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Interplay Between Kinetically Slow Thermal Spin-Crossover and Metastable
High-Spin State Relaxation in an Iron(II) Complex with Similar 7', and

T(LIESST)
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Abstract: This paper describes the first
material to show the well-known light-
induced excited spin-state trapping
(LIESST) effect, the metastable excit-
ed state of which relaxes at a tempera-
ture approaching its thermal spin-cross-
over. Cooling polycrystalline [FeL,]-
[BF,],:xH,0O (L=2,6-bis{3-methylpyr-
azol-1-yl}pyridine; x=0-%) at
1 Kmin™' leads to a cooperative spin
transition, taking place in two steps
centered at 147 and 105 K, that is only
54% complete by magnetic susceptibil-
ity. Annealing the sample at 100 K for
2 h results in a slow decrease in y\7 to

netically slow. The crystalline high- and
fully low-spin phases of [FeL,]-
[BF,],:xH,O are isostructural (C2/c,
Z=38), but the spin-crossover proceeds
via a mixed-spin intermediate phase
that has a triple unit cell (C2/c, Z=24).
The water content of the crystals is
slowly lost on exposure to air without
causing decomposition. However, the
high-spin/mixed-spin transition in the
crystal proceeds at 110 +20 K when x=
!/, and 15545 K when x=0, which cor-
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respond to the two spin-crossover steps
seen in the bulk material. The high-
spin state of the compound is generat-
ed quantitatively by irradiation of the
low-spin or the mixed-spin phase at
10K, and in approximately 70 % yield
by rapidly quenching the sample to
10 K. This metastable high-spin state
relaxes back to the low-spin ground
state at 87+ 1 K in one, not two, steps,
and without passing through the inter-
mediate phase. This implies that ther-
mal spin-crossover and thermally acti-
vated high-spin—-low-spin relaxation in
this material become decoupled, thus

zero, showing that the remainder of the
spin-crossover can proceed, but is ki-
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avoiding the physical impossibility of 7=
(LIESST) being greater than 7',

Introduction

Spin-crossover transition-metal systems are some of the
most intensively studied switchable molecular compounds.!
Materials of this sort can interconvert between high-spin
(HS) and low-spin (LS) electronic states in response to an
external stimulus, which might be a change in temperature
or pressure, or exposure of the sample to laser irradiation or
a strong magnetic field. When cooperativity between spin
centers in the sample is strong, a thermal spin transition
may exhibit a thermal hysteresis loop of up to 60K in
width.?! In this case a material is truly bistable within this
hysteresis loop, since it can exist in either its HS or LS form
in this temperature range depending on its history.”] More-
over, by inducing a transition at low temperature it is often
possible to trap a solid material in a metastable (usually
HS) state; this is most commonly accomplished by laser irra-
diation at 10 K or below (termed light-induced excited spin-
state trapping or LIESST effect).! This is particularly
common in iron(II) spin-transition complexes, which have
large structural differences between their HS and LS
states.”] This gives rise to increased quantum mechanical
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tunneling barriers, which can prevent a metastable HS com-
pound from relaxing back to its ground state until an activa-
tion temperature for thermal relaxation is reached.’ In par-
ticularly favorable cases, the metastable spin state of the
sample may be stable to thermally activated decay at tem-
peratures up to 120 K, although relaxation temperatures
below 50 K are a lot more common in practice. This corre-
sponds to another type of bistability, between the ground
state and a kinetically trapped, metastable excited state of
the same material, which can be interconverted photochemi-
cally below the relaxation temperature.

Since LS and HS forms of the same compound are often
different colors, as well as having different magnetic mo-
ments, both types of bistability lend themselves to a variety
of potential applications. For example, the use of spin-cross-
over (SCO) materials as components in optical displays®™?)
and dielectric memory devices,'*!"! and as MRI contrast
agents“z] have all been demonstrated and, in some cases,
patented.®>< Spin-crossover effects are also important in
some biological and geological systems."™! For these reasons,
the synthesis of new SCO materials, and the structural and
physical chemistry underlying spin transitions and spin-trap-
ping phenomena, are of very strong continuing interest.!"*

Since the stability of a LIESST excited state depends on
the method used to measure it, we introduced the idea of
quantifying this photomagnetic phenomenon by systemati-
cally determining the T(LIESST) values!™ of a range of ma-
terials using a standardized procedure.' Here, T(LIESST)
represents the limiting temperature above which any light-
induced HS information is erased inside the cavity of a
SQUID magnetometer when the temperature is increased at
the rate of 0.3 Kmin~!. Through these experiments we have
produced a database of more than sixty iron(II) spin-cross-
over materials with nitrogen-donor ligands,'” and we have
found that a simple linear relation governs the photomag-
netic properties of most of these compounds [Eq. (1),
Figure 1], in which T:, is the thermal spin transition temper-

T(LIESST) / K

1 L 1 L L, =100K \[
50 100 150 200 250 300 350

Thermal Spin Transition T,/ K

Figure 1. The relationship between the thermal- and light-induced spin
transitions of the series of complexes based on the 2,6-dipyrazol-1-yl pyri-
dine ligand, following the 7,=150 K line. The shaded area is where Ti, is
predicted to be greater than T(LIESST).
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ature and T, is an empirical parameter corresponding simply
to the y intercept of the line defined by the data.’

T(LIESST) = T,—0.3 T\, (1)

While the detailed physical origin of 7, is uncertain, it ap-
pears to depend primarily on the geometry and conforma-
tional rigidity of the ligand donors about the metal ion. Fac-
tors outside the inner metal coordination sphere, such as in-
termolecular cooperativity, crystal packing, and the identity
of any anions and solvent in the material, result in only
minor perturbations to 7, for a given set of metal com-
plexes.'! To date, four series of compounds showing parallel
T, lines have been demonstrated, with values of 100 K (com-
plexes of monodentate ligands),”” 120K (bidentate li-
gands),"” 150 K (meridional tridentate ligands)'**” and
200 K (three-dimensional network solids).?!! Although it is
purely an empirical relationship, Equation (1) has clear pre-
dictive value, and a current challenge is to design new mate-
rials with increased T, values to yield bistable materials the
excited spin states of which can be trapped near room tem-
perature. Since T(LIESST) and T:, are inversely dependent
on each other, from the inverse energy gap law,*” there is a
theoretical maximum possible value of T(LIESST) for each
T, line, for which T(LIESST) and T, are equal (Figure 1).
The rationale for this study was to investigate this limitation,
by preparing a material whose thermal and photomagnetic
properties exhibit this condition. No such compounds have
been made before.

