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Abstract: We report on the vacuum thermal deposition of bilayer thin films of the luminescent complex
Ir(ppy)3 , tris[2-phenylpyridinato-C2,N]iridium(III), and the spin crossover complex [Fe(HB(tz)3 )2 ],
bis[hydrotris(1,2,4-triazol-1-yl)borate]iron(II). Switching the spin state of iron ions from the low
spin to the high spin state around 337 K leads to a reversible jump of the luminescence intensity,
while the spectrum shape and the luminescence lifetime remain unchanged. The luminescence
modulation occurs due to the different UV light absorption properties of the iron complex in the
two spin states and its magnitude can therefore be precisely adjusted by varying the film thickness.
These multilayer luminescence switches hold potential for micro- and nanoscale thermal sensing and
imaging applications.
Keywords: spin crossover; luminescence; thin films

1. Introduction
Fluorescence switches are systems, which contain a light-emitting fragment whose emission can
be quenched reversibly through an external parameter [1]. Fluorescence switches are very useful
notably for detection, imaging and optical storage devices. Therefore, they have applications in a
large range of fields, from health to informatics via environment [2–5]. The concept of fluorescence
switches requires a way to controllably and reversibly modify the luminescence intensity. To obtain a
modification of the luminescence activity, an external stimulus (chemical, thermal, mechanical, etc.) is
applied to the system [6–9].
In this context of luminescence switching, an attractive strategy consists of fabricating a hybrid
material, which combines a luminophore species with a spin crossover (SCO) molecule. The latter
are transition metal complexes, which can be reversibly switched between the low spin (LS) and the
high spin (HS) states of the central metal ion [10–13]. The SCO is trigged by the application of an
external stimulus, such as an increase or decrease of pressure or temperature, light irradiation (LIESST
effect [14]), or the presence of an intense magnetic field [15]. The SCO phenomenon leads to a significant
change in the chemical and physical properties of the metal complex including the modification of its
magnetic susceptibility, dielectric permittivity, mass density, color, refractive index, and elastic moduli.
SCO complexes have recently received increasing interest because they offer an opportunity to fabricate
switchable nanomaterials and devices [16,17]. When combined with a luminophore, the presence
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of the SCO complex permits the transformation of a stimulus which has no (or moderate) effect on
the luminescent property, into a stimulus, which strongly influences the emission intensity [18]. For
example, the luminescence intensity in general slowly decreases at increasing temperatures due to
the thermal activation of non-radiative decay channels [19]. However, this trend can be inversed by
associating the luminophore to an SCO complex, which will strongly quench the luminescence in the
low temperature (LS) state.
The combination of a luminophore with a SCO complex can lead to a luminescence modulation
fundamentally by three different pathways: (i) the luminescence emission can be selectively re-absorbed
by either the HS or the LS state, depending on the overlap between the emission spectrum of the
luminophore and the absorbance of the complex in a given spin state. This will lead to a modulation
of the luminescence intensity and, in certain cases, to spectral shifts, but the excited state lifetime
of the luminophore will remain obviously unaffected. For example, this ‘emission—reabsorption’
mechanism has been proposed to be dominant in refs [20,21]. (ii) Alternatively, the excited state energy
of the luminescent molecule can be transferred to the metal complex via Förster-type dipole–dipole
interactions [19] without photon emission. Since this resonant process is also governed to a large extent
by the spectral overlap between the complex and the luminophore, it will occur selectively in one or
the other spin state. Consequently, the luminescence emission intensity can be drastically quenched,
but in contrast to the re-absorption scenario, this will be also accompanied by the modulation of the
luminescence lifetime. On the other hand, no significant spectral shifts are expected for such energy
transfer process. To our best knowledge, there is no literature report wherein this mechanism could be
unambiguously demonstrated for a luminescent SCO material. (iii) Finally, various ‘environmental
effects’ may also lead to the modulation of the luminescence upon the SCO process [19]. These
effects include the change of the polarity and stiffness of the local environment, the modulation of
intermolecular distances as well as charge transfer phenomena. Contrary to the re-absorption and
energy transfer phenomena, the occurrence and manifestation of this last category of effects remains
difficult to predict and interpret. The change of local environment involves in most cases not only the
modulation of emission intensity, but also a change of the non-radiative decay rate and spectral shifts.
The most obvious diagnostic feature of these phenomena remains, however, the feeble correlation
between the luminescence modulation and the spectral overlaps. We believe that these ‘environmental
effects’ play a non-negligible role in most reported examples of luminescent SCO materials.
Previous literature, which associate SCO and luminescent properties in a hybrid material, reports
classification according to four categories [18]. (i) In the first case, the SCO complex contains a
luminescent ligand [22–36]. Albeit elegant, one main challenge of this ‘luminescent-SCO complex’
strategy is the possibility to lose the SCO and/or the luminescent properties, which remain rather
difficult to predict for a rational design of new complexes. In addition, the high concentration of
luminophores may lead to self-quenching. (ii) The second strategy consists of mixing (doping) the SCO
material with a fluorophore [21,37–41]. This can usually be achieved in a straightforward manner by
