting materials [45] (Scheme 4).
Scheme 3. Common byproducts and unsymmetric derivatives from Eq. (1).

The synthesis of 4-substituted pyrazoles (Eq. (1); R = H; R′ = alkyl,
aryl or carboxy) on a gram scale is more difficult [45]. How-
ever two such compounds that are commercially available are
4-methylpyrazole, which yields L3 when used in Eq. (1), and ethyl
pyrazole-4-carboxylate which is converted to L10 (Scheme 4).

Preformed 1-bpp can be halogenated at the pyrazole 4-positions
using electrophilic reagents, yielding the dichloro, dibromo and
diiodo derivatives in Scheme 5 [52,53]. Attempted nitration of 1-
bpp with HNO3/H2SO4 yields a mixture of compounds, however,
through partial nitration of the pyridine as well as the pyrazole
rings [54]. 2,6-Di(4-iodopyrazol-1-yl)pyridine (L18) can be coupled
with alkynes under Sonogashira conditions [53,55], and converted
to a Grignard reagent for quenching with electrophiles [53]. The
latter method has used to make 2,6-di(pyrazol-1-yl)pyridine-4′,4′ ′-
dicarbaldehyde, a useful synthon for further derivatisation [53].
None of these products have yet been used to make metal com-
plexes, however. Reduction of the diesters L10 and L11 yields the
corresponding di(hydroxymethyl) derivatives L18 and L19 in mod-
erate yields [48,49] (Scheme 5).

3.2. Complexes of 3′,3′ ′-disubstituted ligands

Substituents at the pyrazole 3-positions exert an electronic and
steric influence on the coordinated metal ion. Electronically, sub-
stituents adjacent to the pyrazole N2 donor atoms have an inductive
influence on their basicity, as can be seen in basic pKa values of the
corresponding NH pyrazoles [56]. Sterically, the disposition of the
two ligands in a D2d-symmetric [ML2]2+ complex means the pyra-
zole substituents of each ligand sandwich the pyridyl ring of the
other, at a distance of only 3.3–3.5 Å to the geminal substituent car-
bon atoms (Fig. 3). Despite these considerations, the [Fe(1-bpp)2]2+

moiety is sterically flexible enough to accommodate a range of dis-
tal substituents. Only L6, of the ligands in Schemes 4 and 5, is too
hindered to form a [Fe(L6)2]2+ complex with iron(II); treatment of
Fe[BF4]2·6H2O with 2 equiv. of that ligand in acetone instead yields
crystals of [Fe(L6)(OH2)2(O C{CH3}2)][BF4]2 [57].

These considerations are exemplified by comparison of
[Fe(L5)2]2+ and [Fe(L8)2]2+ (Scheme 4), whose electron-donating
isopropyl and mesityl groups might both be expected to stabilise
the low-spin form of the compounds. However, salts of [Fe(L5)2]2+

are high-spin at room temperature and below, in solution and the
solid state, which is attributed to steric repulsions between the two

ligands preventing the contraction of the Fe–N bonds required for
the low-spin state (Fig. 3, top) [28,40]. In contrast [Fe(L8)2]2+ is low-
spin as expected, because its flat mesityl substituents do not exert
the same steric influence when co-parallel to the plane of the other
ligand (Fig. 3, bottom) [28,58]. The least squares planes of the sand-
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cheme 4. Derivatives of 1-bpp substituted at the pyrazole ring, synthesised by Eq
he ligands.

iched pyridyl and mesityl groups in [Fe(L8)2]2+ are within 4.0◦ of
oplanarity and are 3.318(7)–3.387(7) Å apart, essentially equal to
he sum of covalent radii of two aromatic rings. The compounds
Fe(L7)2][BF4]2 [28,40], [Fe(L9)2][BF4]2 [47] and [Fe(L10)2][BF4]2
40] are all high-spin in the solid state and, where measured, in
olution. Since the L7 and L9 complexes are sterically comparable
o [Fe(L8)2]2+, that must reflect stabilisation of the high-spin state
y their electron-withdrawing phenyl and ferrocenyl substituents
28].

The ligands L1 and L18 (Schemes 3 and 4), whose distal sub-
tituents are small, do form spin-crossover complexes with iron(II).
he three known salts of [Fe(L1)2]2+ show particularly varied

ehaviour. Crystals of the BF4

−salt grown from MeOH/Et2O have
he formula [Fe(L1)2][BF4]2·xH2O [59]. In freshly prepared material
≈ 1/3, but the lattice water is lost under ambient conditions over
period of weeks, without affecting the crystallinity of the sam-

le. Both single crystals and bulk material undergo an abrupt spin
hat have been used to make iron(II) complexes. References are for the syntheses of

transition to ca. 50% completeness. In single crystals, the tempera-
ture of this transition is different in the presence (90 < T½ < 130 K)
or absence (150 < T½ < 160 K) of the lattice water. Bulk samples of
the compound are usually partially dehydrated and exhibit both
features at T½ = 105 and 147 K, each with thermal hysteresis (Fig. 4).
The low-temperature phase (C2/c, Z = 24) adopts the same space
group as the high-spin material (C2/c, Z = 8), but with a tripled asym-
metric unit. Of the three unique cation sites in this mixed-spin
phase, one is high-spin and one is low-spin, while the third con-
tains a mixture of the two [59]. Fully low-spin [Fe(L1)2][BF4]2·xH2O
can be obtained by poising the sample at 100 K for 1.5 h (Fig. 4),
and is now isostructural with the fully high-spin compound (C2/c,

Z = 8). Hence thermal spin-crossover proceeds in two steps (high-
spin ↔ mixed-spin and mixed-spin ↔ low-spin), with the second
step being kinetically slow [59]. Spin-crossover proceeding through
an intermediate phase [60,61], and slow spin-transition kinetics
at temperatures below 100 K [62], are both rare phenomena. The
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cheme 5. Synthetic modification of the pyrazole rings in preformed 1-bpp deriva
iii) I2, [NH4]2[Ce(NO3)6], CH3CN, 50 ◦C, 21 h then rt, 36 h or I2, HIO3, CH3CO2H, 70 ◦

IESST properties of this material are also very unusual, and are
iscussed in Section 8.

In contrast, [Fe(L1)2][ClO4]2 (which is not isostructural with
he BF4

− salt) undergoes a very gradual thermal spin transi-
ion, centred near 265 K but spanning a temperature range of
ver 200 K [63]. Two solvated phases [Fe(L1)2][BF4]2·4CH3CN
nd [Fe(L1)2][ClO4]2·(CH3)2CO have also been isolated, and show
imilarly gradual spin-crossover with T½ ≈ 175 K [39]. Finally
Fe(L1)2][SbF6]2 is high-spin between 5 and 300 K, despite hav-
ng a near-regular iron coordination geometry (Sections 2.2 and
). This is attributed to an increased conformational rigidity caused
y a particularly twisted L1 ligand conformation, that results from
short intermolecular steric contact between pyrazole groups on
eighbouring molecules [39].

The unsolvated BF4
− and ClO4

− salts of [Fe(L18)2]2+ are both
igh-spin (Section 5) [40,64]. However the crystalline solvate
Fe(L18)2][ClO4]2·3/4CH3CN does undergo spin-crossover, at a
emperature between 100 and 200 K [64]. Although only crystal-
ographic characterisation of this transition was possible, it is clear
hat the iron sites in the crystal are all high-spin at 200 K, and but
ave close to a 1:1 high:low-spin population at 100 K. The crys-
al packing in this compound implies that the transition cannot
roceed to more than 50% completeness. A steric clash between
ydroxymethyl groups of two adjacent cations, when both are low-
pin, suggests that no more than one molecule in each pair can
dopt a low-spin state at low temperatures [64].

.3. Complexes of 4′,4′′-disubstituted ligands

Two polymorphs of [Fe(L15)2][BF4]2 have been isolated
Scheme 5) [52]. The major ‘�’ polymorph is isostructural with
Fe(L3)2][ClO4]2 [35] and [Fe(L16)2][BF4]2 [65] at room tempera-

ure, in the tetragonal space group P4̄21c, and all three compounds
ndergo abrupt spin transitions that are very similar in form to that
hown by [Fe(1-bpp)2][BF4]2 [35,52]. The temperatures of these
ransitions are T½ = 233 (L = L3), 202 (L = L15) and 253 K (L = L16).
ifferential scanning calorimetry (DSC) data showed that the tran-
eagents and conditions: (i) NaClO, CH3CO2H/H2O, rt, 2 h. (ii) Br2, CH3CO2H, rt, 5 h.
(iv) LiAlH4, thf, rt, 3 h. (v) NaBH4, thf, 70 ◦C, 2 h.

sition temperatures in [Fe(L15)2][BF4]2 and [Fe(L16)2][BF4]2 reflect
a higher transition enthalpy in the L16 complex; the transition
entropies of the two compounds are identical within experi-
mental error [52]. �-[Fe(L15)2][BF4]2 transforms to the P21 space
group in its low-spin state, isostructural with [Fe(1-bpp)2][BF4]2;
[Fe(L16)2][BF4]2 probably behaves in the same way from pow-
der diffraction data [52,65]. Interestingly, however, while low-spin
[Fe(L3)2][ClO4]2 also undergoes a crystallographic phase change
during spin-crossover, its low-spin form adopts the different space
group P212121 [35].

The magnetic susceptibility properties of the ‘�’ polymorph of
[Fe(L15)2][BF4]2 are very different, with �MT = 1.2 cm3 mol−1 K at
300 K which implies it is only 1/3 high-spin at room tempera-
ture. This value decreases gradually on cooling, showing that the
high-spin fraction undergoes a gradual spin-crossover centred near
137 K (Fig. 5) [52]. Although crystals of the � form suffer from
mild twinning it is clear they contain two unique iron sites, one of
which is twice as abundant as the other in the lattice. The majority
site is low-spin at 150 K, while the minority site contains a mix-
ture of high- and low-spin molecules at that temperature and is
clearly the one undergoing the spin transition. DSC data showed
a broad feature at 411 K for �-[Fe(L15)2][BF4]2 with no concomi-
tant mass loss by thermogravimetric analysis (TGA), which may
correspond to spin-crossover of the remaining iron content in the
material [52]. Susceptibility and powder diffraction data suggest
that [Fe(L3)2][ClO4]2 is also contaminated by a second, minor low-
spin polymorph. This may be isostructural with the BF4

− salt of the
same cation, which is low-spin at room temperature [35].