For the past five years, we have been studying iron(II)
complexes of tridentate 2,6-di(pyrazol-1-yl)pyridine and 2,6-
di(pyrazol-1-yl)pyrazine ligands.”®) Different homoleptic
complex salts of this series of ligands exhibit a variety of
thermal spin-crossover regimes,>*"! several of which are
mediated by unusual structural chemistry.*?*) Many of
these transitions occur close to room temperature, 24253
and the spin states of individual members of this series can
be predicted qualitatively by considering the steric and in-
ductive properties of any substituents on the ligand periph-
ery.’!! Moreover, most of these compounds exhibit the
LIESST phenomenon,®??! quantitatively forming long-
lived trapped HS states, three of which we have been able
to characterize crystallographically.?®*3" The thermal sta-
bility of these trapped HS states closely follows the T,=
150 K line defined by Equation (1) that we had previously
proposed for iron(II) complexes of tridentate nitrogen-
donor ligands (Figure 1).1%2" For these reasons, we decided
to pursue iron complexes of 2,6-bis(3-methylpyrazol-1-yl)-
pyridine (L).P? Precedent suggests that the steric influence
of the methyl substitutents in [FeL,]**, which lie close to the
inner  coordination  sphere
about the metal ion, should sta-
bilize its HS state to a small

X
extent, thus lowering its ther- | P
mal spin-transition value.”"*! /N7 NT TN
This paper describes the fasci- =N L N=

natingly complex spin-crossover
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behavior exhibited by [FeL,][BF,l,,xH,O (x=0-/;), whose
thermal spin transition does indeed occur at a point on the
T,=150 K line at which T(LIESST) and T:, are predicted to
be very close (Figure1). Surprisingly, and uniquely, the
proximity of these transition temperatures is avoided by the
thermal spin-crossover and LIESST relaxation processes in
this material becoming separated from one other.

Experimental Section

The complex [FeL,][BF,], was prepared as described previously.®” Diffu-
sion of diethyl ether vapor into a solution of the crude material in metha-
nol yielded yellow prisms of formula [FeL,][BF,],-x H,O.

Crystallography: Crystallographic data were collected on a Bruker
APEX diffractometer equipped with a molybdenum microsource®®! (w-
scan, 0.3°/frame) with graphite-monochromated Moy, radiation (A=
0.71073 A). Between 360 and 110 K the crystals were cooled in a flow of
chilled nitrogen gas by using an Oxford Cryosystems Cryostream.!
Below 110 K cooling was carried out in a flow of chilled helium with an
Oxford Cryosystems HELIX.**%") All data processing was carried out by
using the SAINT® and XPREP®! software packages. Absorption cor-
rections were applied using SADABS.®) The structures were solved by
direct methods and refined on F* using full matrix least-squares methods
within the SHELXTL suite.* The hydrogen atoms were placed geomet-
rically and treated with a riding model. For the LIESST experiments the
samples were irradiated for ten minutes with a He:Ne laser (A=
632.8 nm, 25 mW), whilst on the diffractometer. Selected crystallographic
parameters are presented in Tables 1-3.

CCDC-631048-631057 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.

Table 1. Selected crystallographic parameters for [FeL,][BF,], at 200,
130, and 90 K.

formula CysH,BFgFeN |y  CygHyB,FsFeNy, CyH,oB,FgFeNy,
M, 708.04 708.04 708.04

spin state high spin mixed spin low spin

T [K] 200 130 90

shape irregular irregular irregular
color yellow yellow brown
crystal system monoclinic monoclinic monoclinic
space group C2/c C2/c C2/c

a[A] 23.341(5) 54.88(1) 22.707(5)

b [A] 11.000(2) 10.892(2) 10.817(2)
c[A] 24.037(5) 31.997(6) 24.162(5)
BI°] 95.44(3) 109.77(3) 93.11(3)
VA% 6144(2) 17999(6) 5926(2)

V4 8 24 8

Pecatea [Mgm ™) 1.531 1.568 1.587

w [mm™] 0.576 0.590 0.598

crystal size [mm] 0.20x0.16x0.12 0.20x0.16x0.12 0.20x0.16x0.12
0 range [°] 1.70 to 23.26 1.32 to 35.00 1.69 to 35.02
reflns collected 8676 49319 14609
independent 4105 28791 9088

reflns

Ry 0.0382 0.0583 0.0712
wR(F?) (all data)  0.1437 0.2331 0.2944

R(F) (all data) 0.0510 0.1361 0.1421
parameters 428 1282 428

GOF 1.132 1.017 1.027
max/min Ap 0.47/-0.49 2.09/-1.34 2.04/-2.32
[eA™]
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Table 2. Selected crystallographic parameters for [FeL,][BF,],"'4H,0 at
200 K, 130 K and 90 K.

formula CyHyB,FgFeN,, C,HyB,FsFeN,, C,sH,:B,FsFeN,
M, 708.04 708.04 708.04

spin state high spin high spin mixed spin
T [K] 200 130 90

shape prism prism prism

color yellow yellow brown
crystal system monoclinic monoclinic monoclinic
space group C2/c C2/c C2/c

a[A] 23.425(5) 23.285(5) 55.28(1)

b [A] 11.000(2) 10.965(2) 10.957(2)
c[A] 24.017(5) 23.914(5) 31.973(6)

B °] 95.56(3) 95.63(3) 108.88(3)
VA% 6159(2) 6076(2) 18325(6)