adding a few percent of luminescent species to the SCO material during the synthesis of the latter. The
advantage of this approach is its simplicity and efficiency. However, it is often difficult to control the
homogeneity of the material and to locate the luminophore within the mixture. (iii) To overcome the
latter problem one might also partially substitute different components of the SCO material (e.g., the
counter-ions, the ligands or even the metal ion) by a chemically similar, but luminescent species. This
way one may obtain ‘co-crystals’ of the SCO and the luminescent species [42–44]. This ‘substitution
approach’ can be seen also as a combination of the first two strategies. Yet, it is still not guaranteed
that the substituted material will conserve intact the properties of each constituent. Indeed, the
introduction of the luminescent molecule into the SCO material, even in low percentage, can lead to a
significant change of the SCO properties and, vice-versa, the luminescence may also be drastically
altered by the SCO crystal lattice. (iv) In a fourth strategy, the luminophore and the SCO parts are
juxtaposed in a spatially controlled assembly [45–50]. This strategy was mainly applied to the synthesis
of nanoparticles with a SCO core and a luminescent shell. Notably, [Fe(Htrz)2 (trz)]BF4 (trz = triazolato)
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SCO nanoparticles were covered by a thin silica layer and luminescent molecules were then grafted on
the oxide surface [46]. This way the luminophores are well localized, while they are not expected to
interfere substantially with the SCO properties of the core-shell particles.
In this article, we present a novel approach for luminescence modulation by SCO, based on
bilayer film deposition, which is conceptually similar to the last strategy of ‘spatially controlled
assembly’. Indeed, SCO thin films have recently received much attention for their possible
technological applications [16,17]. In a few cases, SCO thin films were even endowed with
luminescent properties [38–40]. Yet, the mechanism of the luminescence switching is completely
new in the present work: we use the SCO film as a switchable UV filter to modulate the excitation
light intensity. We show that by an appropriate combination of materials their properties can be
preserved by this straightforward approach and it becomes therefore possible to modulate, in a fully
reversible and predictable manner, the emission intensity of a luminescent film using a thin, transparent
SCO top-coating.
2. Experimental Section
Reagents and solvents used in this study are commercially available. The bulk powder of
[Fe(HB(tz)3 )2 ] was synthesized as described in Reference [51]. The Ir(ppy)3 powder was obtained
from Sigma Aldrich and used without any further purification. The fused silica substrates were
purchased from SCHOTT AG and cleaned with acetone and 2-propanol to remove contaminants.
Multilayer films were grown by thermal evaporation in a PREVAC thermal deposition system at a
base pressure of ca. 2 × 10−7 mbar. The SCO (luminescent) complex was heated until 250 ◦ C (280 ◦ C)
in a quartz crucible and evaporated at a rate of 0.07 Å s−1 ( 0.03 Å s−1 ). For co-deposition, the two
complexes were evaporated simultaneously at a pressure of ca. 5 × 10−7 mbar. The deposition rate was
0.2 Å s−1 and 0.03 Å s−1 for the [Fe(HB(tz)3 )2 ] and Ir(ppy)3 molecules, respectively. After deposition,
the [Fe(HB(tz)3 )2 ] films were annealed for 10 min at room temperature in ca. 80% relative humidity air
in order to achieve a better crystallinity. The evaporation rate and film thickness were monitored in situ
using a quartz crystal microbalance. The final determination of the film thickness and topography was
carried out using a Cypher ES atomic force microscope (AFM) from Oxford Instruments in amplitude
modulation mode in ambient air using OMCLAC160TS-R3 (Olympus, Tokyo, Japan) probes.
Grazing incidence X-ray diffraction (GIXRD) experiments were carried out in a PANalytical X’Pert
PRO MPD system using Cu-Kα radiation (45 kV and 40 mA) with a parallel-beam configuration. The
incident beam optics consisted of a mirror with a 1/32◦ divergence slit. A parallel plate collimator
(0.18◦ ) and Soller slits (0.04◦ ) were mounted on the path of the diffracted beam. An X’Celerator
detector in receiving slit mode was used for X-ray collection. Temperature-dependent absorbance
spectra of the films were collected at wavelengths between 200 and 800 nm using a Cary 50 (Agilent
Technologies, Santa Clara, CA, USA) spectrophotometer and a Linkam FTIR-600 heating/cooling
stage (equipped with fused silica windows). The sample chamber was purged by dry nitrogen and
spectra were acquired in the 293–393 K range with 1 K/min scan rate. A Fluoromax-4 (Horiba, Tokyo,
Japan) spectrofluorimeter equipped with a xenon lamp source and an Optistat DN-V liquid nitrogen
cryostat connected to an ITC601 temperature controller (Oxford Instruments, Abingdon-on-Thames,
UK) was used to acquire fluorescence excitation and emission spectra as a function of temperature.
Fluorescence spectra were corrected for the instrumental response as implemented in the software.
Luminescence lifetime measurements were performed using the time-correlated single photon counting
(TCSPC) technique by means of a DeltaFlex (Horiba, Tokyo, Japan) instrument equipped with a 303 nm
(pulse duration ~1 ns) as well as with a 280 nm (pulse duration > 100 ns) electroluminescent diode.
Variable temperature lifetime measurements were conducted using the Optistat DN-V cryostat. Fittings
and lifetime calculations were performed using DAS6 fluorescence decay analysis software (Horiba,
Tokyo, Japan).
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In the next step, a 107 nm thick film of the SCO complex 1 was deposited by vacuum thermal
evaporation on top of the luminophore layer. Optical microscopy and AFM images (Figure 2a,b),
clearly show the change of surface morphology and reveal the formation of some islands. The RMS
surface roughness of the bilayer is around 3 nm (for a bilayer thickness of 30 + 107 nm), which is higher
than typical values obtained after the evaporation of the SCO complex directly on the fused silica
