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Intrinsic fluorescence–spin crossover synergy in a
3D Fe(II) Hofmann-type framework built from
1,6-dipyridylpyrene and [MI(CN)2]� (MI = Ag, Au)
bridging ligands

Alejandro Orellana-Silla,a Carlos Bartual-Murgui, *b Gábor Molnár, c

M. Carmen Muñoz d and José Antonio Real *a

We report the synthesis, structural characterization, and photophysical investigation of two isostructural 3D

Hofmann-type coordination polymers, {FeII(1,6-dipypyr)[MI(CN)2]2)}�(toluene) (1,6-dipypyr = 1,6-dipyridyl-

pyrene, MI = Ag (1Ag), Au (1Au)), incorporating a pyrene based fluorescent ligand as pillars of the framework.

Single crystal X-ray diffraction reveals a primitive cubic (pcu) topology formed by square-grid FeII-[MI(CN)2]

layers pillared by the 1,6-dipyridylpyrene ligands, with two interpenetrated frameworks stabilized by

metallophilic interactions and hosting a disordered toluene molecule. Magnetic and calorimetric

measurements demonstrate a complete, reversible two-step spin crossover (SCO) for both compounds.

Variable-temperature fluorescence studies show a structured green-yellow emission centered at ca. 560–

570 nm, bathochromically shifted relative to the free ligand, whose intensity is modulated by the spin-state

population. Structural analysis indicates a slipped, edge-to-face arrangement of pyrene units, precluding

excimer formation, confirming that the emission is essentially monomeric and directly affected by the

coordination environment and spin-state switching. Overall, this work reinforces the concept that intrinsic

fluorescence in SCO frameworks provides a robust strategy to design materials with a synergistic

fluorescence–SCO response, offering a platform for the rational development of multifunctional spin-

switchable systems for sensing and optoelectronic applications.

Introduction

Pseudo-octahedral FeII spin crossover (SCO) complexes have a
labile electronic configuration reversibly switching between the
low-spin (LS, t6

2ge0
g) and the high-spin (HS, t4

2ge2
g) states under

external stimuli such as temperature, pressure, light, and
interaction with small molecules (i.e. solvents and guests).1–7

The LS 2 HS transition involves population/depopulation of
the antibonding eg orbitals and concomitant change in size of
the FeII ionic radius, being ca. 0.2 Å smaller in the LS state.
In the solid state, this mismatch in size can be transmitted
cooperatively from site to site resulting in drastic changes in
magnetic, dielectric, calorimetric, optical, structural and elastic
properties.8–13 The possibility of synergistically combining

these SCO features with other interesting properties (e.g. fluores-
cence, conductivity, etc.) and the amenability of the SCO com-
pounds to be processed at the micro- and the nano-scale have
attracted significant attention in the search for new advanced
materials with potential applications in sensors,14 information
storage,15–17 actuators,18,19 thermal management20–28 and
spintronics.29–36

Among the different families of SCO materials, FeII-
Hofmann-type clathrates have emerged as promising candi-
dates due to their tunable frameworks and ability to incorpo-
rate multifunctional properties. They are coordination
polymers, generically formulated {FeII(Lax)x[M(CN)y)z] with
M = AgI, AuI (y = 2; z = 2) or NiII, PdII and PtII (y = 4; z = 1) in
which the FeII centers are equatorially connected via metallo-
cyanato units [M(CN)y]n� (y = 2, 4; n = 1, 2), forming layered
structures. The octahedral geometry of the FeII sites is axially
completed with monodentate terminal (x = 2) or bridging bis-
monodentate (x = 1) pyridine-like37–39 or triazole-like40 ligands
respectively affording 2D or 3D porous coordination polymers.
These materials have been proven to be excellent platforms not
only for investigating the influence of guest molecules on the
SCO behavior,41–44 but also for designing multifunctional
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materials integrating additional properties such as fluore-
scence,45–48 dielectric behaviour,49 or electrical conductivity,49–51