The iodo-substituted complex [Fe(L17)2][BF4]2 is low-spin at
350 K and below, and exhibits no spin transition below its ther-
mal decomposition temperature by DSC and TGA. It forms low-spin
bis-acetone solvate crystals, that are sometimes contaminated by a

second mono-acetone solvate that is high-spin at room temper-
ature [52]. [Fe(L11)2][BF4]2·2CF3CH2OH and [Fe(L19)2][BF4]2·H2O
(Scheme 5) both exhibit �MT = 0.3 cm3 mol−1 K at 300 K [49]. For
the L11 complex this does not vary between 50 and 300 K, imply-
ing that it exists as a low-spin compound that is contaminated by
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Fig. 4. Variable temperature magnetic susceptibility data for [Fe(L1)2][BF4]2·xH2O
[59]. Top: thermal cycling at 1 K min−1, showing the high-spin → mixed-spin transi-
tion. The features centred at 105 and 147 K originate from hydrated and dehydrated
parts of the sample. Bottom: A, cooling through the high-spin → mixed-spin tran-
sition; B, the sample is annealed at 100 K for 90 min, causing the susceptibility to
decrease as shown as the mixed-spin → low-spin transition takes place; C, the sam-
ple is cooled further to 5 K then rewarmed, showing the reversibility of the process.

Fig. 5. Variable temperature magnetic susceptibility data for the ˛ (�) and ˇ (♦)
polymorphs of [Fe(L15)2][BF4]2 [52]. Data for the ˛ form were measured in both
cooling and warming mode.

Table 1
Solution-phase spin-crossover data for [FeL2][BF4]2 complexes, where L is 1-bpp or
a derivative substituted at the pyrazole 4-positions (Schemes 4 and 5).

L Solvent T½ (K) �H (kJ mol−1) �S (J mol−1 K−1) Reference

1-bpp (CD3)2CO 248 (1) 24.1 (2) 101 (1) [30]
L3 CD3NO2 273 (1) 26.4 (2) 96 (1) [35]
L11 (CD3)2CO 246 (1) 24.4 (3) 99 (1) [49]
L15a CD3NO2 231 (2) – – [52]
ig. 3. Crystallographic space-filling models of high-spin [Fe(L5)2]2+ (top) and
ow-spin [Fe(L8)2]2+ (bottom), showing the steric interactions between the distal
ubstituents on one ligand and the pyridyl ring of the other [28,40]. The isopropyl
nd mesityl ligand subsituents are highlighted for clarity.

round 10% of a second high-spin polymorph. The majority low-
pin crystal form was structurally characterised. However, cooling
Fe(L19)2][BF4]2·H2O does gradually decrease its magnetic moment,
o effectively zero below 200 K. Therefore, this compound appears
o undergo a gradual thermal spin transition centred above room
emperature, that is accompanied by loss of the lattice water by
SC and TGA [49]. Salts of [Fe(L12)2]2+ are poorly crystalline and
igh-spin at room temperature, but undergo extremely gradual and

ncomplete spin transitions upon cooling [50].
Solution phase spin-crossover equilibria have been measured for

ost of the compounds in this Section, and are all centred below
oom temperature (Table 1). The �H values in Table 1 are all very
imilar, and again imply that the complexes retain their molecu-
ar structures in these solvents [38]. Hence, the data in Table 1 are a
rue reflection of the spin states of the compounds, in the absence of
ny crystal packing effects. It is therefore noteworthy that, although

he differences are small, the T½ values exactly follow the order-
ng expected from the inductive properties of the pyrazole group
ubstitutents.

3 > L19 > 1 − bpp ≈ L11 > L16 > L15

L16a CD3NO2 238 (2) – – [52]
L19 (CD3)2CO 259 (2) 25.7 (4) 99 (2) [49]

a T½ estimated from extrapolation of data below 244 K, the freezing point of the
solvent. Not enough of the transition was observed in the liquid range of the solvent
to determine �H and �S accurately.
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Table 2
Complexes of 4-substituted-2,6-di(pyrazol-1-yl)pyridine derivatives showing mod-
erately gradual spin transitions (Schemes 6 and 7).

T½ (K) Hysteresis width (�T, K) Reference

[Fe(L20)2][BF4]2 271 – [35,77]
[Fe(L20)2][ClO4]2 284 – [35]
[Fe(L23)2][BF4]2 >340 – [69]
�-[Fe(L28)2][BF4]2 272 – [71]
[Fe(L29)2][ClO4]2 333 – [75]
[Fe(L30)2][ClO4]2·2CH3CNa ≈200 – [75]
[Fe(L32)2][ClO4]2 277 8 [73]
[Fe(�-L33)]n[BF4]2n 323 10 [74]

Fdd2) loses one molecule of diethyl ether on exposure to air, yield-
ing a new phase [Fe(L22)2][BF4]2·(C2H5)2O (space group C2/c) in a
single crystal-to-single crystal transformation [70]. This transfor-
mation is reversed upon incubating the monoetherate in diethyl
ether vapour. The dietherate material, and the unsolvated com-
ig. 6. Crystallographic space-filling model of low-spin [Fe(L13)2]2+, showing the
ntra-ligand steric interactions between the indazole H7 and pyridyl H3 and H5
toms [51]. The indazole annelated rings are highlighted for clarity.

.4. Complexes of ligands with other pyrazole substitution
atterns

Substitution at the pyrazole 5-positions of a [Fe(1-bpp)2]2+ com-
lex, as in [FeL2]2+ (L = L2 [29], L4 [55], L13 and L14 [51]), results

n an intra-ligand steric clash between these substituents and the
yridyl H3 and H5 atoms (Fig. 6). This promotes the low-spin states
f the compounds, by disfavouring the longer Fe–N bonds required

n the high-spin state. Hence all four of the complexes listed above
re low-spin in the solid state at room temperature [29,51,55],
lthough [Fe(L13)2][BF4]2 does show evidence for the onset of a spin
ransition centred above 400 K from susceptibility measurements
54].

. Ligands substituted at the pyridine ring

.1. Ligand syntheses

Syntheses of 1-bpp derivatives by Eq. (1) (Section 3.1)
an be low-yielding when 4-substituted 2,6-dibromopyridine
recursors are used [66,67]. However, two flexible routes to
-substituted 1-bpp derivatives have been developed. First is
ia 4-hydroxymethyl-2,6-di(pyrazol-1-yl)pyridine (L20, Scheme 6),
hich is prepared in six steps from commercially available 2,6-

ihydroxy-isonicotinic acid [68]. Swern oxidation of L20 yields the
ldehyde L21 [69], which has been used for Wittig reactions [70]
r as a precursor to a nitronyl nitroxide derivative [69] (Scheme 6).

lternatively, bromination of L20 with HBr [68] or PPh3/Br2 [71]
ives L24, whose bromomethyl group can then be substituted by
range of nucleophiles (Scheme 6). Lithiation of L24 in the pres-

nce of 1,2-dibromoethane leads to an oxidative coupling reaction,
ffording the back-to-back derivative L27 [68].
[Fe(L34)2][ClO4]2 281 – [75]
[FeH(L36)2]m[ClO4]3m·mCH3OH 286 2 [72]

a Transition only proceeds to 50% completeness on cooling. The compound
exhibits an unexplained increase in �MT below 50 K.

The second synthetic pathway towards 4-substituted 1-
bpp ligands starts from 4-iodo-2,6-di(pyrazol-1-yl)pyridine (L29,
Scheme 7), which is accessible in five steps from the same 2,6-
dihydroxy-isonicotinic acid starting material [72]. This has proven
to be a useful reagent for cross-coupling reactions under Sono-
gashira and Suzuki–Miyaura conditions, yielding several 4-alkynyl
and 4-aryl 1-bpp derivatives (Scheme 7). This includes another
“back-to-back” bis-1-bpp, L33 from a Suzuki–Miyaura reaction of
1,4-phenylene-diboronic acid with 2 equiv. of L29 [74].

4.2. Complexes of 4-substituted ligands

Several iron(II) complexes containing the ligands in
Schemes 6 and 7 undergo rather similar moderately gradual
thermal spin transitions, mostly around or slightly above room
temperature (Table 2, Fig. 7). Two compounds in the table deserve
particular comment. First is [Fe(�-L33)]n[BF4]2n, which is a linear
oligomer of at least six [Fe(1-bpp)2]2+ moieties linked by covalent
1,4-phenylene spacers (i.e. n ≥ 6) [74]. The spin transition shown
by this compound (T½ = 323 K) proceeds to ca. 85% completion in
cooling mode and exhibits a 10 K hysteresis loop, which is unusual
in a spin transition that is not abrupt (Section 6). The residual high-
spin fraction at low temperatures may originate from [Fe(OH2)3]2+

sites, whose presence at the ends of the linear oligomers is implied
by IR spectroscopy [74]. Second is [FeH(L36)2]m[ClO4]3m·mCH3OH,
a crystalline supramolecular linear polymer containing [Fe(L36)2]2+

centres linked by bridging protons through N–H· · ·N hydrogen
bonding to the pendant pyridyl groups (Fig. 8) [72].