substrate. Figure 2c shows a typical GIXRD trace for a bilayer film evidencing a single diffraction peak
near 2θ = 10◦ . In line with our previous investigations [53], this diffraction pattern denotes that the
films of 1 deposited on top of the fluorescent layer are crystalline and oriented.
Figure 2d represents the absorbance spectra of the bilayer acquired at different temperatures
between 293 and 393 K. As expected, the low temperature (i.e., low spin) absorbance spectrum overlaps
with that of the iridium complex around 300 nm. When heating the sample above the spin transition
temperature the optical density of the SCO film decreases drastically. For example, at 300 nm the
absorbance of the bilayer drops by ∆abs = 0.33 when going from the LS to the HS state. The highest
absorbance change (∆abs = 0.39) is observed at 318 nm, which corresponds to our previous observations
for a complete spin transition in film of 1 with ca. 120 nm thickness. The absorbance change as a
function of temperature at this wavelength is shown in Figure 3. An abrupt and well reversible change
of the absorbance occurs around 337 K with a small hysteresis. This thermal spin transition curve
is virtually the same as it was observed for films deposited directly on glass substrates, from which
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we can infer that the SCO properties of complex 1 are not significantly modified by the presence of
the luminescent film underneath. This result corroborates our previous observations [53] about the
negligible role of the nature of the substrate on the properties of films of 1. Figure 2e depicts the
luminescence emission spectra of the bilayer film at different temperatures. Overall, these spectra
closely resemble that of the neat fluorescent film, despite the excimer shoulder around 600 nm which is
somewhat more intense. Remarkably, in the bilayer, the luminescence intensity changes drastically
between ca. 333 and 350 K, in harsh contrast with the quasi-constant luminescent intensity of the
film of complex 2 in the same temperature range. On the other hand, the luminescent lifetime of 2
is not significantly altered by the presence of the SCO layer and the decay curves remain virtually
Magnetochemistry
2019, 5, 28
6 of 14
temperature
independent
(Figure 2f).
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In the next step, a 107 nm thick film of the SCO complex 1 was deposited by vacuum thermal
evaporation on top of the luminophore layer. Optical microscopy and AFM images (Figure 2a,b),
clearly show the change of surface morphology and reveal the formation of some islands. The RMS
surface roughness of the bilayer is around 3 nm (for a bilayer thickness of 30 + 107 nm), which is
higher than typical values obtained after the evaporation of the SCO complex directly on the fused
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In Figure 3 we compare the temperature dependences of the absorbance (λ = 318 nm) and the
The results obtained with the three different SCO film thickness are summarized in Figure 4.
luminescence intensity (λ
= 300 nm, λ
= 520 nm) for the bilayer film over two thermal
The spin transition curvesexcitation
are comparable for emission
each sample in terms of spin transition temperatures,
cycles between 300 and 380 K. The drastic increase in the intensity of the luminescence above ca. 335 K
though slight differences in the shape of the curves can be depicted (Figure 4a).
can be unambiguously attributed to the spin transition phenomena (note that the slight difference
in SCO temperatures observed in absorbance and fluorescence
experiments can be attributed to the
(b)
(a)
different heating-cooling equipment used to control the temperature of the sample). It may be worth
to note also the good overall reproducibility of these measurements over successive heating-cooling
cycles, despite a small, continuous decrease of the luminescence intensity due to a slow (hours scale)
photo-bleaching phenomena.
At this point, we can conclude that the intrinsic properties of each compound, luminescent
and SCO, are not significantly affected by the presence of each other. Yet, we observe a reversible
modulation of the luminescence intensity at the SCO, which we can attribute to the different UV
absorbance properties of the iron complex in its two different spin states: either fully transmitting (HS
state) or partially blocking (LS state) the light beam used for luminescence excitation. This hypothesis
is supported by the fact the promotion of the iron complex from the LS to the HS state doubles the
luminescence intensity of our bilayer film, while its UV transmittance (λ = 300 nm) doubles as well.
In the same time, the luminescence spectral shape and lifetime remain temperature and spin-state
(d)
(c)
independent, which is also fully compatible with the proposed mechanism.
In order to obtain further proof for this explanation and to verify the scalability of the luminescence
modulation amplitude, we have prepared two other bilayer samples with SCO layers of ca. 200 nm
and 800 nm thickness. For the thickest sample, we had to overcome a difficulty concerning the
formation of crystalline films. As mentioned above, oriented, crystalline SCO films of 1 are obtained
by annealing the pristine evaporated film in humid air with ca. 80% relative humidity. However, this
method is not fully efficient when the thickness of the film is greater than ca. 200 nm. To prepare
the sample with 800 nm of SCO thickness, we have therefore first deposited an SCO layer of 200 nm
on top of a 30 nm layer of 2 and we have annealed the film as usual. Then, we have put back the
annealed sample in the evaporator to grow an additional 600 nm thick layer of SCO molecules. Post
deposition AFM measurements agree with the value indicated by the quartz balance and confirm
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The results obtained with the three different SCO film thickness are summarized in Figure 4. The
spin transition curves are comparable for each sample in terms of spin transition temperatures, though
slight differences in the shape of the curves can be depicted (Figure 4a).