V4 8 8 24

Deatea [Mgm ] 1.540 1.560 1.551

u [mm™] 0.577 0.584 0.581

crystal size [mm]  0.16x0.13x0.11 0.16x0.13x0.11  0.16x0.13x0.11
6 range [°] 1.70 to 26.33 1.71 to 26.05 0.78 to 26.06
reflns collected 16308 15666 41067
independent 5371 5220 15090

reflns

Ry 0.0219 0.0230 0.1135
wR(F?) (all data)  0.1462 0.1537 0.4464

R(F) (all data) 0.0606 0.0630 0.2352
parameters 432 432 585

GOF 1.120 1.139 1.285
max/min Ap 0.87/-0.38 1.02/-0.45 3.86/—1.46
[eA™]

Reflectivity measurements: The reflectivity was investigated by using a
home-built reflectivity setup coupled with a CVI spectrometer; this setup
allowed us both to collect the reflectivity spectra in the 450-950 nm
range at a given temperature, and to follow the temperature dependence
of the signal at a selected wavelength (£2.5 nm) between 5 K and 290 K.
The instrument was also equipped with an optical detector, which collect-
ed the whole reflected intensity and gave the total reflectivity signal as a
function of temperature. The source of white light consisted of a halogen
lamp emitting between 300 and 2400 nm. This analysis was performed di-
rectly on a thin layer of the available solid samples in the form of a poly-
crystalline powder without any dispersion in a matrix. It was checked
that no change in the powder was recorded after a thermal cycle.

Magnetometry: Magnetic measurements were performed on polycrystal-
line powder samples weighing 19.6 mg by using a MPMS-55 Quantum
Design SQUID (Superconducting Quantum Interference Device) magne-
tometer operating H=2T between 2-300 K at atmospheric pressure,
with a speed of 10 Kmin™' in the settle mode, giving an effective temper-
ature ramp of 0.3 Kmin'. The data were corrected for the magnetization
of the sample holder and for diamagnetic contributions from Pascal’s
constants. !

The photomagnetic measurements were performed by using a Spectrum
Physics Series 2025 Kr* laser (=532 nm) coupled by means of an opti-
cal fiber to the cavity of an MPMS-55 Quantum Design SQUID magne-
tometer and the power at the sample surface was adjusted to 5 mWcm 2.
It was noted that there was no change in the data due to heating of the
sample. For the photomagnetic experiments the samples consisted of a
thin layer of compound, the weight of which was obtained by comparison
of the thermal spin-crossover curve with that of a more accurately weigh-
ed sample of the same compound. Our previously published, standar-
dized method for determining LIESST properties was followed.' After
cooling slowly to 10 K the sample, now in the LS state, was irradiated,
and the change in magnetism followed. When the saturation point had
been reached the light was switched off and the temperature increased at
a rate of 0.3Kmin~' with the magnetization measured every 1K.
T(LIESST) was determined from the minimum of the dy7/0T versus T
curve for the relaxation process.

www.chemeurj.org
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Table 3. Selected crystallographic parameters for [FeL,][BF,],-'s H,O after flash freezing to 30 K, after cooling from 300 K at 120 Kh™', after irradiation

of the slow cooled crystal and after cooling from 100 to 30 K.

Flash freezing

Cool at 120 K/hr

After irradiation Cooling from 100 K

formula CyeHyp6B,FsFeNOy53 CyHy6B,FsFeN Oy 33 CyHy6B,FsFeNOy.53 CyHy6B,FsFeN Oy 33
M, 713.38 713.38 713.38 713.38

spin state high spin mixed spin high spin low spin

T [K] 30 30 30 30

shape irregular irregular irregular prism

color yellow brown yellow brown

crystal system monoclinic monoclinic monoclinic monoclinic
space group C2/c C2/c C2lc C2/c

a[A] 23.229(5) 54.91(1) 23.078(5) 22.789(5)

b [A] 10.935(2) 10.872(2) 10.948(2) 10.836(2)
c[A] 23.801(5) 31.710(6) 23.797(5) 24.023(5)
Al 96.02(3) 108.94(3) 95.66(3) 93.86(3)

vV [AY 6012(2) 17905(6) 5983(2) 5919(2)

V4 8 24 8 8

Peatea [Mgm 7] 1.576 1.588 1.584 1.601

u [mm™] 0.590 0.595 0.593 0.600

crystal size [mm] 0.25%0.24x0.12 0.25%0.24x0.12 0.25%0.24x0.12 0.25%x0.20x0.15
0 range [°] 1.76 to 28.31 0.78 to 28.30 2.63 to 28.02 0.170 to 28.40
reflns collected 22123 42076 16766 15639
independent reflns 6696 18466 5856 6466

Ry 0.0372 0.0790 0.0190 0.0311

wR(F?) (all data) 0.1486 0.3255 0.0965 0.4885

R(F) (all data) 0.0742 0.1802 0.0433 0.2035
parameters 432 585 432 197

GOF 1.041 1.039 1.072 2.060
max/min Ap [e A~ 1.62/-0.57 3.56/—1.38 0.59/-0.33 4.98/-1.86

Other measurements: Powder diffraction data were obtained with a
PANalytical X’Pert MPD diffractometer with Cu radiation (A=
1.5418 A). '"H NMR spectra were run using a Bruker ARX250 spectrom-
eter operating at 250.1 MHz. IR spectra were run as nujol mulls pressed
between NaCl plates using a Nicolet Avatar 360 spectrophotometer.