Freshly crystallised [Fe(L22)2][BF4]2·2(C2H5)2O (space group
Fig. 7. Variable temperature magnetic susceptibility data for [Fe(L20)2][BF4]2

[35,77]. Most of the spin transitions listed in Table 2 closely resemble this one,
sometimes with the addition of a hysteresis loop.
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cheme 6. 4-Substituted 1-bpp derivatives prepared by derivatisation of 4-hydroxy
eagents and conditions: (i) C2O2Cl2, dmso, CH2Cl2, −78 ◦C, 2 h then NEt3, rt. (ii) [FcC
2O, rt, 30 min. (iv) 48% HBr, reflux, 4 h or Br2, PPh3, CH3CN, rt, 24 h. (v) Na[9-chloro
mf, 50 ◦C, 5 h. (viii) BuLi, Et2O, −78 ◦C then 1,2-C2H4Br2, rt, 24 h. (ix) NH4NCS, CH3C

lex, are both high-spin between 5 and 300 K. In contrast, the
onooetherate exhibits a gradual spin transition with T½ = 230 K

70]. Three other salts of this cation are high-spin at room tem-

erature and below, all of them adopting the unusual distorted
oordination geometry that is discussed in Section 5 [78]. The same
istorted high-spin molecular structure is also shown by the � poly-
orph of [Fe(L28)2][BF4]2 (the other polymorph is a spin-transition

hase, Table 2) [71].

ig. 8. One complex molecule in the crystal structure of the low-spin form of the supra
ations into chains through N–H· · ·N hydrogen bonding [72].
yl-2,6-di(pyrazol-1-yl)pyridine (L20), that have been used to make iron complexes.
h3]I, KOtBu, thf, reflux, 5 h. (iii) [(CH3)2C(NHOH)]2, benzene, rt, 2 weeks then NaIO4,
nate], KI (cat), dmf, 50 ◦C, 5 h. (vi) 0.1 M HCl, reflux, 4 h. (vii) Na[cytosinate], KI (cat),
24 h.

The isostructural solvates [Fe(L35)2]X2·2CH3CN (X− = BF4
− and

ClO4
−) both exhibit spin-crossover, but with an unusual depen-

dence on sample history [76]. The freshly prepared materials

show gradual, but structured, spin transitions centred at 166 and
179 K, respectively. Both transitions show thermal hysteresis of 6 K
(X− = BF4

−) and 34 K (X− = ClO4
−) and exhibit a pronounced discon-

tinuity at 30–50% completion. This probably reflects both the onset
of a crystallographic phase change, and the existence of more than

molecular polymer [FeH(L36)2]m[ClO4]3m·mCH3OH, showing the association of the
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Scheme 7. 4-Substituted 1-bpp derivatives prepared by derivatisation of 4-iodo-2,6-di(pyrazol-1-yl)pyridine (L29), that have been used to make iron complexes. Reagents
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nd conditions: (i) Me3SiCCH, CuI, [Pd(PPh3)4] (cat), NiPr2H, thf, 3 days. (ii) K2CO3, C
iv) C6H4[B(OH)2]2-1,4, [Pd(PPh3)4] (cat), dioxane, Na2CO3, 70 ◦C, 3 days. (v) RC6H4B
cid, [Pd(PPh3)4] (cat), dioxane, Na2CO3, 70 ◦C, 2 days.

ne phase in the powdered samples (a second, minor solvated poly-
orph was isolated for the BF4

− salt) [76]. Repeated thermal cycling
f the materials causes substantial changes in these data, associated
ith loss of the acetonitrile solvent. For [Fe(L35)2][ClO4]2, this leads

o collapse of the wide hysteresis loop, but otherwise the spin tran-
ition of the desolvated powder retains the discontinuous form of
he fresh sample, occurring more obviously in two discrete steps.
or the BF4

− salt, however, the desolvated material behaves very
ifferently, exhibiting a regular spin transition resembling that in
ig. 7, with T½ = 236 K. Powder diffraction data for both compounds
uggest that crystallographic phase changes occur during desolva-
ion, and that the solvent-free BF4

− and ClO4
− salts may not be

sostructural [76].
In contrast to the above, salts of [Fe(L25)2]2+, [Fe(L26)2]2+ and

Fe(�-L27)]n
2n+ are all high-spin at room temperature, and exhibit

xtremely gradual spin transitions upon cooling that proceed to no
ore than 35% completeness [68]. A potential explanation for this

oor spin-crossover functionality is given in Section 6. The iron(II)
omplexes of L23 [69], L24 [63] and L31 [75] are each low-spin in the
olid state at room temperature. While the L23 complex shows the
nset of spin-crossover upon warming to 340 K, the L31 complex
emains fully low-spin up to 380 K.

Thermal spin-crossover of [Fe(L20)2][BF4]2 in CD3NO2 solution

s centred at 281 K, very similar to its T½ value in the solid state
Table 2). However, the enthalpy of this process is over twice that for
he other compounds in this review (Table 1), at �H = 52 kJ mol−1

63]. This higher value suggests that the compound may undergo
ome ligand dissociation in solution, possibly via intermolecular
, CH2Cl2, rt, 18 h. (iii) IC6H4SC(O)CH3-4, CuI, [Pd(PPh3)2Cl2] (cat), NiPr2H, thf, 3 days.
-4, [Pd(PPh3)4] (cat), CH3OH, toluene, Na2CO3, 70 ◦C, 2 days. (vi) pyrid-4-ylboronic

attack of its nucleophilic hydroxyl substituents at the iron centres.
[Fe(L28)2][BF4]2 also undergoes spin-crossover in solution, with a
lower T½ temperature of ca. 215 K [71].

4.3. Complexes of 2,6-di(pyrazol-1-yl)pyrazine and its derivatives

Another way of functionalising 1-bpp is to incorporate
additional heteroatoms into its pyridine ring. 2,6-Di(pyrazol-1-
yl)pyrazine (L37) is synthesised by Eq. (1) (Section 3.1), employing
2,6-dichloropyrazine as starting material [79], and several of its
pyrazole-substituted derivatives have been prepared in the same
manner (Scheme 8) [29]. Both salts [Fe(L37)2]X2 (X− = BF4

− and
ClO4

−) exhibit abrupt spin transitions that resemble that shown by
[Fe(1-bpp)2][BF4]2 (Fig. 1), at T½ = 219 and 201 K, respectively [80].
High-spin [Fe(L37)2][ClO4]2 is isostructural with [Fe(1-bpp)2][BF4]2
but, unlike the 1-bpp complex, it undergoes a phase change in its
low-spin state. Low-spin [Fe(L37)2][ClO4]2 retains the same space
group as the high-spin material (P21), but with a doubled unit
cell a axis [81]. Preliminary powder diffraction data imply that
high-spin [Fe(L37)2][BF4]2 is isostructural with the low-spin per-
chlorate salt, and that it undergoes a further unit cell expansion
during its spin transition [80]. A solvate [Fe(L37)2][BF4]2·3CH3NO2
was also characterised and undergoes an abrupt spin transition

at 198 K, from variable temperature unit cell measurements [80].
This is not isostructural with the tris-nitromethane solvate of [Fe(1-
bpp)2][BF4]2 (Section 2.1) [30].

In contrast to those two salts, [Fe(L37)2][SbF6]2 is a high-spin
compound [82]. The solvent-free crystals are isostructural with
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cheme 8. 2,6-Di(pyrazol-1-yl)pyrazine (L37) and its derivatives substituted at the
yrazole ring, synthesised by Eq. (1), that have been used to make iron(II) complexes.

Fe(1-bpp)2][SbF6]2, and exhibits the same distorted high-spin
oordination geometry that is discussed in Section 5. This is the
nly known example where a complex of a 1-bpp derivative, and

ts 2,6-di(pyrazol-1-yl)pyrazine analogue, have the same structural
hemistry. Two nitromethane solvates of [Fe(L37)2][SbF6]2 were
lso crystallised, one high-spin and the other low-spin [82]. Spin-
rossover in d6-acetone solutions of [Fe(L37)2][SbF6]2 is centred at
68 K, 27 K higher than for [Fe(1-bpp)2][BF4]2 (Section 2.1) [83].
hat trend is the opposite expected from the lower basic pKa of
pyrazine ring compared to a pyridine ring [84], and may instead

eflect stabilisation of the low-spin state of [Fe(L37)2]2+ by increased
-back-donation to the more electron-deficient pyrazine rings.

The salts [Fe(L38)2]X2 (X− = BF4
− and ClO4

−) both crystallise
n the unusual tetragonal space group I4̄ [85]. Again, this is not
sostructural with the corresponding salts of [Fe(L1)2]2+ (Section
.2). Their spin transitions both show an unusual discontinuity at
0% conversion, which is most pronounced in the perchlorate salt
Fig. 9) [80]. Variable temperature crystallographic studies showed
hat, rather than reflecting a crystallographic phase change, this
iscontinuity is caused by an order:disorder transition of one of
he two anion sites in the asymmetric unit. The small change in lat-
ice pressure that results is enough to reduce the cooperativity of
he transition for the remaining 50% of the iron centres [85]. This
ery unusual behaviour was successfully modelled by a new Ising-

ype theoretical model, that incorporates terms describing anion
isorder [86]. The remaining two ligands in Scheme 8, L39 and L40,
oth afford low-spin iron(II) complexes [80].

ig. 9. Variable temperature magnetic susceptibility data for [Fe(L38)2][ClO4]2

80,85].
Fig. 10. Crystal structures of high-spin [Fe(1-bpp)2][BF4]2 (top) and [Fe(1-
bpp)2][PF6]2 (bottom), illustrating the angular Jahn–Teller distortion adopted by the
PF6

− salt. The view in both cases is directly down one Fe–N{pyridine} bond.

5. Influence of coordination geometry on the occurrence of
spin-crossover

One striking feature of the chemistry of [Fe(1-bpp)2]2+ and its
derivatives is the common observation of an unusual Jahn–Teller
distortion in crystal structures of their high-spin complexes
(Fig. 10). Rather than taking the more usual form of a structural
elongation along one of the N{pyrazole}–Fe–N{pyrazole} vectors
(as is shown by [Cu(1-bpp)2]2+ [46,87]), the Jahn–Teller effect in
the iron complexes often manifests itself as an angular structural
distortion. This distortion has two components (Scheme 9): a twist
of the plane of one ligand about its Fe–N{pyridine} bond, so that
the dihedral angle between the least squares planes of the two

ligands is <90◦ (� in Scheme 9); and, a rotation of one ligand
with respect to the other about the iron atom, so that the trans-
N{pyridine}–Fe–N{pyridine} angle is <180◦ (� in Scheme 9). The
range of values observed for these parameters is shown in Table 3.
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Table 3
Geometric parameters for high-spin salts of [Fe(1-bpp)2]2+ and selected derivatives. Only structures that are unambiguously in a pure high-spin state at the temperature of
measurement are included. See the text, and Scheme 9, for the definition of the parameters.