(a)

(b)

(c)

(d)

Figure
4. Correlationbetween
between the
the absorbance
absorbance ofof[Fe(HB(tz)
3)2] and the luminescence of Ir(PPy)3. (a)
Figure
4. Correlation
[Fe(HB(tz)
3 )2 ] and the luminescence of Ir(PPy)3 .
Normalized
temperature
dependence
of
the
UV
absorbance
(at
three
samplessamples
with
(a) Normalized temperature dependence of the UV absorbance330
(atnm)
330for
nm)
forbilayer
three bilayer
different SCO layer thicknesses (107, 214 and 765 nm). (b) Absorbance changes associated with the
with different SCO layer thicknesses (107, 214 and 765 nm). (b) Absorbance changes associated with
SCO for different SCO film thickness. (c) Normalized temperature dependence of the luminescence
the SCO for different SCO film thickness. (c) Normalized temperature dependence of the luminescence
intensity for different SCO film thickness. (d) Plot of the luminescence intensity ratio vs. the UV
intensity for different SCO film thickness. (d) Plot of the luminescence intensity ratio vs. the UV
transmittance ratio between the HS and LS states. The corresponding SCO film thickness is also
transmittance ratio between the HS and LS states. The corresponding SCO film thickness is also shown.
shown.

In response to the absorbance change between the LS and HS states (∆ALH ) (Figure 4b), an
Magnetochemistry
2019, 5, x; change
doi: FOR PEER
REVIEW
www.mdpi.com/journal/magnetochemistry
important
and reversible
of the
luminescence intensity is also
observed around 337 K (Figure 4c)
in each bilayer sample. As expected, the extent of the luminescence modulation (IHS /ILS ) increases
with the thickness of the SCO layer. Changes from ca. 200% to 1300% (with reference to the room
temperature value) from the thinnest to the thickest film are obtained (see Table 1). The most remarkable
point, as illustrated both in Table 1 and Figure 4d, is the perfect one-to-one correlation between the
luminescence modulation IHS /ILS in the film of 2 and the transmittance change TrHS /TrLS in the film of
1. In other words, the UV transmittance of the SCO films gives an accurate scale of modification of the
luminescence intensity of the Ir complex. This means that one can modulate the luminescence intensity
‘at will’ by adjusting the thickness of the SCO layer. The results in Figure 4 provide irrefutable proof
of the mechanism of luminescence modulation in the bottom layer, which occurs via the modulation
of the exciting light intensity by the spin-state dependent UV absorbance of the top layer. (It may be
worth to note that by changing the thickness of the luminescent layer, we possibly change the ratio of
monomer/excimer emissions, which may alter the SCO modulation amplitude.)
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Table 1. Comparison of the UV absorption and luminescent properties of bilayer films with different
thickness of SCO layers.
∆Abs = AbsLS − AbsHS