Results and Discussion

Synthesis and magnetochemistry of [FeL,][BF,],,xH,O: As
we have reported previously, crystallization of [FeL,][BF,],
from MeCN/Et,O affords a solvate [FeL,|[BF,],-4 MeCN
that undergoes a complete, but very gradual, thermal spin
transition centered near 175 K from a variable-temperature
crystallographic study.®? However, the variable-temperature
susceptibility behavior of dried, bulk samples of [FeL,]-
[BF,],, crystallized from MeCN, acetone or MeNO,, was un-
usual and very sample-dependent (see Supporting Informa-
tion). Visual inspection and unit cell determinations on
single crystalline samples grown from these solvents estab-
lished that the complex crystallizes as mixtures of phases,
which always included a hydrate of formula [FeL,]-
[BF,],-xH,O. This phase can be prepared in pure form by
recrystallization from MeOH/Et,0, and all the experiments
described below used material obtained in this way. The
water content “x” varies between 0-'/; by crystallography,
depending on the age of the sample. Unfortunately this is
too small to detect reliably by microanalysis, while the char-
acteristic broad H-O-H bending vibration at 1630 cm™' in
the IR spectrum of the lattice hydrates*!! was obscured by
two strong vibrations from the “L” ligand, at 1593 and
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1626 cm™!'. However, the paramagnetic 'H NMR spectrum
of freshly crystallized [FeL,][BF,,,xH,0 in pre-dried
CD;NO, did show a water peak at 2.3 ppm, that integrated
to 0.6+£0.1 H relative to the other peaks from the L ligand
(that is, x=0.3). The phase purity of our [FeL,][BF,],-xH,O
was confirmed by powder diffraction data at 200 K, which
showed excellent agreement with that predicted from its
crystal structure at that temperature (see Supporting Infor-
mation).

However, even phase-pure [FeL,|[BF,],,»H,0 showed
sample-dependent magnetic behavior. Fresh powder samples
showed a pronounced plateau in their spin transition, which
occurred in two steps centered near 110 and 140 K. In older
samples, which had been stored for three months, this pla-
teau was much narrower or missing altogether, with the
entire spin transition taking place around 140 K (see Sup-
porting Information). The origin of the plateau relates to
the water content of the sample, which is slowly lost upon
exposure to air; this is described in more detail below. All
the magnetic and photomagnetic experiments described
below were carried out using the same polycrystalline
sample, which was approximately three weeks old.

Figure 2 shows the thermal spin transition measured from
this sample in both the cooling and warming mode at a rate
of 1 Kmin™". The complex is completely HS at 300 K, show-
ing yuT=3.5 cm®*Kmol"."" On cooling the compound un-
dergoes a partial spin transition between 150 and 90 K, oc-
curring in two steps that both show a pronounced hysteresis.
The first of these steps is centered at 147 K, with a hysteresis
width of 6 K, while the second step is centered at 105 K

Chem. Eur. J. 2007, 13, 5503 -5514
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Figure 2. The thermal spin transition in warming and cooling modes of
[FeL,][BF,],;xH,0, at a scan rate of 1 Kmin".

with an 18 K hysteresis loop. The spin transition is incom-
plete, with a final y7 value of 1.6 cm*Kmol ™! rather than
the 0 cm?Kmol™" expected for a complete LS iron(II) spe-
cies. This suggests that approximately 46 % of the material
remains in its HS state after cooling.

Equation (1) with 7,=150 K implies that any LIESST ex-
cited state associated with the partial spin transition at T, =
105 K should decay at 118 K. It is physically impossible for
T(LIESST) to be greater than T:, in practice, but the similar
values of these parameters imply that kinetic effects could
play a substantial role in spin-crossover in this compound.
To investigate this further, the experiment shown in Figure 3
was carried out. The sample was first cooled from room
temperature to 100 K then poised at that temperature, and
the evolution of the susceptibility measured over a two hour
period (Figure 3a, stage 1). A dramatic decrease of the mag-
netic signal was observed during that time, reaching a final

35| @
3.0/
251

2.0 o) ®

1.59

&

Xy T/ cm? K mol™!

1.0

-
[T X XY

0.51
2

0.0 T T T T T T T T )
50 100 150 200 250 S50 100 150 200 250

Temperature / K

Figure 3. The thermal spin transition and relaxation of [FeL,]-
[BF,],:xH,0. a) The sample is rapidly cooled to 100 K, and annealed at
that temperature for 2 h. The black circles show the change in susceptibil-
ity of the sample during that period. b) The temperature of the resultant
low-spin material is scanned at 1 Kmin~', through the ranges 100—5—
250—50 K (see text for more details). For comparison, the original data
from Figure 2 are also shown as open squares.
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aT~0cm’Kmol™, as expected for a completely LS
iron(II) species. The sample was then cooled to 10 K (Fig-
ure 3b, stage 2), with y,,7 remaining close to 0 cm’Kmol .
On warming from 10 K the sample remains fully LS until
115 K (stage 3) when then there is a sudden increase in yy7T
to 2.5cm?*Kmol™" (stage 4) followed by a short plateau
(stage 5) and another abrupt increase (stage 6) to reach the
fully HS state at 160 K with yy,7=3.5 cm’Kmol ' (stage 7).
The sample was then cooled again from this temperature
(stages 8-12), and was found to undergo an incomplete ther-
mal spin transition identical to that observed initially before
cycling through the low-spin state (Figure 2).

Figure 4 shows the evolution of the susceptibility mea-
sured over a two hour period at 150, 140, 130, 120 and
100 K, respectively. In each case, the stationary limit

ImT / em* K mol™!

&
0.0 L R e
20 40 60 80 100 120 140 160 180 200 220 240

Temperature / K

Figure 4. Kinetic studies of spin-crossover in [FeL,][BF,],.xH,0O. The
black circles show the change in susceptibility of the sample over a two
hour period at 100, 120, 130, 140, and 150 K. For comparison, the original
data from Figure 2 are also shown as open circles and diamonds.

reached by the magnetic signal corresponds to the thermal
spin-crossover behavior recorded from an almost quantita-
tive LS state on the warming curve (see the experiment car-
ried out in Figure 3). Clearly the shape of the thermal spin-
crossover transition between 100-120 K is strongly depen-
dent on the conditions used for cooling the sample, while
above 130 K kinetic effects are negligible. Hence, the pla-
teau in the susceptibility curve between 115 and 145K is
genuine.

