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Abstract: In an attempt to better understand the physics governing the apparition of reverse-light-
induced excited spin state trapping (LIESST) phenomena in spin crossover (SCO) compounds, we
have studied the LIESST effect and the possibility of a reverse-LIESST effect in the SCO complex
Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN, x = 0.5%. ((6-mepy)3tren = tris{4-[(6-methyl)-2-pyridyl]-3-
aza-butenyl}amine)). This complex was chosen as a good candidate to show reverse-LIESST by
comparison with its unsolvated analogue, since the introduction of acetonitrile in the structure
leads to the stabilisation of the high-spin state and both exhibit a very abrupt thermal spin transi-
tion. Indeed, the steep thermal spin transitions of two differently polarised crystals of Zn1−xFex(6-
mepy)3tren(PF6)2·CH3CN, x = 0.5% have been characterised in detail in a first step using absorption
spectroscopy and no influence of the polarisation was found. These were then fitted within the
mean field model to obtain the variation in the enthalpy and entropy and the critical temperatures
associated with the process, which are significantly lower with respect to the unsolvated compound
due to the incorporation of acetonitrile. In a second step, the light-induced low-spin-to-high-spin
transition at low temperatures based on LIESST and its subsequent high-spin-to-low-spin relax-
ation at different temperatures were characterised by time-resolved absorption spectroscopy, with
exponential behaviour in both cases. The stabilisation of the high-spin state due to the presence
of acetonitrile was evidenced. Finally, light-induced high-spin-to-low-spin state transition at low
temperature based on reverse-LIESST was attempted by time-resolved absorption spectroscopy but
the Fe(II) concentration was too low to observe the effect.

Keywords: spin crossover crystals; switching materials; LIESST; reverse-LIESST

1. Introduction

Spin crossover (SCO) complexes based on transition metals with electronic configura-
tion d4 to d7 can adopt a high-spin (HS) or low-spin (LS) state depending on the values
of the ligand field strength and pairing energy, and a spin transition can be induced from
one to another by changes in temperature, pressure, light, etc. [1–6]. Thermally, the LS
state is favourable at a lower temperature, whereas, at a higher temperature, the higher
electronic and vibrational entropy leads to an entropy-driven population of the HS state.
The thermal spin transition moves from gradual to abrupt and vice versa, depending on
the strength of the molecular interaction within the complex. Indeed, for neat crystals, the
thermal transition is very steep, whereas, for diluted crystals in other cations, different
from the SCO centres, the transitions are smoother. In the case of very strong cooperative
interactions between the centres, the abrupt transitions are accompanied by a hysteretic
behaviour, leading to bistability, which is essential for applications such as memory de-
vices [7]. Other applications include sensing by magnetism [8,9], optical diffraction [10],
luminescence [11,12], guest adsorption [13], or surfaces, thin films, and a patterned struc-
ture [14]. Alternatively, the UV-VIS/NIR excitation of the LS species at low temperatures
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leads to the population of the HS state. At low temperatures, the HS-to-LS relaxation slows
down and it is possible to trap the compound in the HS state. This effect is called “light-
induced excited spin state trapping” (LIESST) and takes place in both single crystals and
polycrystalline structures [15–17]. In the case of Fe2+ complexes, a complete transformation
is possible by irradiating the sample at 10 K, although much higher excitation tempera-
tures have been found to lead to quantitative LIESST [18,19]. At lower temperatures, the
HS-to-LS relaxation does not depend on the temperature and the process is based on pure
tunnelling, whereas, at higher temperatures, a thermally activated process is observed [20].
After LIESST, the HS-to-LS relaxation rate constant (kHL) depends on the LS fraction (the
mean field approximation). This dependence is sigmoidal for neat compounds [21] and
the corresponding physical behaviour of the lattice is shown in Figure 1. In contrast,
in diluted mixed systems, the cooperativity is weaker and the HS-to-LS relaxation after
LIESST follows an exponential decay [21]. Likewise, the decrease in size to the nanoscale
leads to HS-to-LS relaxations where the sigmoidal behaviour vanishes, leading to stretched
exponential curves [22].
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Figure 1. Schematic view of the HS-to-LS relaxation. In the initial moments, the HS centres are
located in a 100% HS lattice and the internal pressure is low. Once the relaxation takes place, the
density of the lattice increases as well as the pressure. In other words, at the beginning, the activation
energy is much higher, and it starts to decrease as the relaxation proceeds, increasing the speed of the
process [23].