Thickness of SCO Layer
107 nm
214 nm
765 nm

At 300 nm

At 318 nm

0.331
0.582
1.118

0.392
0.755
1.204

Trmax /Trmin at 300 nm

Imax /Imin

2.14
3.82
13.05

1.95
3.59
13.12

We have also investigated if a closer contact between the SCO and luminescent molecules in
a mixed film could allow for an efficient luminescence modulation. Indeed, a few examples in the
literature demonstrate that a luminescent molecule can interact strongly and selectively with SCO
complexes in either the low or the high spin state [18]. Obviously, the probability of an efficient
electronic energy transfer between the triplet emitting state of the luminophore and the week singlet
d-d absorption band of the LS complex is extremely low. Nevertheless, one might expect a significant
amplification or quenching of the luminescence emission via ‘environmental effects’ related to the
structural changes which accompany the SCO. In any case (i.e., electronic or structural effects), a
close proximity between the two types of molecules is required. To investigate this possibility we
co-evaporated the SCO and luminescent molecules to form mixed films with ca. 12%, 15% and
21% nominal luminophore content. Overall, we observed that for increasing doping levels the SCO
properties of the films degrade and the luminescence modulation thus becomes negligible. Figure 5
summarizes the results obtained for the lowest doping (12%). As shown in Figure 5a, the X-ray
diffraction spectrum of the doped film can be ascribed to an amorphous/semi-crystalline film without
any particular texture. This means that the presence of the luminophore molecules within the deposit
inhibit the recrystallization of the SCO film. Consequently, the spin transition curves obtained from
variable temperature absorbance measurements on the mixed films (Figure 5b) are very different from
what we generally observe for the pure films of 1. In particular, the absorbance change associated with
the SCO is very low (∆A = 0.057); it is approximately ten times smaller than what is expected for a
pure
SCO film with
the
thickness. As it can be expected, we observe thus only a very weak effect
Magnetochemistry
2019,
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of the spin transition on the luminescence emission intensity ratio (IHS /ILS = 1.2) (Figure 5b).

Spin crossover complex

(a)
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Figure 5. Characterization of a [Fe(HB(tz)3)2] film doped with 12% Ir(PPy)3. (a) Representative GIXRD
Figure 5. Characterization of a [Fe(HB(tz)3 )2 ] film doped with 12% Ir(PPy)3 . (a) Representative
pattern. The inset shows the outline of the sample. (b) Temperature dependence of the UV absorbance
GIXRD pattern. The inset shows the outline of the sample. (b) Temperature dependence of the UV
(318 nm) and of the luminescence intensity (excitation: 300 nm, emission 520 nm) on heating and
absorbance (318 nm) and of the luminescence intensity (excitation: 300 nm, emission 520 nm) on heating
cooling.
and cooling.

4. Conclusions
In this manuscript, we outlined an efficient approach to fabricate hybrid materials, which
combine luminescent and spin crossover molecules in a bilayer film stack. Crucially, we have shown
that the intrinsic properties of the two layers were not affected by the presence of the other. Yet, the
luminescence intensity reversibly increased when the spin crossover molecules were switched from
the LS to the HS state in the uppermost layer. We found a strict one-to-one correlation between the
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4. Conclusions
In this manuscript, we outlined an efficient approach to fabricate hybrid materials, which combine
luminescent and spin crossover molecules in a bilayer film stack. Crucially, we have shown that the
intrinsic properties of the two layers were not affected by the presence of the other. Yet, the luminescence
intensity reversibly increased when the spin crossover molecules were switched from the LS to the
HS state in the uppermost layer. We found a strict one-to-one correlation between the luminescence
modulation (IHS /ILS ) and the UV transmittance change with the spin transition (TrHS /TrLS ). In the
same time, neither the spectral shape nor the decay time of the luminescence emission were altered.
These results prove that the origin of the luminescence modulation is a direct result of the different
attenuation of the exciting UV light in the two spin states. These results also show that luminescence
can be a very sensitive indicator of the thermally induced spin transition, which could be exploited for
micro- and nanoscale thermal sensing and imaging applications [21,63,64].
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