Photomagnetism and excited spin-state trapping: The photo-
magnetic properties of [FeL,][BF,],,xH,O were first
screened by using variable-temperature reflectance visible
spectroscopy. Figure 5 shows the modification of the absorp-
tion spectra of the complex recorded as function of the tem-
perature and light irradiation, while the inset graph follows
the temperature dependence of the reflectance intensity at
650£2.5 nm. At room temperature, the visible spectrum is
essentially constituted by a broad band at 850 nm, assignable
to the d-d transition of the HS state, while on cooling to
150 K a new band is formed near 650 nm which corresponds

— 5507
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Figure 5. Changes in the reflectivity spectra of [FeL,][BF,], upon warm-
ing and cooling. The inset shows the intensity of the absorption at
650 nm under the same conditions.

to the d—d and/or MLCT transitions of a LS fraction of the
material (arrow a in Figure 5). Interestingly, these changes
are reversed upon further cooling below 100 K, so that the
fully HS spectrum is essentially reformed at 20 K (arrow b).
This behavior is reversible upon re-warming (arrows ¢ and
d). These results are consistent with the occurrence of a
thermal spin transition at around 150 K, and with the popu-
lation at low temperatures of a light-induced metastable
state that is induced by the light source used for recording
the reflectivity spectra. Comparison of the cooling and
arming cycles of the experiment (Figure 5 inset) shows small
hysteresis loops at around 150 and 90 K. The former reflects
the hysteresis in the thermal spin-conversion undergone by
the material (Figure 1), while that at 90 K is a manifestation
of the known light-induced thermal hysteresis (LITH) phe-
nomenon.””? The observation of a LITH effect implies a
degree of intermolecular cooperativity in the relaxation of
the photoinduced HS state in this compound.

Figure 6 shows the result of the photomagnetic experi-
ments recorded by using a SQUID magnetometer. Before ir-
radiation, the sample was precooled to 100 K and main-
tained at this temperature for 3 h, to generate the fully LS
form of the material. Then at 10 K, the LS sample was irra-
diated with green laser light (4 =532.06 nm). There was an
abrupt increase in magnetic susceptibility that reached satu-
ration at a value for yyT of 3.5 cm*Kmol ™!, indicating com-
plete conversion to the metastable HS state (Figure 6, top).
The light was then turned off and the sample warmed in the
dark, according to our standardized T(LIESST) procedure
described in the Experimental Section. The material remains
in its HS state until 86 K, at which there is sudden fall in the
ymT value to close to 0 cm®Kmol ™' equivalent to a complete
relaxation to the LS ground state. The initial increase of the
signal between 20-40 K is due to the zero-field splitting of
the HS state, and the discontinuity in the plateau near 40 K
is due to residual oxygen.
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Figure 6. Excited high-spin state trapping and decay in [FeL,]-
[BF,],;xH,0. Top: generation and thermal decay of the metastable
LIESST excited state, produced by laser irradiation of the fully low-spin
state of the material. The curve presented in the LIESST region corre-
sponds to the simulation obtained with the experimental kinetics parame-
ters deduced from the study of the relaxations. Middle: generation and
thermal decay of the metastable LIESST excited state, produced by laser
irradiation of the mixed-spin phase of the material. Bottom: generation
and thermal decay of the metastable excited state, produced by rapid
thermal quenching of the high-spin state of the material. The data are in
open circles, while the thermal magnetic behavior of the unirradiated
starting material is shown in black circles for comparison.

We also performed light irradiation on the same sample,
but cooled directly to 10 K at 1 Kmin~' without annealing at
100 K. The material then possesses a residual HS fraction of
approximately 46% at 10 K, as before (Figure 6, middle).
The behavior of this spin-state population upon laser irradi-
ation at 10 K and re-warming was identical to that observed
for the fully LS form of the material. Most importantly, the
compound relaxes to its fully LS form at 86 K, not to the ap-
proximately 46:54 HS:LS distribution found in the starting
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material for the experiment. These results indicate that the
same metastable HS state is reached following irradiation
no matter what the LS population of the sample before-
hand.

Finally, the metastable HS state of a spin-transition mate-
rial can also often be generated by rapid thermal quenching
of the sample (so-called thermally induced excited spin-state
trapping, or TIESST)."¥) Cooling the sample of [FeL,]-
[BF,],:xH,0O from room temperature to 10 K over a period
of seconds afforded a residual y\,T value of 2.5 cm’Kmol ™,
indicating that approximately 70% of the compound had
now been trapped in its HS form (Figure 6, bottom). When
the temperature was increased following the same proce-
dure used for the photomagnetic experiments, the data ob-
served were very close to those obtained after light irradia-
tion. Once more, this suggests that the metastable HS state
afforded by thermal quenching exhibits a very similar struc-
ture to that reached by light irradiation.

Relaxation kinetics of metastable high-spin [FeL,]-
[BF,],»xH,0: Figure 7 displays the time dependence of the
HS fraction of the sample, yys, at selected temperatures be-
tween 10 K and the highest temperatures accessible with our
SQUID magnetometer, which are close to T(LIESST).
Analysis of these relaxations was performed by using a sig-
moidal law, consistent with the self-accelerated behavior
predicted for strongly cooperative systems. This deviation
from a single exponential is, in fact, connected to the coop-
erativity arising from the large difference in metal-ligand
bond lengths between the HS and LS states, and the resul-
tant inelastic interactions caused by the change in internal
pressure inside the solids as the spin transition proceeds.[*
The height of the activation barrier is, consequently, a func-
tion of yys The relaxation rate ky; * depends exponentially

0.6 -
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0.0-
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Figure 7. Time dependence at various temperatures of the HS molar frac-
tion generated by laser irradiation of [FeL,][BF,],xH,0 at 10 K. Each
point represents the high spin fraction deduced from the magnetic re-
sponse measured within the SQUID magnetometer during around 30s.
The relaxation curves are fitted according to sigmoidal behavior (see text
for more details).
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on both yys and T [Egs. (2) and (3)], in which a(7) (=E,*/
kgT) is the acceleration factor at a given temperature.

Oyus %
T =~k " Yus (2)
k" (T,yns) = ka (T)expla(T) (1—yus)] 3)

Based on this treatment, the calculated curves of the re-
laxation are shown as solid lines in Figure 7. The apparent
activation energy, E,=1560 cm™, and the apparent pre-ex-
ponential factor, ky=4.5x10%s7!, of the activated region are
calculated from the straight line given by plotting In[ky; (7)]
versus 1/7. The energy associated with the cooperativity E,*
is 25 cm™.