˛ (◦) � (◦) � (◦) ˙ (◦) � (◦) Reference

Spin-crossover on cooling
[Fe(1-bpp)2][BF4]2 73.42 (6) 89.94 (2) 172.98 (7) 150.8 (2) 467 [31]
[Fe(L1)2][BF4]2 73.69 (9) 76.44 175.85 (9) 153.1 (3) 462 [59]
[Fe(L1)2][BF4]2·xH2O 73.8 (1) 76.37 175.3 (1) 154.8 (4) 460 [59]
[Fe(L3)2][ClO4]2 72.7 (1) 90 180 158.8 (4) 480 [35]
[Fe(L15)2][BF4]2 73.23 (5) 90 180 153.2 (3) 470 [65]
[Fe(L16)2][BF4]2 73.46 (4) 90 180 150.9 (2) 467 [65]
[Fe(L20)2][BF4]2 73.8 (1) 89.71 (4) 178.4 (1) 147.6 (6) 454 [77]
[Fe(L20)2][ClO4]2 73.8 (2) 89.36 177.4 (3) 147.7 (9) 458 [35]
�-[Fe(L28)2][BF4]2 73.83 (7) 88.45 172.34 (8) 147.3 (3) 459 [71]
[Fe(L37)2][BF4]2·3CH3NO2 73.3 (1) 86.42 (4) 173.2 (1) 153.6 (4) 476 [80]
[Fe(L38)2][BF4]2 73.52 (3) 90 180 150.3 (2) 460 [85]
[Fe(L38)2][ClO4]2 72.97 (3) 90 180 156.1 (2) 480 [85]

High-spin at all temperatures – undistorted structure
[Fe(L1)2][SbF6]2 73.7 (1) 87.66 (4) 178.0 (1) 148.8 (4) 460 [39]

[Fe(L5)2][PF6]2·CH3CN·0.5(C2H5)2
a 73.6 (2) 84.19 (5) 175.0 (1) 149.4 (2) 465 [40]

73.5 (2) 86.06 (6) 175.5 (2) 151.8 (2) 470
73.4 (2) 84.80 (6) 176.0 (2) 152.5 (2) 471
73.7 (2) 86.40 (5) 176.5 (2) 148.9 (2) 463

[Fe(L10)2][BF4]2 73.35 (7) 89.39 (2) 174.62 (7) 152.3 (2) 479 [40]
[Fe(L22)2][BF4]2·2(C2H5)2O 74.07 (8) 88.27 175.4 (2) 144.7 (4) 453 [70]

High-spin at all temperatures – distorted structure
[Fe(1-bpp)2][PF6]2 71.88 (4) 62.64 (1) 154.18 (7) 197.2 (2) 559 [30]
[Fe(1-bpp)2][ClO4]2 72.17 (4) 66.24 (2) 155.7 (1) 186.6 (2) 547 [40]
[Fe(1-bpp)2][SbF6]2 71.85 (5) 61.94 (2) 154.4 (1) 199.0 (3) 560 [40]

[Fe(1-bpp)2][I3]2
b 72.7 (4) 87.3 (1) 159.6 (4) 167 (1) 513 [41]

72.6 (4) 84.9 (1) 159.9 (4) 167 (1) 511
72.9 (4) 85.6 (1) 163.3 (4) 159 (1) 494
72.9 (4) 86.8 (1) 165.1 (4) 157 (1) 488
72.5 (4) 86.4 (1) 156.4 (4) 172 (1) 514
73.1 (4) 88.7 (1) 171.1 (5) 155 (1) 479

[Fe(1-bpp)2]I0.5[I3]1.5 72.7 (15) 89.92 (5) 156.0 (2) 172.8 (6) 522 [39]
[Fe(1-bpp)2][Co(C2B9H11)2]2·CH3NO2

c 73.3 (3) 87.03 (9) 159.6 (3) 157 (1) 482 [39]
�-[Fe(L7)2][BF4]2 73.2 (2) 61.15 (4) 176.3 (2) 177.0 (7) 479 [40]
�-[Fe(L7)2][BF4]2 73.13 (3) 62.30 (2) 180 176.8 (2) 482 [40]

[Fe(L9)2][BF4]2·3CH3CNd 72.89 (7) 66.28 180 168.7 481 [47]
73.0 (1) 69.37 180 169.4 479

[Fe(L18)2][BF4]2 73.1 (1) 72.08 (3) 164.7 (1) 166.3 (3) 486 [40]
�-[Fe(L18)2][ClO4]2 73.40 (8) 85.48 (2) 164.86 (8) 152.1 (3) 474 [64]
�-[Fe(L18)2][ClO4]2 72.76 (7) 71.56 (2) 163.62 (7) 172.3 (2) 488 [64]
[Fe(L22)2][I3]2 73.0 (4) 85.69 163.4 (3) 157 (1) 491 [78]
[Fe(L22)2][BPh4]2·3CH3NO2·(C2H5)2O 72.4 (2) 86.55 156.6 (1) 167.7 (5) 528 [78]
[Fe(L22)2][Ni(mnt)2]2 73.4 (1) 74.38 166.1 (2) 169.7 (7) 479 [78]
�-[Fe(L28)2][BF4]2 73.24 (7) 78.84 158.10 (7) 169.1 (2) 486 [71]
[Fe(L37)2][SbF6]2 71.85 (7) 59.84 (3) 154.5 (1) 201.8 (4) 562 [82]
[Fe(L37)2][SbF6]2·2CH3NO2 72.9 (1) 84.66 (4) 163.2 (1) 161.0 (5) 485 [82]

a Four crystallographically independent molecules.
b
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a

Six crystallographically independent molecules.
c Molecule B at 150 K.
d Two crystallographically independent (half)-molecules.

oth components, together or in isolation, reduce the symmetry
f the complex from D2d to C2. A DF calculation confirmed the

ahn–Teller effect as the cause of the unusual structure, and sug-
ested that it is promoted by tridentate ligands with a narrow
ite angle, like 1-bpp (whose bite angle ‘˛’ is 72–74◦ in high-
pin complexes, Table 3) [30]. Examples are known of distorted
nd undistorted molecules co-crystallising in the same lattice
Fig. 2) [39], and the same compound crystallising in distorted and

ndistorted high-spin polymorphs [64,71]. The most pronounced
istortion discovered so far is in unsolvated [Fe(L37)2][SbF6]2,
hich exhibits � = 59.84(3)◦ and � = 154.52(14)◦ [82].

Table 3 lists the � and � values for all crystallographically char-
cterised high-spin compounds of the [Fe(1-bpp)2]2+ type, grouped
according to whether or not they undergo spin-crossover on cool-
ing. A “distorted” high-spin compound is defined in the table, as
one whose metric parameters lie outside the range found for spin-
crossover high-spin centres. For comparison, the corresponding
parameters for low-spin examples are also shown in Table 4, and the
data in both tables are plotted in Fig. 11(top). The average ligand bite
angle ˛ is also included in the tables, as this has been used as a sen-
sitive indicator of spin-state in these compounds [33,35,59,71,77].

High-spin compounds in this series Exhibit 72 < ˛ < 74◦, with the
Jahn–Teller-distorted compounds giving values at the low end of
that range, while the low-spin complexes show 79 < ˛ < 81◦. Crystal
structures of compounds that are in a mixture of spin states will
yield ˛ values between those extremes.
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Table 4
Geometric parameters for low-spin salts of [Fe(1-bpp)2]2+ and its derivatives. Only examples that are unambiguously in a pure low-spin state at the temperature of
measurement are included.

˛ (◦) � (◦) � (◦) ˙ (◦) � (◦) Reference

[Fe(1-bpp)2][BF4]2 80.08 (7) 89.40 (2) 178.15 (8) 86.1 (2) 282 [31]

[Fe(1-bpp)2][BF4]2·3CH3NO2
a 80.2 (1) 86.34 (4) 178.3 (1) 89.1 (4) 279 [30]

80.0 (1) 89.14 (4) 177.5 (1) 86.5 (4) 283

[Fe(1-bpp)2][Co(C2B9H11)2]2·CH3NO2
b 80.0 (3) 87.4 (1) 178.3 (3) 87 (1) 283 [39]

[Fe(L1)2][BF4]2 80.1 (2) 81.89 179.2 (2) 92.9 (5) 285 [59]
[Fe(L2)2][BF4]2 80.43 (7) 84.18 (2) 176.96 (7) 85.2 (2) 272 [29]
[Fe(L3)2][BF4]2 80.3 (1) 89.90 (3) 178.0 (1) 84.3 (4) 276 [35]
[Fe(L3)2][ClO4]2 79.8 (4) 89.86 175.8 (4) 89 (1) 288 [35]
[Fe(L8)2][PF6]2·2CH3NO2 80.32 (8) 89.50 (2) 178.98 (8) 84.0 (3) 277 [28]

[Fe(L8)2][FeCl4]2
a 80.7 (3) 89.85 178.7 (3) 81 (1) 269 [58]

80.4 (3) 87.78 178.9 (3) 83 (1) 274

[Fe(L11)2][BF4]2·2CF3C2OH 80.4 (1) 85.52 (3) 176.4 (1) 83.3 (3) 272 [49]

[Fe(L13)2][BF4]2·1 + xCH3NO2·1–x(C2H5)2Oc 80.4 (2) 81.32 (5) 178.7 (2) 89.5 (6) 270 [51]
80.1 (2) 89.66 (4) 177.1 (2) 86.1 (6) 279
80.8 (2) 88.84 (4) 174.5 (2) 80.1 (7) 263