among others.
Combining SCO with fluorescence is particularly appealing,

as it allows for the optical readout of the spin state, paving the
way for innovative sensing applications. Different strategies
have been explored to achieve fluorescence in SCO systems,
which can be broadly classified into extrinsic45,46,52–55 and
intrinsic47,56–67 approaches. The extrinsic strategy, based on
the incorporation of fluorescent guest molecules into the
framework, has proven to be highly effective, as demonstrated
in our previous studies. In particular, the use of emissive guests
such as pyrene in 3D Hofmann-type networks has enabled
efficient spin-state-dependent fluorescence switching, driven
by p–p interactions between the guest molecules and the frame-
work pillars. This approach provides significant tunability of
optical properties and has opened new avenues for designing
SCO-based luminescent materials. On the other hand, the
intrinsic strategy, where the fluorescent ligand itself is a coordi-
nating component of the framework, offers a more direct syn-
thetic route to obtaining luminescent SCO materials. This
method may ensure a stronger interaction between the SCO
centers and the fluorophores, thereby avoiding the need for
guest encapsulation. However, the synthesis of intrinsic
SCO-fluorescent materials is often more challenging, as it
requires the design of multifunctional ligands capable of
simultaneously supporting spin transition and luminescence.
Despite these challenges, intrinsic systems have shown remark-
able results in enhancing the synergy between SCO and fluores-
cence, providing a robust platform for spin-state optical readout.

In a recent study, we synthesized the first 2D FeII-Hofmann
clathrates exhibiting concomitant SCO and fluorescence,
further confirming the potential of the intrinsic approach.47

In these systems, the interplay between fluorescence and SCO
was attributed to a resonance effect between the LS-state FeII d–
d absorption band and the excimer/exciplex emission of the
organic ligand, leading to temperature-dependent modulation
of the fluorescence intensity. These findings reinforced the
importance of optimizing the structural arrangement of fluor-
ophores within the lattice to enhance the SCO-fluorescence
synergy. More recently, Yan et al. reported a 3D Hofmann-type
SCO-MOF, {Fe(TPA-dipy)[Ag(CN)2]2}�2EtOH, which exhibits a
gradual and incomplete SCO behavior centered at T1/2 = 161 K,
along with a strong interaction between fluorescence and spin
transition.68 In this system, fluorescence and magnetic-SCO
response can be reversibly modulated at low temperatures by
alternating irradiation with 532 nm and 808 nm lasers, suggest-
ing its potential application in fluorescence thermometry and
photo-switchable materials.

A combination of fluorescence and SCO is not limited to
extended systems. Indeed, it has also been explored in mono-
nuclear Fe(II) complexes. For example, Yi et al. successfully
introduced an aggregation-induced emission (AIE) ligand into a
mononuclear FeII system, obtaining a complex that shows
fluorescence increase of up to five times during the spin
transition.69 Moreover, Gao et al. synthesized the first

mononuclear FeII complexes with terminal alkynyl groups,
demonstrating a strong correlation between fluorescence inten-
sity and spin-state changes.70 These studies highlight the
versatility of lumino-SCO materials, spanning from extended
networks to discrete systems, and underscore the importance
of precise molecular design to optimize the interaction between
fluorescence and spin transition.

Building upon these advances, here we extend the intrinsic
fluorescence strategy designing two new FeII-Hofmann-type
compounds incorporating the emissive bridging ligand, 1,6-
dipyridylpyrene (1,6-dipypyr). The synthesized compounds,
[Fe(1,6-dipypyr)[M(CN)2]2]�(toluene) (M = Au, Ag), exhibit
temperature-dependent fluorescence directly linked to their
SCO transition. The LS state effectively quenches fluorescence,
presumably through the inner filter effect, while the HS state
restores luminescence at higher temperatures. This study pro-
vides further insight into the mechanisms governing energy
transfer in SCO-fluorescent materials and contributes to the
rational design of multifunctional spin-switchable systems for
optoelectronic and sensing applications.