An elegant way to test the validity of these kinetic param-
eters is to use them to reproduce the experimental 7-
(LIESST) curve.'*®*! For this it is necessary to take into ac-
count carefully the time and temperature dependencies. The
main difficulty of this simulation is to estimate satisfactorily
the rate constant k, [that is, ki (7T—0)], for relaxation by
the quantum mechanical tunneling region. For this, we con-
sider that the last complete kinetic measurement recorded
at low temperature (that is, at 75 K, see Figure 7) can be re-
garded as an upper limit for the k, value (=4.6x107°s™).
The calculated T(LIESST) curve is plotted in Figure 6 (top)
for the sample initially before irradiation prepared the LS
form. The agreement with the experimental T(LIESST)
curve is excellent, proving the validity of the derived kinetic
parameters.

Crystallographic characterization of [FeL,][BF,],: Initial
crystallographic characterization was carried out by using an
anhydrous crystal of formula [FeL,][BF,],. This crystallizes
in the monoclinic space group C2/c with unit cell parameters
of a=23.341(5), b=11.000(2), c=24.037(5) A, B=95.44(3)°
and V=6144(2) A® at 200 K. The asymmetric unit consists
of one cation and two anions, and there are eight formula
units in the unit cell. The iron atom occupies a distorted oc-
tahedral environment with two ligands bound equatorially
through three of their five nitrogen atoms (Figure 8). The
iron-nitrogen bond lengths were indicative of an HS
iron(IT) species (Table 4). On cooling to 130 K the crystal
undergoes a crystallographic phase transition; the bulk
packing remains the same with the space group still being
C2/c but the unit cell volume triples. The unit cell parame-
ters are now: a=54.88(1), b=10.892(2), c=31.997(3) A, =
109.77(3)° and V=17999(6) A*; there are three independent
cations in the asymmetric unit and twenty four formula
units in the unit cell. Close investigation of the metal-ligand
bond lengths reveals that one of the independent cations is
in the LS state (Fel), whilst two are HS (Fe2 and Fe3;
Table 4). Therefore, there are only very minor changes in
the solid-state structure arising from this transition, which
explains why the diffraction peaks for this larger cell appear
as weak super cell peaks and thus give a comparatively poor
quality of the structure solution. Whilst the mean metal-
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Figure 8. Structure of the [FeL,]** cation of [FeL,][BF,], at 200 K. Hy-
drogen atoms have been omitted for clarity and thermal ellipsoids are at
50% probability.

Table 4. Selected molecular parameters for [FeL,][BF,],. See refer-
ence [46] for the definition of X.

T[K] Fe Spinstate Mean Fe-N[A]  Bite angle [°]  X[°]
200 1 HS 2.166(3) 73.7(1) 153.1
130 1 LS 1.975(3) 80.1(1) 90.6
2 HS 2.168(3) 73.5(1) 158.9
3 HS/LS 2.130(3) 74.8(1) 143.7
90 1 LS 1.968(3) 80.08(1) 101.8

ligand bond length of Fe3 is in line with expectations for an
HS iron(II) center, both it and the X parameter” are signif-
icantly lower than the values recorded for either Fe2 at
130 K or for the 100% HS structure at 200 K. This suggests
that a small number of iron atoms at this site are in the LS
state. The percentage in the LS state may be estimated by
comparison with the X parameter for Fe2, which is assumed
to be completely high spin, and that for Fel, which is as-
sumed to be completely low spin. This comparison indicates
that approximately 20 % of the Fe3 sites are in the LS state,
and this is supported by significant differences in the struc-
tures of Fe2 and Fe3 and the elongation of the anisotropic
temperature factors in Fe3 along the metal-ligand bonds
and in the direction of the bite angle, which increases on
going from the HS to the LS state. Examination of the inter-
molecular bonding and packing provides no conclusive
reason as to why only a third of the molecules undergo a
complete spin transition. Overall this analysis suggests that
at 130 K around 40% of the molecules are in the LS state,
which perfectly corroborates the magnetic data in Figure 1.

By cooling the crystal further to 90 K, we determined the
structure of a fully LS state, in agreement with the magnetic
data recorded after a kinetic relaxation at 100 K. The unit
cell parameters are as follows: a=22.707(5), b=10.817(2),
c=24.162(5) A, p=93.11(3)°, V=5926(2) A>. The iron—ni-
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trogen bond lengths are indicative of a completely low-spin
iron centre and the X parameter shows that, as expected,
the low-spin state is closer to the ideal octahedral geometry
than the high-spin state (Table 4). Monitoring the evolution
of the unit cell parameters with temperature upon cooling at
the slow rate of —3 Kh™' shows that the HS state in the
smaller unit cell is stable between 300 K and 160 K, the
mixed-spin state with a unit cell volume of ~18000 A* is
stable between 150 and 120 K, at which temperature the
smaller cell is reformed indicating a complete transition to
the LS state.

Unfortunately, crystals of anhydrous [FeL,][BF,], collapse
on further cooling to 30 K, so no examination of the excited
state behavior of these crystals on irradiation or quenching
was possible.

Crystallographic characterization of [FeL,][BF,],-'/;H,O: In
the course of our X-ray diffraction studies we noticed that
when a crystal is freshly prepared it contains a disordered
water molecule, the formula of the crystal being [FeL,]-
[BF,],'/sH,0. The spin transition behavior of this com-
pound is found to be significantly different to that observed
for the dehydrated compound. Over a period of several
weeks the crystals were observed to lose their water content
without substantial loss of crystallinity.

Interestingly, the [FeL,][BF,],"'s H,O sample was found to
be isostructural with the dehydrated compound at 200 K,
crystallizing in the monoclinic space group C2/c with unit
cell parameters of a=23.425(5), b=11.000(2), c=
24.017(5) A, f=95.56(3)° and V=6159(2) A%, but to contain
a third of a disordered water molecule. The iron-nitrogen
bond distances and symmetry parameter X (Table 5) indi-

Table 5. Selected molecular parameters for [FeL,][BF,],"'4H,O. See ref-
erence [46] for the definition of 2.