[Fe(L15)2][BF4]2 80.2 (2) 89.82 (4) 176.9 (3) 85.4 (8) 280 [65]
[Fe(L17)2][BF4]2·2(CH3)2CO 80.0 (2) 89.02 (4) 175.5 (2) 86.8 (5) 284 [52]
[Fe(L20)2][BF4]2 79.54 (5) 89.87 (4) 177.3 (2) 91.2 (4) 297 [77]
[Fe(L20)2][ClO4]2 79.2 (4) 89.98 177.7 (4) 94 (1) 306 [35]
[Fe(L23)2][BF4]2·(CH3)2CO 80.0 (3) 89.77 178.2 (3) 87 (1) 284 [69]
�-[Fe(L28)2][BF4]2 79.97 (6) 88.65 178.22 (6) 87.3 (2) 286 [71]
[Fe(L29)2][ClO4]2 80.10 (9) 88.20 178.6 (1) 86.1 (4) 281 [75]
[Fe(L32)2][ClO4]2 80.0 (2) 87.98 177.7 (2) 87.2 (6) 285 [73]
[Fe(L34)2][ClO4]2 79.78 (8) 87.67 178.3 (1) 89.0 (3) 291 [75]
[FeH(L36)2]m[ClO4]3m·mCH3OH 80.1 (2) 87.15 174.9 (2) 88.0 (7) 283 [72]
[Fe(L37)2][BF4]2·3CH3NO2 79.7 (1) 86.24 (3) 177.4 (1) 91.5 (4) 296 [80]
[Fe(L37)2][SbF6]2·3CH3NO2 80.2 (2) 88.59 (4) 178.6 (2) 85.5 (5) 281 [82]
[Fe(L38)2][BF4]2 79.25 (4) 90 180 94.0 (2) 309 [85]
[Fe (L38)2][ClO4]2 79.03 (3) 90 180 96.1 (2) 316 [85]

[Fe(L39)2][BF4]2
a 80.2 (1) 89.87 (3) 176.1 (1) 86.8 (4) 285 [80]

80.3 (1) 88.09 (3) 179.5 (1) 84.5 (4) 279

[Fe(L40)2][BF4]2·5CH3NO2 80.05 (7) 82.09 (4) 179.8 (2) 95.9 (3) 288 [80]

omit
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a Two crystallographically independent molecules.
b Molecule A at 150 K.
c Three crystallographically independent molecules. The � values were calculated

It is clear that the � and � elements of the Jahn–Teller dis-
ortion can occur independently of each other (Fig. 11), and can
ary significantly between different high-spin salts of the same
ompound (Table 3). As expected, the molecular structures of

he low-spin examples show much less variation than the high-
pin compounds [11]. Importantly, the high-spin compounds that
xhibit spin-crossover on cooling have all � and � parameters lying
lose to the range as shown by the low-spin materials (Fig. 11).
omparison of the high- and low-spin structures of the same mate-

cheme 9. The two components in the angular Jahn–Teller distortion in high-spin
Fe(1-bpp)2]2+ complexes (� ≤ 90◦ , � ≤ 180◦) [30].
ting the annelated indole C atoms.

rial shows that, in nearly all cases, spin-crossover is accompanied
by a small increase in � but essentially no change in � (Table 5).
That emphasises that a change in molecular size during a spin
transition is accommodated by a solid lattice more readily than a
change in molecular shape (� has a greater influence than � on the
surface shape of the complex cation). The one exception to these
observations is [Fe(L1)2][BF4]2, whose unusually large � distortion

for a high-spin spin-crossover complex is reflected in a significant
change in this parameter in its (difficult to access) low-spin form
(Table 5). It is tempting to speculate that this large structural rear-
rangement contributes to the unusually low temperature and slow
kinetics shown by this spin transition [59]. All the high-spin com-

Table 5
Structural changes taking place during spin-crossover for [Fe(1-bpp)2]2+ and
its derivatives, whose high-spin and low-spin crystal structures are available
(Tables 3 and 4).

|�� | (◦) |��| (◦) �˙ (◦) �� (◦) Reference

[Fe(1-bpp)2][BF4]2 0.5 5.2 64.7 185 [31]
[Fe(L1)2][BF4]2 5.5 3.4 60.2 177 [59]
[Fe(L3)2][ClO4]2 0.14 4.2 70 192 [35]
[Fe(L15)2][BF4]2 0.18 3.1 67.8 190 [65]
[Fe(L20)2][BF4]2 0.16 1.13 56.4 157 [77]
[Fe(L20)2][ClO4]2 0.62 0.3 54 152 [35]
�-[Fe(L28)2][BF4]2 0.2 5.9 60.0 173 [71]
[Fe(L37)2][BF4]2·3CH3NO2 0.18 4.2 62.1 180 [80]
[Fe(L38)2][BF4]2 0 0 56.3 151 [85]
[Fe(L38)2][ClO4]2 0 0 60.0 164 [85]
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Fig. 11. Top: plot of the values of � vs. � for high-spin complexes that remain
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igh-spin (�), spin-crossover complexes in their high-spin state (♦), and low-spin
omplexes ( ) from the [Fe(1-bpp)2]2+ series (Scheme 9). Bottom: plot of the
elationship between ˙ and � for the same compounds. The data are taken from
ables 3 and 4.

ounds with � < 76◦ and/or � < 172◦, which is about two-thirds of
he total, remain high-spin at all temperatures in the solid state.
resumably, the structural rearrangement required to bring their �
nd � parameters into the range required for a low-spin structure
s too large to be accommodated by a rigid solid lattice.

The � and � parameters measure the disposition of the 1-bpp lig-
nds around the iron centre. Since the tris-heterocyclic framework
as some conformational flexibility, � in particular is not always a
ood reflection of the structure of the N6 donor sphere about the
etal ion. The deviation of a metal centre from an ideal octahedral

oordination geometry has been quantified using two different dis-
ortion indices. First is ˙, which measures local angular distortions
f the octahedral donor set, Eq. (2):

=
12∑

i=1

∣∣90 − ˛i

∣∣ (2)

here ˛i are the 12 cis-N–Fe–N angles at the metal centre [88].
econd is �, which defines more specifically the degree of trig-
nal distortion of the coordination geometry from an octahedron
owards a trigonal prism, Eq. (3):

=
24∑

j=1

∣∣60 − ˇj

∣∣ (3)
here ˇj are the 24 unique torsion angles between adjacent N
onors on opposite triangular faces of the octahedron, measured
long their common (pseudo)-three-fold axis [89,90]. An ideal
ctahedron would give ˙ and � = 0. These parameters for the com-
ounds in this work are also listed in Tables 3 and 4, and plotted in
Reviews 253 (2009) 2493–2514

Fig. 11 (bottom graph). As usual ˙ and � are lower for the low-spin
compounds in the Tables than for the high-spin ones, showing that
the low-spin complexes have more regular coordination geome-
tries. However, the values of ˙ and � in the tables are up to four
times higher than those from spin transition compounds with other
ligand types [88–92]. This can again be attributed to the particularly
narrow bite angle of the 1-bpp ligand.

There is a strong correlation between ˙ and � in Tables 3 and 4,
except for high-spin compounds showing moderate Jahn–Teller
distortions (Fig. 11, bottom). These all give � ≈ 480◦, comparable
to several of the undistorted high-spin compounds, while show-
ing a range of values 157 ≤ ˙ ≤ 177◦ (Fig. 11). Table 3 shows that
a decrease in either � or � results in an increase in ˙, but that �
is much more sensitive to � than to �. Thus, reducing � from 90◦

to 62◦ while maintaining � around 180◦ in the two polymorphs
of [Fe(L7)[BF4]2 has essentially no effect on �, which adopts a
value (480◦) similar to those from undistorted high-spin complexes.
Conversely, [Fe(1-bpp)2]I0.5[I3]1.5 exhibits � ≈ 90◦ but a strongly
distorted � = 156◦, which leads to an increased � = 522◦ (Table 3).
Both these compounds give similar values of ˙ ≈ 175◦, around 20◦

higher than the undistorted high-spin complexes. Hence, ˙ is a
good measure of the overall magnitude of Jahn–Teller distortion in
a [Fe(1-bpp)2]2+ derivative, while � is a better indicator of whether
it is the rotation and/or twisting distortion that is present in that
compound.

If a crystal structure is not available, the existence of the
angular Jahn–Teller distortion in a high-spin [Fe(1-bpp)2]2+ deriva-
tive can often be inferred from variable temperature magnetic
measurements. The magnitude of the zero-field splitting param-
eter |D|, which can be modelled from susceptibility data [93], is
12 ± 1 cm−1 in undistorted high-spin complexes but can be as low
as 3 cm−1 in distorted compounds [30,39,40,82]. A decrease in
� has a much stronger effect on |D| than the value of �, which
probably reflects a reduction in magnetic anisotropy when the
unique N{pyridine}–Fe–N{pyridine} molecular axis is lost [40].
Importantly, although this trend has been confirmed theoretically
[30], magnetic susceptibility data are a convenient but inaccurate
method for measuring |D| [93]. So the true zero-field splittings of
these compounds may be different from those given here. Möss-
bauer spectroscopy at routine temperatures is not so helpful to this
problem. While the distorted complexes do appear to show higher
values of ı and �EQ than undistorted ones, the differences are
partly masked by the normal temperature dependence of the Möss-
bauer parameters in high-spin iron(II) compounds [40]. Mössbauer
measurements at liquid helium temperatures would be required to
delineate the spectroscopic signature of the angular distortion in
more detail.

Although most examples of this unusual Jahn–Teller structure
are [Fe(1-bpp)2]2+ derivatives, it is not unique to this system.
High-spin [Fe(terpy)2]2+ derivatives are rare but exhibit a similar
angularly distorted structure in the crystal [15,58,94], while it is
also occasionally seen in [Fe(3-bpp)2]2+ (Scheme 1) [95] and com-
plexes of other tridentate tris-imine ligands with first row transition
ions [96].

6. Influence of structure on the cooperativity of
spin-crossover

The influence of structure on the cooperativity of spin-crossover
is slowly being elucidated [88], although it has been difficult to gen-
eralise conclusions about one set of materials to other classes of

compound. The scale of the problem is illustrated by the alcohol sol-
vates [Fe(pic)3]Cl2·ROH (R = one of six different alkyl groups) [97].
Although they are not perfectly isostructural, these compounds all
adopt the same basic crystal packing arrangement, based around a
particular 2D hydrogen bonding topology. Despite that similarity,
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It is reasonable to suggest that the consistent cooperativity in the

compounds in Table 6, is primarily transmitted in two dimensions
through the terpyridine embrace layers. There are several pieces
of circumstantial evidence supporting that hypothesis. First, is that

Table 6
Transition temperatures and crystallographic symmetry for the compounds in this
work exhibiting similar abrupt spin-crossover [65].