Results
Synthesis

Slow diffusion of a MeOH solution K[MI(CN)2] (MI = Ag, Au) into
a toluene : MeOH (2 : 1) solution containing 1,6-dipypyr and
[Fe(H2O)6(OTs)2] (1 : 1) afforded yellow crystals of [Fe(1,6-
dipypyr)[M(CN)2]2]�(toluene)) [MI = Ag (1Ag), Au (1Au)] (see the
Experimental section). Single crystal, elemental and thermo-
gravimetric (Fig. S1) analyses confirmed that both compounds
retain one molecule of toluene per formula. Thermogravimetric
analysis shows that the toluene is stable in the framework at
room temperature but it is released at temperatures higher
than 350 K. Only the crystal structure of the gold solvate has
been fully analyzed since the crystals of the silver homologue
lack of the necessary quality to be accomplished. However, the
X-ray powder diffraction (XRPD, Fig. 1) data confirm that both
compounds are isostructural.

Spin crossover behavior

Magnetic measurements. Fig. 2 shows the magnetic proper-
ties of 1Ag and 1Au expressed as the product of the molar
magnetic susceptibility and the temperature, wMT, recorded at a
temperature rate of 2 K min�1 (see the Experimental section).
At 350 K the wMT is ca. 3.1 and 3.5 cm3 K mol�1 for the silver
and gold derivatives, respectively. Upon cooling, wMT remains
constant down to ca. 325 K (1Ag)/290 K (1Au) and, below this
temperature, it decreases in a more or less steep fashion in two
steps down to a value in the 0.3–0.4 cm3 K mol�1 range at 100 K
where the LS state dominates. Both extreme values of wMT are
consistent with a mostly populated HS and LS state, respec-
tively, in both compounds. The characteristic SCO tempera-
tures, Tc, determined as (qwMT/qT) are Tc1 = 260/245 K and Tc2 =
228/190 K, for 1Ag/1Au. In both cases, no significant hysteresis
was observed. In contrast to 1Ag, the SCO is significantly more
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cooperative for 1Au and in addition both steps are well separated
by an inclined plateau of 20 K width. It is worth noting that this
magnetic behavior corresponds strictly to the solvent-containing
compounds, provided that the samples are not heated above
350 K (see TGA). However, upon heating the samples (400 K for
1 h) in the SQUID chamber, the toluene guest molecules are lost,
leading to substantial changes in the magnetic curves. For both
the Ag and Au counterparts, the two-step transition becomes a
single-step SCO, which is less abrupt and less complete. More-
over, the transition is shifted to lower temperatures for 1Au
(�70 K) and to higher temperatures for 1Ag (+20 K) with respect
to the parent solvated compounds (Fig. S2).

Differential scanning calorimetry. Fig. 3 displays the ther-
mal dependence of the molar heat capacity at constant

pressure, DCp, obtained from differential scanning calorimetry
(DSC), measured at 5 K min�1, for 1Ag and 1Au. The corres-
ponding DCp vs. T plots reflect the occurrence of both steps
with similar characteristic SCO temperatures to those observed
from the wMT vs. T plots. The average enthalpy (DH) and entropy,
(DS = DH/Tav

c ), variations are 16 kJ mol�1 and 67 J K�1 mol�1

(Tav
c = 244.5 K) for 1Ag and 21 kJ mol�1 and 96 J K�1 mol�1

(Tav
c = 218.6 K) for 1Au.

Crystal structure

According to the three stable phases observed in the SCO
behavior, the structure of 1Au has been analyzed via single
crystal X-ray diffraction at 300, 220 and 120 K. In the measured
temperature range, the crystals adopt the monoclinic P21/c

Fig. 1 Powder X-ray diffraction patterns for 1Au (red: calculated; green: experimental) and 1Ag (blue).