T[K] Fe Spinstate Mean Fe—N [A] Bite angle [7] X [°]
200 1 HS 2.165(2) 73.68(9) 1559
130 1 HS 2.159(3) 73.8(1) 154.8
90 1 LS 1.985(9) 79.9(4) 95.8
2 HS 2.168(9) 73.7(3) 156.0

3 HS 2.15(1) 73.7(4) 158.2

cate that the compound is in the HS state at this tempera-
ture. The disordered water molecule is sited in a cavity of
30 A%, essentially equal to the volume of a water molecule
(29.7 A% in bulk water*”)), and the water oxygen atom forms
a hydrogen bond with the methyl group of one of the li-
gands. Aside from the presence of the water molecule in the
lattice, the packing of the hydrated compound remains the
same as that of the dehydrated material. There are no signif-
icant differences between the structures of the HS cations at
200 K of the hydrated and dehydrated compounds. The loss
of water from the crystal does not appear to affect the pack-
ing, intermolecular bonding or geometry of the compound.
On cooling to 130 K [FeL,][BF,],"'/s H,O is found to remain
in the HS state with no significant differences between the
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structure determined at 200 K and that determined at
130 K. This behavior is in contrast to that observed for the
hydrated compound, which at 130 K was found to exist in
the mixed-spin state with a unit cell volume of ~18000 A°.
At 90 K [FeL,][BF,],'sH,O is found to be in the mixed-
spin state with unit cell parameters of a=55.28(1), b=
10.957(2), ¢=31.973(6) A, p=108.88(3)° and V=
18325(6) A® and to be in the monoclinic space group C2/c.
The asymmetric unit consists of three formula units. Inter-
estingly in this hydrated compound not only do the spin
states order, giving one LS and two HS cations in the asym-
metric unit, but the water molecules are also ordered, there
now being two water molecules in the asymmetric unit with
occupancies of one half. Although this is an extremely inter-
esting aspect of the spin-crossover behavior of [FeL,]-
[BF,],-'4H,O0 it is unlikely to be the reason behind the for-
mation of the mixed-spin state, as this behavior is observed
in the dehydrated compound as well. It is perhaps self evi-
dent that the water molecules cannot play a very critical
role in the intermolecular interactions of the crystal, as it is
possible for a sample to lose water and still retain its crystal-
linity. Examination of the symmetry parameters and metal—
ligand bond lengths for the three independent cations re-
veals that in the hydrated compound the cation containing
Fe3 is fully high spin, as is that containing Fe2. Comparison
of the structures of the cations from the mixed-spin state of
the hydrated compound at 90 K with that of the dehydrated
compound at 130 K reveals that there is no significant differ-
ence in the structure of the cations between the two com-
pounds.

Numerous attempts were made to obtain a fully LS state
by rapidly freezing the sample to 100 K and then allowing it
to relax at this temperature, as reported in the [FeL,][BF,],
case, but in every case the mixed-spin state was found. The
difficulty in reaching the fully lo-spin state for the hydrated
compound in comparison to the dehydrated material, which
is fully low-spin at this temperature, suggests that the pres-
ence of water acts to stabilize the HS state. However, we
were successful in obtaining the structure of the metastable
HS states of [FeL,][BF,],"'s H,O resulting from both excita-
tion with laser light and by flash freezing.

The structure of the mixed-spin state formed by cooling
at 120 Kh™' from 300 to 30 K was close to that recorded
90 K, unit cell parameters: a=54.91(1), b=10.872(2), c=
31.710(6) A, B=108.94(3)° and V=17905(6) A’. Irradiation
of this mixed-spin state at 30 K with red laser light (A=
632.8 nm, 25 mW) for ten minutes promoted the crystal to
the metastable HS state. The unit cell parameters after irra-
diation are: a=23.078(5), b=10.948(2), c=23.797(5) A, =
95.66(3)° and V=5983(2) A’. The symmetry parameters and
iron—-nitrogen bond lengths show that the compound is in
the HS state, with only one independent cation. On warming
from 30 K the crystal remains in the metastable HS state
until 90 K, whereupon it undergoes relaxation back into the
mixed-spin state.

Another route by which the metastable HS state may be
reached is by rapid cooling of the crystal to very low tem-
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perature.*”! Flash freezing of the crystal in a flow of chilled
helium gas at 30 K gave rise to an HS state with unit cell pa-
rameters of a=23.229(5), b=0.935(2), ¢=23.801(5) A, f=
96.02(3)° and V=6012(2) A>. Comparison of the structure
of the flash-frozen crystal with that of the irradiated crystal
shows that there are no significant differences between the
two HS states. The structure of the LS state of [FeL,]-
[BF,],-'4H,0 was finally determined by warming the flash-
frozen crystal at 120 Kh™* from 30 to 90 K and allowing it
to relax at this temperature for one hour. If the temperature
is allowed to rise above this the mixed-spin state is re-
formed. The crystal was then cooled from 90 to 30 K, and a
full crystallographic structure determination was undertak-
en. Visual examination of the diffraction data shows that
there is some evidence of diffracted X-ray intensity between
the sharp diffraction peaks, suggesting that under these con-
ditions some of the crystal is still in the mixed-spin state;
this observation is supported by the pronounced degree of
distortion observable both along the metal-ligand bonds
and, for the pyrazole nitrogen atoms in particular, in the di-
rection of the ligand bite angle on refinement.