T½↓ (K) T½↑ (K) High-spin space
group

Low-spin space
group

[Fe(1-bpp)2][BF4]2 258 261 P21 (Z = 2) P21 (Z = 2)
[Fe(L3) ][ClO ] 231 234 P4̄2 c P2 2 2
ig. 12. Partial packing diagram of [Fe(1-bpp)2][BF4]2, showing the terpyridine em
he unit cell c axis, are coloured pale and dark. Only one orientation of the disorder

heir spin-transition regimes are very different, ranging from a con-
entional gradual spin-crossover (R = Me); a more abrupt transition
ith a discontinuity at 50% conversion (R = Et); an unsymmetrically

tructured transition with a partial hysteresis loop (R = iPr); and,
wo materials that remain high-spin at all temperatures (R = nPr
nd tBu). While the structural origin of the individual features of the
ransitions in these materials are now mostly understood [60,98],

unified explanation of why they behave differently has not yet
ppeared.

We noted that six compounds from the [Fe(1-bpp)2]2+ series
xhibit abrupt spin transitions with small hysteresis loops, that are
ssentially identical in form [65]. Two of these, [Fe(1-bpp)2][BF4]2
27,30] and �-[Fe(L15)2][BF4]2 [52,65], are shown in Figs. 1 and 5.
he other examples are [Fe(L3)2][ClO4]2 [35], [Fe(L16)2][BF4]2
52,65] and the BF4

− and ClO4
− salts of [Fe(L37)2]2+ [80,81].

he degree of structural resemblance of these six compounds
s comparable to that in the [Fe(pic)2]Cl2·ROH system. They all
orm versions of the “terpyridine embrace” crystal lattice [99],
escribed below, but differ in their more detailed structural
hemistry (Table 6). Of the compounds in the Table, only �-
Fe(L15)2][BF4]2 and [Fe(L16)2][BF4]2 are isostructural to each other
n both their high-spin and low-spin forms [52,65]. Also, five of
he six compounds undergo crystallographic phase changes during
pin-crossover ([Fe(1-bpp)2][BF4]2 is the exception), but at least
hree different types of phase change are involved including two
ifferent changes in space group [35,52], and a unit cell expansion
n the same space group [81]. The cooperativity of spin-crossover in
hese compounds is clearly unaffected by the presence or absence
f a crystallographic phase change.

The terpyridine embrace structure is common in crystalline
M(terpy)2]2+ salts and related compounds, and contains 2D lay-
structure motif. Molecules in the two unique cation layers, which alternate down
−anions is shown, which are de-emphasised for clarity.

ers of D2d symmetric cations linked through four-fold interlacing of
the their distal heterocyclic rings (pyrazolyl rings in [Fe(1-bpp)2]2+,
Fig. 12) [99]. Since each molecule in a layer is aligned the same
way the individual layers are polar, although both centrosymmet-
ric and polar versions of the structure are known (depending on
whether molecules in different layers are related by an inversion
centre, or a different symmetry element). Cations within the layers
interact strongly with each other through face-to-face and edge-to-
face interactions between heterocyclic groups. The anions occupy
cavities between the layers, which are in van der Waals contact only.
The different versions of this structure vary according to the inter-
nal symmetry within the layers and the symmetry relating adjacent
layers, which are usually stacked along the crystallographic c direc-
2 4 2 1 1 1 1

�-[Fe(L15)2][BF4]2 200 203 P4̄21c P21 (Z = 2)
[Fe(L16)2][BF4]2 252 254 P4̄21c P21 (Z = 2)a

[Fe(L37)2][BF4]2 218 221 P21 (Z = 4)a P21 (Z = 6?)a

[Fe(L37)2][ClO4]2 203 206 P21 (Z = 2) P21 (Z = 4)

a Tentative – from preliminary powder diffraction data only.
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pleteness on cooling from 300 to 100 K [68]. Although the more
flexible saturated linker in L27 may also be relevant, we propose that
the poor functionality of [Fe(�-L27)]nX2n·nH2O might relate to its
high-spin nature under the conditions of precipitation. This could
Scheme 10. [Fe(bzimpy)][ClO4]2·1/4H2O [101].

hanges in anion disorder are unlikely to be relevant to the cooper-
tivity because, where available, crystal structures just above and
elow the transition temperature show the same degree of anion
isorder [27,52]. Second, is that doping the larger perchlorate anion

nto [Fe(1-bpp)2][BF4]2 has a greater influence on the interlayer
pacing than on the dimensions within the layers themselves, and
as no measurable effect on the cooperativity of the transition [31].
astly, is the difference between �- and �-[Fe(L15)2][BF4]2 (Fig. 5).
he crystal packing in the � polymorph closely resembles the ter-
yridine embrace structure with two unique cation sites ‘A’ and ‘B’,
nly one of which (site B) is spin-crossover active below room tem-
erature [52]. The nearest neighbours of site B within the layers are
ll of the inactive A type, so the B cations are well isolated from each
ther within the layers. Conversely, the nearest neighbours of site
between the layers are also of the B type. The very gradual spin-

rossover exhibited by �-[Fe(L15)2][BF4]2 (Fig. 5) strongly implies
hat cooperativity between the layers is weak, and hence intralayer
nteractions play a major role in the cooperativity of the terpyridine
mbrace compounds in Table 6 [52].

There are some data from other iron(II) complexes that also sup-
ort these suggestions. Although terpyridine embrace crystals are

ess common in [Fe(3-bpp)2]2+ salts (Scheme 1), one spin-crossover
alt of that complex does adopt this structure type in its high-spin
tate. That is [Fe(3-bpp)2][NCSe]2, whose spin transition strongly
esembles those in Table 6, occurring abruptly at 232 K with a 2 K
ysteresis loop [100]. The compound [Fe(bzimpy)2][ClO4]2·1/4H2O
bzimpy = 2,6-di(benzimidazol-2-yl)pyridine, Scheme 10) is also
elevant, in showing an abrupt spin transition at 403 K with a 12 K
ysteresis loop. The low-spin form of this material also crystallises

n four-fold cation layers, that closely resemble the terpyridine
mbrace motif [101]. It is possible that the larger hysteresis in its
pin-crossover, compared to the materials in Table 6, may reflect the
ore extensive �–� stacking within its four-fold layers mediated

y the annelated benzimidazole arms.
Two pairs of compounds provide exceptions to the above dis-

ussion, however. First is [Fe(L38)2]X2 (X− = BF4
− and ClO4

−) [80],
hich crystallise in one of the more unusual versions of the ter-

yridine embrace [85]. Their spin transitions are clearly distinct
rom the compounds in Table 6, occurring in two steps (Fig. 9)

ith the discontinuity being controlled by changes in anion dis-
rder (Section 4.3) [85,86]. Importantly, the steric bulk of the L38

ethyl groups pushes neighbouring molecules in the cation layers
part so no �–� interactions can form. Hence, the face-to-face inter-
olecular distance between nearest neighbour pyrazole groups
n the layers in these crystals is 5.7 Å [85], rather than the more
sual 3.4–3.6 Å found in the compounds in Table 6. Therefore it is
easonable that intralayer cooperativity between cations in these
ompounds should be reduced, and anion-mediated interactions
ecome dominant.
Reviews 253 (2009) 2493–2514

The behaviour of the second pair of compounds, [Fe(L20)2]X2
(X− = BF4

− and ClO4
−), is more ambiguous. These also crystallise

in the terpyridine embrace, now with normal (3.4–3.6 Å) face-to-
face spacings between pyrazole rings within the layers, but exhibit
less cooperative transitions (Fig. 7) [35]. The cations and anions in
these compounds are linked by strong O–H· · ·Y (Y = O or F) hydro-
gen bonds, and spin-crossover is accompanied by a crystallographic
ordering of the anions and ligand hydroxymethyl groups [77]. It
may be that this coupling of structural changes in the cation and
anion sites perturbs the intermolecular cooperativity in these mate-
rials. Alternatively, it is noteworthy that the structural change at the
metal ion during spin-crossover in [Fe(L20)2]X2, as measured by the
distortion indices ��, �˙ and ��, is significantly smaller than for
the three compounds in Table 6 for which these data are available
(Table 5) [35,77]. The smaller change in molecular structure dur-
ing spin-crossover for the L20 complex salts could easily result in
weaker cooperativity [89,90]. The possible relevance of �˙ and
�� in this system is also apparent in [Fe(L38)2]X2 from the previ-
ous paragraph [80,85]. The BF4

− salt of this complex exhibits both
a less cooperative spin transition, and smaller �˙ and �� values
(Table 5), than its isostructural perchlorate analogue.

A good correlation between �� and spin-crossover coopera-
tivity has also been noted in another class of iron(II) compound
[90]. Discussion of cooperativity in other [Fe(1-bpp)2]2+ derivatives
like those in Table 1 is more difficult, however, since few of them
have been crystallographically characterised in both their high-spin
and low-spin states (Table 5). Notably, [Fe(L20)2]X2 (X− = BF4

− and
ClO4

−) [35,77] and �-[Fe(L28)2[BF4]2 [71] give similar transition
widths of 60–80 K despite having somewhat different �˙ and ��
values (Table 6), but this is too small a sample of compounds to
make that a meaningful observation.