Fig. 2 wMT vs. T plots for 1Ag (left) and 1Au right (cooling and heating filled circles correspond to blue and heating modes).
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space group. Relevant crystal data are summarized in Table S1.
Fig. 4 displays a representative fragment of the structure
emphasizing the atom numbering around the FeII and AuI

centers. The FeII ion is located at the center of a slightly
elongated [FeIIN6] octahedron whose equatorial positions are
occupied by the N atoms of two crystallographically indepen-
dent [Au(CN)2]� and the remaining two axial positions are
occupied by the N atom of the pyridine groups of the 1,6-
dipypyr ligand. The corresponding metal-to-ligand bond
lengths and angles involving the [FeIIN6] octahedron are gath-
ered in Table 1 together with relevant geometrical parameters

such as average Fe–N bond length hFe–Ni, volume of the
octahedron, and angular distortion defined as the sum of the
deviation from 901 of the 12 ‘‘cis’’ N–Fe–N angles, S = (|y � 90|).
These values are consistent with the HS, LS and intermediate
spin state (IM) observed in the thermal dependence of the
magnetic properties. The [Au(CN)2]� groups are practically
linear, with the separation from linearity of the N� � �Au� � �N
angle being 1/2.31 for Au1 and 5.4/71 for Au2, at 300/120 K. They
equatorially connect the FeII centers defining square-grid layers
which stack along the b direction and extend parallel to the a–c
plane. The layers are separated by the axially coordinated

Fig. 3 DCp vs. T plots for 1Ag (left) and 1Au right (underlying grey lines correspond to the wMT vs. T plots).

Fig. 4 Fragment of the structure of 1Au emphasizing the coordination sphere of FeII and AuI and the corresponding atom numbering (left). Fragment of
the resulting porous metal–organic framework with pcu topology (right).
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1,6-dipypyr ligands affording a porous framework with primitive
cubic unit (pcu) topology (Fig. 4). The separation between the
layers, being 17.536/17.670 Å at 120/300 K favours the interpene-
tration of an identical framework. Both interpenetrated frame-
works are organized in such a way that maximizes the aurophilic
interactions between two independent square-grid layers
(d[Au� � �Au] = 3.0897(5)/3.1379(5) Å at 120/300 K) (Fig. 5). Despite
this interpenetration, there is room for the inclusion of a molecule
of toluene, which is positionally disordered in three different
positions with an occupancy of 25, 25 and 50% (see Fig. S3).

Fluorescence properties

The variable temperature emission spectra of compounds 1Au
and 1Ag are shown in Fig. 6. The photoluminescence was
excited at 365 nm, but it is worth noting that similar spectra

Table 1 [FeN6] octahedron parameters for 1Au: Fe–Ni bond lengths,
average hFe–Ni, volume V[FeN6] and S angular distortion (see the text)

Fe–Ni/Å 300 K 220 K 120 K

Fe1–N1 2.146(7) 2.051(10) 1.964(8)
Fe1–N2 2.132(6) 2.041(8) 1.955(8)
Fe1–N3 2.140(7) 2.049(8) 1.965(8)
Fe1–N4 2.154(6) 2.064(10) 1.976(7)
Fe1–N5 2.202(6) 2.117(8) 2.026(7)
Fe1–N6 2.184(6) 2.097(8) 2.020(7)
hFe–Ni 2.160 2.070 1.984
V[FeN6]/Å

3 13.380 11.870 10.434
S/1 14.4 14.3 11.4
Au1–C1 1.989(7) 1.986(12) 1.981(10)
Au2–C2 1.988(8) 1.984(10) 1.992(10)
Au2–C3 2.016(8) 1.992(11) 2.002(10)
Au1–C4 1.974(8) 1.985(11) 2.008(10)
Au1� � �Au2 3.1379(5) 3.1161(5) 3.0897(5)

Fig. 5 Two orthogonal views of the interpenetrated frameworks in 1Au displaying the aurophilic interactions and the accessible void space.