In the present article, we will focus on the thermal LS-to-HS transition (and vice versa)
and the photo-induced LS-to-HS transition at low temperatures, as well as the character-
istics of the HS-to-LS relaxation of Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN ((6-mepy)3tren
= tris{4-[(6-methyl)-2-pyridyl]-3-aza-butenyl}amine)). The SCO properties in the solid
state of the neat compound [Fe(mepy)3tren](PF6)2 were studied for the first time by Hosel-
ton et al. [24], who proved that the magnetic moment dependence on the temperature
was different in solution and solid states, demonstrating that the spin transition was re-
lated to intermolecular changes in the solid state and the crystal lattice. In 1991, Hauser
et al. studied the kHL of a series of mixed Fe(II) crystals diluted in Zn (II), among them
Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN; x = 0.05%, in order to experimentally prove nonadi-
abatic multiphonon relaxation theory in HS-to-LS intersystem crossing processes [25]. In
1998, Schenker et al. [26] studied the thermal spin transition in the corresponding diluted
compound Zn1−xFex(6-mepy)3tren(PF6)2; x = 0.025%, obtaining a more gradual transition
than was obtained for the neat one, although this was still steep for such a high dilution in
Zn. In addition, the authors studied the temperature dependence of the HS-to-LS relaxation
at 1 bar and 1kbar via pump-probe absorption experiments, demonstrating that the process
did not depend on temperature below 50 K and that this tunnelling accelerates by almost
nine orders of magnitude when applying an external pressure of 27 kbar. More recently,
Chakraborty et al. [27] analysed the thermal spin transition and HS-to-LS relaxation after
LIESST of the diluted compound Zn1−xFex(6-mepy)3tren(PF6)2; x = 31%. More importantly,
the authors determined the structure of the short-lived photoexcited HS state in the neat
and diluted compounds under continuous irradiation by analysing the structure at the
steady state at different excitation intensities and by extrapolating the structural parameters
of the 100% photoexcited HS state by using the mean field model. Just one year later, Tissot
et al. [28] synthesised the solvated analogue [Fe(mepy)3tren](PF6)2·C7H8·CH3CN. In this
case, the presence of the solvents stabilised the HS state and accounted for an increase in
the cooperativity due to the strong intermolecular interactions and LIESST effect led to a
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quantitative conversion from the LS to the HS state at 10 K with sigmoidal relaxations at
45–60 K fitted within the mean field model. The structure of the photoinduced HS state
was obtained and it was found that the cooperativity is greater than for the thermally
populated HS structure. A detailed analysis of the structure was provided to explain why
the stability of the photoinduced HS state is not related to the critical temperatures of the
thermal transition.

Here, we present the synthesis and study of single crystals of the intermediate analogue
Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN, x = 0.5%. This complex is highly diluted in iron
and presents a molecule of acetonitrile in the unit cell. The goal is twofold: first, the
high cooperativity observed in the [Fe(mepy)3tren](PF6)2·C7H8·CH3CN analogue will be
compared with our non-containing-C7H8 analogue and with the unsolvated neat and
diluted in Zn compound Zn1−xFex(6-mepy)3tren(PF6)2. Second, the possibility of reverse-
LIESST will be evaluated in Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN.

2. Materials and Methods

Synthesis. The mixed crystals of Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN; x = 0.5%
were obtained by following the synthesis route established by Holselton et al. [24]. The
mixed crystals are obtained by mixing solutions of Fe(6-mepy)3tren(PF6)2 in a mixture of
ethanol/acetonitrile (1:1) and Zn(6-mepy)3tren(PF6)2 in the same mixture of solvents. Then,
the final solution covered with perforated parafilm is placed in a desiccator with ether,
allowing the slow growth of relatively big crystals. The obtained crystals show slightly
different colours under the polariser light of the microscopy, changing from more reddish to
orange–blue in the two different perpendicular positions. According to Schenker et al. [26],
the dichroism observed in these crystals is due to the polarisation of the metal-to-ligand
charge transfer (MLCT) transition towards the pyridine rings of the ligand.