The facile angular Jahn–Teller distortion discussed in Sec-
tion 5 may also have a bearing on spin-crossover in some of
these materials. For example, the coordination polymers [Fe(�-
L27)]nX2n·nH2O (X− = BF4

− and ClO4
−) and [Fe(�-L33)]n[BF4]2n

contain chains of [Fe(1-bpp)2]2+ centres linked by 1,2-ethylenediyl
and 1,4-phenylenediyl groups, respectively. All these materials are
poorly crystalline, but their magnetic susceptibility properties are
very different (Fig. 13). Solid [Fe(�-L33)]n[BF4]2n is mostly low-spin
at room temperature and exhibits a typical, essentially complete
spin transition on warming, centred at 323 K [74]. In contrast, the
L27-containing polymers are high-spin at room temperature and
undergo extremely gradual spin-crossover to only 25–35% com-
Fig. 13. Variable temperature magnetic susceptibility data for [Fe(�-
L27)]n[ClO4]2n·nH2O (�) [68] and [Fe(�-L33)]n[BF4]2n (©) [74]. Data for the
L33 compound were measured in both cooling and warming mode.
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1–m 6 4 2
lographic phase change accompanying spin-crossover in the pure
iron compound is suppressed when m < 0.44. This change in the
structural chemistry of the spin transition leads to a discontinuous
decrease in T½ at that composition [103].
cheme 11. Proposed structure of [Fe(�-L27)]nX2n·nH2O (X− = BF4
− and ClO4

−), with

ead to a random, frozen-in distribution of distorted and undis-
orted high-spin iron centres (Scheme 11), which would account
or the poor completeness of the transitions. The productive, undis-
orted sites would experience inhomogeneous local environments
n the amorphous solid, as well as being separated from each
ther along the polymer chains by the unproductive distorted iron
entres. Both those aspects would lead to the very poor cooper-
tivity observed. Since [Fe(�-L33)]n[BF4]2n is low-spin under the
onditions of precipitation it will contain exclusively undistorted
ow-spin iron centres, explaining the complete and cooperative spin
ransition observed on heating (Fig. 13) [72]. Some other poorly sol-
ble, non-crystalline complexes from the [Fe(1-bpp)2]2+ series that
re high-spin at room temperature (for example, salts of [Fe(L12)2]2+

50], [Fe(L25)2]2+ and [Fe(L26)2]2+ [68]) also show very poor spin-
rossover behaviour, for possibly the reasons described here.

A similar explanation has also been invoked to explain
he irreversible high-temperature spin transitions undergone by
ome coordination polymers of [Fe(terpy)2]2+ centres in liquid-
rystalline media [15]. Since crystalline high-spin [Fe(terpy)2]2+

erivatives are also Jahn–Teller-distorted [58,94], the transitions
ere proposed to convert undistorted low-spin iron centres into
istorted high-spin sites, which are then trapped in their high-spin
tates upon recooling. Such a structural rearrangement is only pos-
ible in a fluid medium, however, and cannot take place in solid
olymers like [Fe(�-L33)]n[BF4]2n.

. Solid solutions of functional complexes in a terpyridine
mbrace lattice

The robustness of the terpyridine embrace structure, even in
he presence of competing supramolecular interactions, has already
een remarked upon [102]. We have made use of that property
o prepare solid solutions between [Fe(1-bpp)2][BF4]2 and the
uorophore [Ru(terpy)2][BF4]2 [32]. Isomorphous metal dilution
tudies (cocrystallisation of two complexes containing the same
igands and/or anions but different metal ions) have played an
mportant role in the development of models for the propagation
f cooperative spin transitions [24]. However, this is the first exam-
le of the co-crystallisation of a spin-crossover compound with a
ompletely different complex molecule. This represents an alter-
ative approach to the use of double salts of functional cations
nd anions, for the preparation of multifunctional spin-crossover
aterials (Section 1) [22,23,78,95].

While these two compounds crystallise in different space groups
P21 and Cc, respectively), they are both different versions of the
erpyridine embrace structure (Fig. 12) and their crystal packing
s visually almost indistinguishable. The solid solutions [Fe(1-
pp)2]n[Ru(terpy)2]1–n[BF4]2 show some small phase separation

hen n ≈ 0.5, but other compositions are phase-pure, adopting

he P21 lattice when n ≥ 0.47 and the Cc lattice when n ≤ 0.28.
here is no evidence for segregation of [Fe(1-bpp)2]2+ centres into
he P21 lattice, and of [Ru(terpy)2]2+ into the Cc lattice, in com-
ositions containing both crystal phases. Importantly there is no
dom distribution of undistorted and Jahn–Teller distorted iron centres (Fig. 10) [68].

intermolecular exchange of 1-bpp and terpy ligands between the
iron and ruthenium centres in the crystallisation solvent used by
1H NMR. So, the solid solutions will contain purely [Fe(1-bpp)2]2+

and [Ru(terpy)2]2+, with no significant mixed-ligand contaminants
[32].

The spin transitions in [Fe(1-bpp)2]n[Ru(terpy)2]1−n[BF4]2 are
typical for doped spin-crossover materials [24], becoming more
gradual as n decreases and the iron centres become more dilute
(Fig. 14) [32]. The mid-point temperature of the spin transition T½
shows an unusual trend, however in that T½ decreases only slightly
with n when n > 0.57, before showing a small increase upon further
dilution (Fig. 14) [24]. We attribute this discontinuity to the differ-
ent space groups adopted by the solid solutions: predominantly P21
when n ≥ 0.47, and Cc when n = 0.28. Presumably the Cc structure
stabilises the low-spin state of [Fe(1-bpp)2]2+ to a slightly greater
degree than the P21 lattice. Comparable behaviour is shown by
[FemZn (ptz) ][BF ] (ptz = 1-propyltetrazole), where a crystal-
Fig. 14. Top: Warming mode magnetic data for [Fe(1-bpp)2]n[Ru(terpy)2]1−n[BF4]2.
Data for each compound are linked by a spline curve for clarity. Bottom: Composi-
tional dependence of T½ for [Fe(1-bpp)2]n[Ru(terpy)2]1−n[BF4]2 [32].
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Fig. 16. Relationship between T½ and TLIESST for nine compounds in the [Fe(1-
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Preliminary solid-state fluorescence measurements showed
hat the solid solutions gave a typical [Ru(terpy)2]2+ emission spec-
rum below 100 K when n ≤ 0.47, albeit with a strongly reduced
uorescence intensity compared to the neat ruthenium complex,
ut are not emissive near room temperature [32]. While fluo-
escence and spin-crossover are not observed under the same
emperature regime in these materials, the fact that we can co-
rystallise two such molecules in a homogeneous phase while
etaining their functionalities is still extremely promising. Since
Ru(terpy)2]2+ is a different shape from [Fe(1-bpp)2]2+ and is 10%
arger by volume, the tolerance of the terpyridine embrace for two
uch different cations is remarkable for a molecular lattice.

A set of isomorphous solid solutions [FemNi1−m(1-bpp)2][BF4]2
as also studied, for purposes of comparison with the mixed-cation
aterials. The iron/nickel samples behaved completely typically for
etal-diluted spin-crossover solids, and again implied that cations

n the terpyridine embrace lattice are quite insensitive to small
hanges in their local environment [32] (c.f. the mixed-anion mate-
ials [Fe(1-bpp)2][BF4]x[ClO4]2−x, Section 6 [31]).

. The LIESST effect

Spin-crossover and low-spin materials from the [Fe(1-bpp)2]2+

amily regularly exhibit the LIESST effect (Section 1) upon
rradiation with green laser light at 10 K or below (Fig. 15)
31,34,35,52,59,69]. Photoconversions of 80–100% during irradia-
ion are common for samples that exhibit thermal spin-crossover
elow room temperature [31,34,35,52,59], while even materials
hat are low-spin at room temperature can give up to 40% con-
ersion [52,69]. Only one pair of compounds in this article has
een reported to fail in the LIESST experiment, namely [Fe(L38)2]X2
X− = BF4

− and ClO4
−) which relaxed instantaneously back to their

ow-spin ground state when the laser was turned off [85]. The
eason for this unique behaviour, for a [Fe(1-bpp)2]2+ complex,
s uncertain although it may be relevant that those compounds
re fluorescent [63]. The thermal relaxation temperatures of the
etastable high-spin states generated by irradiation (TLIESST, Fig. 15)

re usually between 65 and 100 K [34,35,52,59]. That is at the high
nd of the typical range of values for molecular compounds [4].

The availability of a series of chemically similar compounds with
ifferent thermal spin-crossover temperatures has been useful for

he development of the theory of LIESST phenomena. Létard et al.
ave proposed that the thermal stability of the LIESST excited state

n a solid material is a function of molecular structure, rather than
he wider crystal lattice [4]. For chemically similar compounds the

ig. 15. The LIESST behaviour of [Fe(1-bpp)2][BF4]2 [34,35]. The sample was cooled,
rradiated at 10 K until its magnetisation saturated, then rewarmed.
bpp)2]2+ series (there are two data points overlaid at T½ = 201, TLIESST = 100 K)
[34,35,52]. The solid line shows the previously proposed linear correlation between
T½ and T(LIESST) for other complexes of meridional tridentate ligands [4,106]. The
outlying data point (©) is for [Fe(L1)2][BF4]2·xH2O [59].

TLIESST values follow the empirical relationship Eq. (4).

TLIESST = T0 − 0.3T½ (4)

The form of Eq. (4) reflects Hauser’s previously proposed inverse
energy gap law, where a reduction in T½ reflects a stabilisation of the
high-spin state relative to the low-spin state. That leads to a reduced
driving force for relaxation of the same high-spin state, when it is
kinetically trapped in the LIESST experiment, and a correspond-
ing increase in TLIESST [104]. Experimentally, T0 is a function of the
rigidity of the ligand donor sphere bound to the iron centre. Thus,
complexes of monodentate ligands follow Eq. (4) with T0 = 100 K
[105], complexes of bidentate ligands show T0 = 120 K [105], and
tridentate tris-heterocyclic ligands give T0 = 150 K [106]. Eight com-
plexes from the [Fe(1-bpp)2]2+ series have now been found to obey
Eq. (4), with the same value of T0 = 150 K that had been previously
proposed using a different set of materials (Fig. 16) [34,35,52].

The importance of the 1-bpp ligand framework in control-
ling TLIESST is emphasised by the following comparison. TLIESST for
[Fe(1-bpp)2][BF4]2 (T½ = 260 K) is 81 K (Fig. 15), in general agree-
ment with the value predicted by Eq. (4) with the appropriate T0
value of 150 K [34,35]. Conversely [Fe(L41)2][ClO4]2·H2O (L41 = 2,6-
di[pyrazol-1-ylmethyl]pyridine, Scheme 12) exhibits a very similar
T , = 250 K, but a much lower T of 38 K [107]. That reflects the
½ LIESST
increased conformational flexibility of the L41 ligands, whose hete-
rocyclic donor groups are separated by methylene spacers rather
than being directly linked. In effect, the LIESST response from
[[Fe(L41)2][ClO4]2·H2O resembles that expected from a complex of

Scheme 12. [Fe(L41)][ClO4]2·H2O [107].
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ix independent monodentate heterocyclic donors, rather than that
f two rigid tridentate ligand domains as in the 1-bpp compound.