Discussion

Our combined susceptibility and crystallographic measure-
ments have demonstrated that spin-crossover in [FeL,]-
[BF,],,xH,0 is kinetically slow, with the compound becom-
ing trapped in a metastable mixed-spin state when cooled
from room temperature at “normal” rates. High kinetic bar-
riers to spin-crossover have been demonstrated before in a
small number of iron(IT) compounds, with 7:, <100 K. This
typically leads to thermal quenching of a fraction of the
sample in its HS state upon cooling, so that the fully LS ma-
terial cannot be accessed by cooling from room tempera-
ture.[*¥! However, the existence of an intermediate LS phase
has only been demonstrated in two other spin transition sys-
tems, namely [Fe(pic);]ClL,-H,O (pic=2-{aminomethyl}pyri-
dine)®' and [Fe(ptz)¢][BF,], (ptz=1-n-propyltetrazole).>"!
Rapid cooling of these compounds reveals a metastable, in-
termediate LS phase, which converts slowly to a second,
thermodynamically stable LS phase upon annealing just
below the thermal transition temperature. Slower cooling of
both materials from room temperature affords the thermo-
dynamic LS state directly. The HS and metastable (“or-
dered”) LS phases of [Fe(ptz)s][BF.], are isostructural,®"-*
while its stable (“disordered”) LS phase is apparently amor-
phous.P*>3) No structural data for [Fe(pic);]ClL,-H,O are
available.

Importantly, however, these two literature compounds
differ from [FeL,|[BF,,,xH,O in two ways (Scheme 1).
First, re-warming the thermodynamic LS phases of [Fe-
(pic);]Cl,-H,O and [Fe(ptz)s][BF,], affords their HS phases
directly, without passing through their metastable intermedi-
ate phase. In contrast, the thermal LS-HS transition in
[FeL,][BF,],-x H,O does involve its mixed-spin intermediate
phase, at least in the dehydrated material (see below).
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Scheme 1. Comparison of the thermal and photochemical spin-transition
behavior of [Fe(pic);]ClyH,0,*!  [Fe(ptz)s][BF,],,"" and [FeL,]-
[BF,],:xH,0, involving metastable spin-transition intermediates.

Second, relaxation of the LIESST HS state of [Fe(ptz)q]-
[BF,],, which takes place at 50 K, affords the metastable
(“ordered”) LS phase of this material only.* This is to be
expected, since T(LIESST) for this material (50 K) lies sub-
stantially below the kinetic barrier for the “ordered”— “dis-
ordered” LS phase transition. However, the fully LS, ther-
modynamic phase of [FeL,|[BF,],-x H,O, is generated direct-
ly upon thermal relaxation of the metastable, thermally or
photochemically trapped HS form, without passing through
the mixed-spin phase. This is emphasized by the kinetics of
the relaxation process, which are well reproduced by a
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simple sigmoidal model without any requirement for an in-
termediate species.

The apparent role of lattice water in [FeL,][BF,],-x H,O is
also remarkable. We attribute the two-step nature of the
thermal HS to mixed-spin interconversion in the bulk mate-
rial to the existence of different regions of hydrated and de-
hydrated material in the bulk solid; these regions undergo
spin-crossover at 105 and 147 K respectively, with hysteresis.
As the compound is aged, the remaining water is lost and
the plateau in the transition disappears. The effect is also
observed in a single crystal of the material, in that the same
crystal undergoes the HS to mixed-spin phase transition at
110+£20 K when hydrated, and at 15545 K when aged and
dehydrated. It is worth noting, however, that relaxation of
the LIESST excited state of the whole powder sample di-
rectly from its HS to its LS state takes place at a single tem-
perature. This shows that LIESST relaxation in [FeL,]-
[BF,],:xH,O is independent of x (compare with referen-
ces [20] and [55] for example, in which heterogeneous iron
environments in LIESST samples were reflected in a distri-
bution of relaxation temperatures upon warming).

The observations in the two previous paragraphs all
strongly imply that the thermal HS=LS interconversion at
94K and above, and the thermally activated HS=LS
LIESST relaxation at 86 K, occur through different mecha-
nistic pathways. The former proceeds through the mixed-
spin intermediate phase and depends on x, while the latter
avoids the mixed-spin phase and is independent of x. Such a
change in mechanism can only occur as a result of structural
and energetic differences between the thermally stable and
quenched metastable HS states of the material. Although
we have no structural data for the HS state at 30 K when
x=0, when x="/; the HS states at 200 and 30 K are isostruc-
tural and display no detectable structural differences at the
molecular level (see Supporting Information). Therefore,
the different pathways of HS to LS conversion are likely to
be a consequence of more subtle changes in crystal pressure,
caused by anisotropic contraction of the crystals upon cool-
ing. It is well established that such changes in crystal pres-
sure can lead to detectable differences in the molecular
structures of thermally stable and photogenerated metasta-
ble HS states of iron(II) complexes.”® Although not ob-
served for [FeL,|[BF,],.xH,O, this is the first example of a
spin-crossover compound in which these effects apparently
cause a more fundamental change in the functional coopera-
tivity of the material at different temperatures.

While the transition temperatures from our magneto-
chemical and crystallographic analyses are in good agree-
ment, there is a discrepancy in the composition of the
mixed-spin phase between the two techniques. The y\T
value of 1.6 cm*Kmol™' consistently shown by the mixed-
spin phase implies that it contains an approximate 46:54
ratio of HS and LS material. However, the crystallographic
experiments imply that the mixed-spin phase is 60-66 % HS,
depending on x. We tentatively attribute these differences to
the effects of grinding the crystalline sample to a powder for
the SQUID measurements, since SCO in several molecular
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compounds (including one related to this onel’) has been
shown to depend markedly on sample preparation.”*¥! One
alternative explanation, that the bulk material contains a
contaminant phase that is fully LS below 130 K,” is ruled
out by the powder diffraction and photomagnetic data.

To conclude, we have successfully prepared and investi-
gated the magnetic and photomagnetic properties of the
first spin-transition material, the long-lived metastable HS
excited state of which was predicted to relax at a higher
temperature than its thermal SCO (Figure 1). We have
shown that the thermal SCO is strongly dependent on kinet-
ic phenomena in this situation, and that thermal HS to LS
conversion and thermally activated HS to LS relaxation in
this material proceed by different kinetic pathways. This re-
sults in a reduction in 7(LIESST) from the value predicted
by Equation (1), thus avoiding the physical impossibility of
T(LIESST) being greater than 7', These results emphasize
that full characterization of both thermal and photomagnetic
properties is necessary in the continued quest to maximize
T(LIESST) in materials for new photoswitchable devices.
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