Absorption spectroscopy. To carry out the experiments, the Zn1−xFex(6-mepy)3
tren(PF6)2·CH3CN; x = 0.5% crystals were mounted and fixed with silver nanoparticle glue
on a copper plate. For the low-temperature measurements, a Janis-Sumimoto closed cycle
cryostat from Lake Shore Cryotronics (Westerville, OH, USA) coupled with a temperature
controller from Lake Shore Cryotronics (Westerville, OH, USA) was used, whereas the ab-
sorption spectra were obtained with a Varian Cary double-beam spectrometer. A polariser
was placed in front of the detector.

Light-Induced Excited Spin State Trapping. A home-built system was used consisting
of a 0.28 Spex 280M monochromator, a Spex 280M CCD camera, a W-halogen lamp, and a
shutter controller box, which was used to record the absorption spectra during HS-to-LS
relaxations at low temperature. The excitation (LIESST) was performed with the sample
inside the cryostat with a wavelength modulable NKT laser. A Hamamatsu photomultiplier,
a Tektronix oscilloscope, and a green pulse laser at 532 nm were used to follow the relaxation
and excite the sample, respectively, for temperatures above 60 K. In both cases, a polariser
was placed in front of the detector.

Single-crystal X-ray diffraction. For these experiments, the diffraction patterns were
obtained on a RIGAKU supernova diffractometer and an ATLAS CCD detector from Agilent
(Santa Clara, CA, USA).

3. Results
3.1. Crystallography

The structure of a Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN, x = 0.5% crystal was analysed
at room temperature. The corresponding schematised view of the structure is shown in
Figure 2. The compound crystalises in the orthorhombic (α = β = γ = 90◦) space group
Pna21 with unit cell parameters a = 19.872 Å, b = 10.444 Å, and c = 17.274 Å and ensuing
unit cell volume Vc = 3585.1 Å3, ~155 Å3 higher than the Vc value found for the unsolvated
Zn1−xFex(6-mepy)3tren(PF6)2; x = 0.05%, around 3430 Å3. The latter has been estimated
from the Vc difference between Fe(6-mepy)3tren(PF6)2. and Zn(6-mepy)3tren(PF6)2 at
10 K and the ∆Vc between Fe(6-mepy)3tren(PF6)2. at 10 and 293 K [27]. The Vc of our
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Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN, x = 0.5% is, in turn, ~623 Å3 lower than previously
obtained for [Fe(mepy)3tren](PF6)2·C7H8·CH3CN [28]. The unit cell of our Zn1−xFex
(6-mepy)3tren(PF6)2·CH3CN contains one molecule of acetonitrile, which influences the
spin transition with respect to the solvent-free compound, as will be discussed hereafter.
The Fe-N distances are also depicted in Figure 2 (d(Fe-N1) = 2.107 Å, d(Fe-N2) = 2.128 Å,
d(Fe-N3) = 2.135 Å, d(Fe-N4) = 2.359 Å, d(Fe-N5) = 2.328 Å, and d(Fe-N6) = 2.324 Å) and
their average value (d(Fe-Nav)) is 2.230 Å, that is, the molecule is in the HS.
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Figure 2. Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN structure. Legend: C (grey), H (white), F (green),
Fe (dark blue), N (blue), and P (pink). Empirical formula C29H36F12FeN8P2.

In the LS state at 10 K, the unit cell parameters of Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN,
x = 0.5% are not experimentally available but Vc can be likewise estimated as 3325.5 Å3,
considering that ∆Vc with respect to the unsolvated Zn1−xFex(6-mepy)3tren(PF6)2, x = 0.05%
in the LS state is still 155 Å3. Finally, in the LS state, d(Fe-Nav) is expected to be 2.030 Å as the
metal−ligand (usually nitrogen atom) bond length increases by ∆rHL = rHS − rLS = 0.2 Å [29].