Although the thermal stability of a LIESST excited state in a solid
olecular compound is only slightly perturbed by its extended lat-

ice, the lattice has a strong influence on the rate of the LIESST
elaxation reaction. Kinetic data have been measured for LIESST
elaxation in eight [Fe(1-bpp)2][BF4]2 complex salts, all of which
dopt the terpyridine embrace structure. These compounds all
how strongly self-accelerating LIESST relaxation kinetics, imply-
ng that relaxation of one molecule makes the relaxation of its
eighbours more favourable. That can be modelled by a sig-
oidal equation, to account for intermolecular cooperativity [4].

he activation energies for relaxation derived from these data
re all Ea = 104 cm−1, while cooperativity energies span the range
0 ≤ Ea* ≤ 390 cm−1 [35,52]. These are at the high ends of the val-
es that are usually observed in molecular materials [108,109]. The
esultant implication, that intermolecular cooperativity in the ter-
yridine embrace lattice is strong, is supported by two additional
bservations. First, the two terpyridine embrace materials with the

east abrupt thermal spin transitions, [Fe(L20)2]X2 (X− = BF4
− and

lO4
−), also yield the lowest values of relaxation cooperativity Ea*

35]. Second is that the two compounds in this work that have
een measured in this way and do not crystallise in the terpyridine
mbrace lattice, [Fe(L1)2][BF4]2·xH2O [59] and [Fe(L17)2][BF4]2 [52],
xhibit much less cooperative relaxation kinetics.

LIESST experiments have also been performed on single crystals
f some of the compounds in this work. Three of the terpyri-
ine embrace crystals, [Fe(1-bpp)2][BF4]2 [33] and both salts of
Fe(L20)2]X2 (X− = BF4

− and ClO4
−) [35,77], undergo complete

ow → high-spin conversion without significant decomposition
hen irradiated on the diffractometer at 30 K. The thermal relax-

tion temperatures of these excited crystals, as determined from
nit cell measurements at increasing temperatures, perfectly
atched those shown by bulk powders of the compounds. Full

tructure determinations were achieved on all three excited crys-
als, allowing two different electronic states of the same molecules
o be structurally characterised at the same temperature. The

olecular structures of the LIESST high-spin states at 30 K, and
he corresponding thermally populated high-spin states at room
emperature, were identical within experimental error for all three
ompounds. That contrasts with other experiments of this type,
here small but real differences in metric parameters between the

wo structures are often observed [110]. That has been attributed
o the effects of anisotropic contraction of the crystal on cooling,
eading to the molecules experiencing different lattice pressures at
he very different temperatures of the two experiments, although
t might also reflect incomplete photoconversion in the crystal
uring irradiation [111]. In any case, it is reasonable that the effec-
ively axial symmetry of the terpyridine embrace structure (a 
 b,

 90◦), with the molecular and crystalline unique axes almost per-

ectly coincident, should lead to a relatively small variation in the
istribution of lattice pressure in these three compounds at differ-
nt temperatures. Crystallographic characterisation of the LIESST
igh-spin states of [Fe(L1)2][BF4]2·xH2O (x = 0 and 1/3, see below)
ere also achieved [59].

The LIESST effect in [Fe(L1)2][BF4]2·xH2O is particularly unusual
59]. As described in Section 3.2 this solid undergoes a kineti-
ally slow spin transition, at a temperature depending on its water
ontent x. The transition proceeds through a mixed spin-state inter-
ediate crystal phase, that the material becomes trapped in if it is

ooled too quickly. Laser irradiation of the low-spin or the mixed-

pin phase at 10 K affords 100% conversion to the same high-spin
tate, that decays to the fully low-spin form at TLIESST = 81 K (Fig. 17).
here are two novel aspects to this behaviour. Usually, a LIESST
xcited state relaxes back to the same phase from which it was
enerated [106,108,112]. However, the high-spin excited state gen-
Fig. 17. The LIESST behaviour of [Fe(L1)2][BF4]2·xH2O [59]. The sample was irradi-
ated at 10 K until its magnetisation saturated (©), then warmed (�). The compound’s
thermal spin transition is also shown, for comparison (�).

erated from the mixed-spin phase of [Fe(L1)2][BF4]2·xH2O decays
instead to the fully low-spin state, apparently violating the prin-
ciple of microscopic reversibility (Fig. 17). Kinetic measurements
confirmed that there is no hidden intermediate in the relaxation
process, which proceeds cleanly from high-spin to low-spin with-
out passing through the mixed-spin intermediate [59]. In addition,
the LIESST relaxation in [Fe(L1)2][BF4]2·xH2O takes place in one
step, where Eq. (4) implies there should be two (reflecting the two
steps in the thermal transition) (Fig. 17) [35,113]. Hence, although
the thermal spin transition is sensitive to the water content of the
material, the LIESST relaxation reaction is not.

These observations all imply that high → low-spin crossover
under thermal (thermodynamic control) and LIESST relaxation
(kinetic control) conditions have become decoupled from each
other in this material. Although the structural basis for this novel
behaviour remains uncertain, it is noteworthy that this is the only
material from the [Fe(1-bpp)2]2+ series so far whose LIESST prop-
erties are not described by Eq. (4) (Fig. 16). It may be relevant that
Eq. (4) predicts TLIESST ≈ 118 K for hydrated [Fe(L1)2][BF4]2·xH2O
(x = 1/3), which is above its T½ value of 105 K. That physical impossi-
bility is avoided by the different pathways of the thermal and LIESST
spin transitions, which allows the material to access a lower TLIESST
value.

9. Conclusions

The range of substituents that can be added to the periphery of
the [Fe(1-bpp)2]2+ cation gives it two features that set it apart from
other workhorses in spin-crossover research. First, is the availability
of a series of spin-transition materials whose structural chemistry
is similar enough to allow trends in their behaviour to be identified
[65]. Second, is the ability to incorporate additional functionality
at a remote site from the coordinated metal ion which, for exam-
ple, has allowed the synthesis of linear polymers of [Fe(1-bpp)2]2+

centres [68,74]. There is strong potential for the synthesis of more
multifunctional molecules based on this ligand scaffold [70,73].
These advantages are partly offset, however, by the prevalence of
the angular Jahn–Teller distortion in this system which traps many
solid [Fe(1-bpp)2]2+ derivatives in their high-spin state (Section 5).

The consistent form of the spin transitions in [Fe(1-bpp)2]2+

and [Fe(3-bpp)2]2+ salts that adopt the terpyridine embrace lattice

(Fig. 12), represents the one of the first occasions that a particu-
lar spin-crossover functionality can be attributed to a particular
form of crystal packing [65]. Although definitive proof is still to be
obtained, there is strong circumstantial evidence that cooperativ-
ity in these compounds is transmitted between molecules in two
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imensions, within the four-fold layers of the lattice [31,65]. The
nly other spin-crossover materials that have been studied in this
mount of detail are compounds of type [Fe(NCS)2L2] (L = a biden-
ate bis-imine donor ligand), whose cooperativity, T½ and TLIESST
ll correlate well with �� (Eq. (3), Section 5) [88,90]. There is
ome indication that �� may also have a bearing on the coop-
rativity in [Fe(1-bpp)2]2+ compounds, although more examples
hat have been structurally characterised in both spin states are
equired to confirm that suggestion (Table 5). The LIESST behaviour
f [Fe(1-bpp)2]2+ derivatives is also notably consistent [35,52], with
he important exception of [Fe(L1)2][BF4]2·xH2O [59] (Fig. 16). The
omplicated phase behaviour and anomalous LIESST relaxation of
hat compound make it one of the most complex spin-crossover

aterials yet to have been discovered.
Remarkably the terpyridine embrace structure type is robust

nough that it can accommodate two completely different complex
ations, [Fe(1-bpp)2]2+ and [Ru(terpy)2]2+, in a homogeneous phase
32]. Since metal terpyridine complexes can exhibit various types of
unctionality [114], including spin-crossover [8], this is potentially
powerful new method for preparing multifunctional switchable
aterials.

upplementary data

Full crystallographic data for [Fe(1-bpp)2][I3]2 [41], which has
ot been published elsewhere, are available on request from the
ambridge Crystallographic Data Centre, 12 Union Road, Cambridge
B2 1EZ, UK (http://www.ccdc.cam.ac.uk/). The CCDC deposition
umber is 734793.
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[40] J. Elhaϊk, D.J. Evans, C.A. Kilner, M.A. Halcrow, Dalton Trans. (2005) 1693.
[41] [Fe(1-bpp)2][I3]2 was isolated under the same conditions used for

[Fe(1-bpp)2]I0.5[I3]1.5 [39], but using a different batch of FeI2 start-
ing material. Crystal data for [Fe(1-bpp)2][I3]2: C22H18FeI6N10, Mr

1239.71, triclinic, P1̄, a = 19.4467(12), b = 24.1237(14), c = 24.9584(15) Å,
˛ = 80.400(4)◦ , ˇ = 68.204(4)◦ , � = 79.977(4)◦ , V = 10638.7(11) Å3, Z = 12,
�(MoK˛) = 5.677 mm−1, T = 293(2)K, 141833 reflections collected, 43667
unique (Rint = 0.048), R1(F), I > 2�(I) = 0.066, wR2(F2), all data = 0.223, S = 1.009.

[42] D.L. Jameson, K.A. Goldsby, J. Org. Chem. 55 (1990) 4992.
[43] J.M. Holland, C.A. Kilner, M. Thornton-Pett, M.A. Halcrow, Polyhedron 20

(2001) 2829.
[44] X. Sun, Z. Yu, S. Wu, W.-J. Xiao, Organometallics 24 (2005) 2959.
[45] M.A. Halcrow, Dalton Trans. (2009) 2059.
[46] N.K. Solanki, E.J.L. McInnes, F.E. Mabbs, S. Radojevic, M. McPartlin, N. Feeder,

J.E. Davies, M.A. Halcrow, Angew. Chem. Int. Ed. 37 (1998) 2221.
[47] L. Han, M. Nihei, H. Oshio, Polyhedron 24 (2005) 2409.
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