3.2. Thermal Spin Transition

The absorption spectrum of a crystal of Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN, x = 0.5%
with a thickness of 230 µm has been recorded at room temperature and 5 K for the polari-
sation axis parallel to the n0 index of the crystal (n0||P, a-axis) and for the perpendicular
polarisation (ne||P, c-axis). As observed in Figure 3b,c, the MLCT band of the former is
almost double in intensity of that of the latter one. Then, MLCT absorption bands (from 450
to 800 nm) of the sample in both polarisations during cooling and heating were recorded
at 5 K/min in a temperature range of 300–5 K. The evolution of the HS fraction (γHS) was
obtained with Equation (1) by following the LS absorption band at 568 nm:

γHS =
ODLS − ODT

ODLS − ODHS
, (1)

where ODLS, ODHS, and ODT are the optical densities of the LS state (10 K), the HS
(300 K), and intermediate states at a given temperature, respectively. The dependence of
γHS on the temperature in the case of n0||P is represented in Figure 3a. The transition,
centred at 125 K (Tc), is completely reversible in the cooling and heating modes and it is
relatively abrupt taking into account the high dilution of the crystal. The same thermal
transition curve has been obtained for the other polarisation, ne||P, since the polarisation
is not expected to have any influence on the characteristics of the spin change. If these
results are compared with those obtained for the diluted unsolvated system Zn1−xFex
(6-mepy)3tren(PF6)2, x = 0.05% with a Tc = 210 K [25], it is evident that the inclusion of
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acetonitrile in the system shifts the critical temperatures to lower values of temperature
due to the stabilisation of the HS state upon expansion of the unit cell volume. The
influence of acetonitrile in the SCO properties was already proven by Tissot et al. [28] in
the neat compound Fe(6-mepy)3tren(PF6)2·C7H8·CH3CN, where the inclusion of toluene
and acetonitrile shifts the spin transition temperatures towards much lower values, such as
Tc ~ 88 K.
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Figure 3. (a) Temperature evolution of the HS fraction (heating/cooling at 5 K/min) of a single crystal
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The transition curve of our mixed-crystal Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN, x = 0.5%
has been fitted with the equation of Gibbs free energy:

∆G0
HL = ∆H0

HL − ∆S0
HL = −kBT ln

(
γHS

1 − γHS

)
, (2)

The following thermodynamic parameters were obtained: ∆Hx→0
HL = 565.32 ± 10.5 K

and ∆Sx→0
HL = 4.66 ± 0.08 K. These are significantly lower than the values obtained for the

acetonitrile-free compound Zn1−xFex(6-mepy)3tren(PF6)2, x = 0.31% (∆Hx→0
HL = 2510 K and

∆Sx→0
HL = 12 K) [27] and x = 0.05% (∆Hx→0

HL = 1739 K and ∆Sx→0
HL = 8.27K).

3.3. Photo-Induced LS-to-HS Spin Transition: LIESST Effect

The absorption spectrum of mixed-crystal Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN,
x = 0.5% of 390 µm thickness was recorded at 10 K to establish the optical density in
the LS state (ODLS). However, during the cooling from RT to 10 K, it was noticed that
the spectrum at 70 K was higher in intensity than the spectrum at 10 K (Figure 4a), indi-
cating that the W-halogen lamp used to perform the absorption experiment was enough
for LS-to-HS excitation to occur. Despite the use of strong filters in front of the lamp and
the use of a shutter that only allows light to pass through the sample when recording the
spectrum, the LIESST effect created by the lamp at very low temperatures was impossible
to avoid. Indeed, the W-halogen lamp (8.3 A) was used to follow the absorption spectra
during the LS−→HS photo-excitation at 10 K as a function of time (Figure 4a). As observed,
after approximately 2 h of irradiation, the spectrum shows the same intensity as the spec-
trum at room temperature in the HS state. Therefore, a quantitative conversion into the
metastable HS state at 10 K is achieved. The dependence of γHS on time was obtained
using Equation (1) (Figure 4b). The LS−→HS conversion follows an exponential behaviour
with a time needed to irradiate up to γHS = 0.5 of around 850 s and 1 h and 23 min for the
total conversion.
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3.4. HS-to-LS Relaxation after LIESST

Different HS-to-LS relaxation curves have been obtained from 10 to 175 K by absorption
spectroscopy after LIESST on a mixed crystal of Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN,
x = 0.5% (thickness = 280 µm). With this purpose, the sample was excited with an NKT laser
at 570 nm and 8 mW until quantitative conversion into the HS state and then the laser was
stopped while following the relaxation. The results are displayed in Figure 5. In Figure 5a,
an example of the evolution of the spectra during LIESST and HS-to-LS relaxation at 30 K
is shown. As observed, due to the very low temperature, the LIESST is very efficient, as
the HS spectrum at 300 K and the photoinduced one overlap, and the relaxation is very
slow, as, after 4 h, the photoinduced HS spectrum has almost not evolved towards the
LS one. This translates into roughly 10% of the SCO centres relaxed back to the LS state
at 30 K (Inset Figure 5a). Following the evolution of the spectra, all the relaxation curves
at different temperatures have been extracted by using Equation (1). In Figure 5b, the
relaxation curves from 10 to 60 K are displayed. At these temperatures, the slow speed
of the relaxation makes still possible to record the whole spectra during the process. All
the relaxation curves are close to a single exponential. In addition, as mentioned above,
the source of light for the absorption measurement produces LIESST at low temperatures
in such a way that, during the relaxation, a steady state is reached due to the competition
between the HS-to-LS relaxation and the LS-to-HS excitation from the lamp. This situation
leads to values of the HS fraction achieved in the stationary state ( γss

HS
)

being different
from zero at the end of the relaxations, which will depend on the temperature and, thus, on
the efficiency of the LIESST effect coming from the lamp. Therefore, the HS-to-LS relaxation
rate constants kHL between 10 K and 60 K are calculated as follows.

For a steady state, the HS fraction is given by:

γss
HS =

kex

kex + kHL
, (3)

where kex is the LS-to-HS excitation rate constant, kHL is the real HS-to-LS relaxation rate
constant, and γss

HS is the HS fraction achieved in the stationary state.
The observable relaxation rate constant, kobs, can be directly extracted from an expo-

nential fitting of the curves:
kobs = kex − kHL, (4)

The real relaxation rate constant, kHL, is:

kHL = (1 − γss
HS)kobs (5)
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On the other hand, in the range of temperatures 60–175 K, the LIESST effect from
the lamp is negligible and, kHL, is obtained directly from the exponential fit. However,
in this case, due to the high speed of the relaxation, it is not possible to record the whole
spectra and, instead, the evolution of a given wavelength during relaxation, at 568 nm
is selected. The corresponding values of kHL are represented in Figure 5c as ln kHLvs.
the inverse of the different temperatures. Above 50 K, the relaxation is a temperature-
dependent process, whereas, below this temperature, the linear dependence of lnkHL
with the temperature vanishes, showing the influence of the relaxation through quantum
tunnelling [20]. At 10 K, kHL is around 4.1·10−5 s−1, that is, the HS→LS relaxation is
much slower than in the analogue unsolvated compound Zn1−xFex(6-mepy)3tren(PF6)2,
x = 0.05%, (kHL (T→0) = 1.4·10−1 s−1) [25] due to the stabilisation of the HS state upon
incorporation of acetonitrile. For the same reason, the activation energy values obtained
from the Arrhenius plot for the HS→LS relaxation between 60 and 175 K (Ea = 11.42 kJ/mol)
and between 100 and 175 K (Ea = 17.90 kJ/mol) are significantly higher than those obtained
for the analogue unsolvated compound Zn1−xFex(6-mepy)3tren(PF6)2, x = 0.05% above
100 K (Ea = 10.01 kJ/mol) [25].

3.5. Reverse-LIESST

A reverse-LIESST experiment at 10 K was performed on a mixed-crystal Zn1−xFex
(6-mepy)3tren(PF6)2·CH3CN, x = 0.5% (thickness = 390 µm). In Figure 6, the absorption
spectra of the sample at 300 K and after cooling down to 10 K are shown. In this setup
configuration, there is no LIESST effect coming from the source of light, as evidenced by
the fact that the spectrum at 10 K is higher in intensity than, for instance, at 65 K. For the
reverse-LIESST experiment, the sample is first irradiated at 10 K with the 532 nm laser in
the LS state with a power of 5 mW until the maximum value of γHS is achieved after 5 min
(green line). Then, the sample is relaxed back to the LS state by heating until 70 K and
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cooled down to 10 K, to excite again at 830 nm with a power of 12 mW. The same maximum
value of γHS as before is reached (red line). Secondly, the sample is relaxed back to the pure
LS state as before and irradiated again at 532 nm at the same conditions arriving at the same
steady state as before (green line). Then, the sample is irradiated at 830 nm (30 mW) for a
long time. However, after even 1 h of irradiation, only around 5% of HS→LS conversion
is reached (pink line). The same results are obtained by irradiating the sample at 880 nm
and 980 nm. These results demonstrated that the reverse-LIESST effect for this acetonitrile
adduct is difficult to occur. This may be due to the fact that, upon the introduction of
acetonitrile in the structure, the ensuing decrease of the ligand field splitting ∆o around
the Fe stabilises not only the 3T excite states of the LS but also and to a greater extent the
ground and excited states of the HS state, as represented in Figure 7. If we compare the
hypothetical behaviour of the unsolvated compound Zn1−xFex(6-mepy)3tren(PF6)2 with
that of the compound under study, Zn1−xFex(6-mepy)3tren(PF6)2·CH3CN, x = 0.5%, the
stabilisation of the excited LS states 3T2 and 3T1 occurs together with the stabilisation of
the ground HS state 5T2 due to the presence of one and two electrons in the eg orbitals,
respectively. This could lead, in principle, to a favourable environment for reverse-LIESST
to take place. However, the HS excited state 5E stabilises as well to a greater extent in our
acetonitrile adduct, since three electrons are situated in the eg orbital. Hence, globally, the
deactivation path 5E → 5T2 is more favoured than in the unsolvated compound and the
reverse-LIESST probability decreases.
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Figure 7. Energy level diagram of the excited and ground HS and LS states involved in the LIESST
and reverse-LIESST effects. The red, green, and purple arrows represent the excitation of the sample
in the IR (830 nm), visible (532 nm), and UV region of the spectra (the latter was not performed in
this experiment). The t2g and eg orbitals are, respectively, the lower energy triply degenerate set
and higher energy doubly degenerate set in which the d orbitals of Fe are split in the presence of an
octahedral crystal field [30].
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4. Conclusions

The thermal spin transition of Zn1−xFe x(6-mepy)3tren(PF6)2·CH3CN, x = 0.5% shows
significant stabilisation of the high-spin state due to volume expansion of the unit cell upon
the incorporation of acetonitrile. As a first observation, the polarisation of the crystals has
absolutely no influence on the thermal transition. On the one hand, the thermal transition
is surprisingly abrupt for such a high dilution of iron in zinc as previously observed in
the unsolvated compound. The values of the enthalpy and entropy change during the
transition are both lower than those of the unsolvated compound regardless of the dilution
of iron in zinc. This reflects the effect of acetonitrile in the critical transition temperature,
shifting it to lower values and the ordering of the unit cell upon acetonitrile inclusion.
On the other hand, the light-induced low-spin to high-spin excitation at 10 K is possible
even with white light and follows an exponential behaviour due to the high dilution of
iron in zinc. Likewise, the high-spin to low-spin relaxations also describe an exponential
behaviour, which is thermal-dependent at relatively high relaxation temperatures and
occurs through quantum tunnelling at very low temperatures, with values of HS→LS
relaxation rate constant that evidence the higher stability of the HS state due to solvent
presence. The reverse-LIESST effect, in contrast, does not take place in the complex, despite
the high spin stabilisation provided by the acetonitrile molecule. More concentrated crystals
in iron will be tested in the future to obtain a higher absorption of d-d HS bands for the
process to take place.
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