Fig. 6 Variable temperature fluorescence emission spectra recorded for 1Au and 1Ag (excitation wavelength: 365 nm).
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were recorded using other excitation wavelengths between 250
and 450 nm (not shown). The emission spectra of the two
compounds are very similar featuring a broad emission cen-
tered at ca. 565 nm and characterized by a vibronic fine
structure. When compared to the luminescence of the pure
ligand, either in toluene solution, or in the solid state,71 the
emission in the complexes displays a strong bathochromic shift
of ca. 150 and 100 nm, respectively, and a significantly better
resolved fine structure. Upon cooling the samples from room
temperature to ca. 170 K, the luminescence intensity drastically
decreases by ca. 60%, which is just the opposite phenomenon
when compared to the ordinary thermal quenching of the
luminescence. Besides this unusual decrease of the emission
intensity, one can also note a change of the shape of the
spectral envelope, with a more pronounced temperature effect
at shorter wavelengths. As shown in Fig. 7, the temperature
dependence of the luminescence intensity can be clearly corre-
lated with the magnetic behavior of the samples, the correla-
tion being particularly good for 1Ag and somewhat less tight for
1Au. The small discrepancy for the latter sample might arise
from imperfect sample thermalization in the photolumines-
cence experiments. Nevertheless, the overall conclusion is
clear: when going from the faintly coloured HS state to the
deeply coloured LS state, the luminescence intensity suffers a
pronounced diminution. Taking into account the magnitude of
the change as well as the deformation of the spectral envelope,
we can suggest that the luminescence variation with the spin
state of the sample is caused by an inner filter effect, i.e. by the
more efficient reabsorption of the emitted photons in the LS
state. This interpretation is further supported by preliminary
temperature-dependent luminescence lifetime measurements
(Fig. S4), which do not reveal significant changes within experi-
mental uncertainty, indicating that the radiative deactivation
pathway of the emitter remains essentially unaffected by the
spin state. For a better characterization of this phenomenon,
further experiments will be needed, including variable tem-
perature UV-VIS absorption and luminescence lifetime
measurements.

Concluding remarks

In summary, we have successfully synthesized two unprece-
dented isostructural 3D Hofmann-type coordination polymers
made up of a stacking of {FeII(MI(CN)2]4}N (MI = Ag, Au) grids
pillared by the fluorescent 1,6-dipyridylpyrene ligand. The
length of both inorganic and organic bridges, favors the inter-
penetration of two identical frameworks with pcu topology
which are coupled to each other via metallophilic interactions,
a fact that provides room to host a guest toluene molecule. Both
compounds are characterized by a structured fluorescent emis-
sion band with a maximum centered in the green-yellow
window (ca. 560–570 nm) which is bathochromically shifted
ca. 110 nm with respect to the unstructured band shown by the
uncoordinated free ligand in the solid state (ca. 450–460 nm).
The magnetic and calorimetric data confirm that both frame-
works exhibit a reversible complete two-step spin crossover
behavior. The fluorescence emission of both compounds is
clearly modulated by the spin-state switching in the same
temperature window. Contrary to what is usual, the intensity
of the emission decreases upon cooling. This is due to the
increase of the LS population whose light absorption increases
significantly in the 400–600 nm window.

In the crystal structure of the free ligand 1,6-dipypyr, each
molecule is surrounded by four closest equivalent molecules,
defining mutual angles of 39.1461 and establishing edge-to-face
pyrene–pyrene and pyridine–pyrene C� � �C contacts in the
ranges 3.682–3.830 Å and 3.835–3.976 Å, respectively (with the
centroid-to-centroid distance between the pyrene units being
7.092 Å). Consequently, its fluorescence properties are essen-
tially associated with monomeric emission. In the complexes,
the 1,6-dipypyr ligands adopt a different organization. At the
center of the unit cell there are two parallel 1,6-dipypyr pillars,
each belonging to a different framework. The corresponding
parallel pyrenes are arranged in a markedly slipped fashion,
with their centroids 7.253 Å (120 K) apart, thereby allowing only
a few C� � �C contacts in the 3.8–4.0 Å interval. Additionally, both
central pyrenes are related in an edge-to-face manner with two

Fig. 7 Temperature dependence of the photoluminescence (PL) intensity at 550 nm (green circles) for 1Au and 1Ag compared to the wMT vs. T plots.
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neighboring pyrenes from the other framework, with a
centroid-to-centroid distance of 7.458 Å and a relative angle
of 97.6651. This arrangement also permits only a small number
of pyrene–pyrene and pyrene–pyridine C� � �C contacts in the
3.6–3.9 Å range. The absence of strong face-to-face p–p inter-
actions strongly suggests that the emission of the title com-
plexes can also be safely attributed to monomer-like emission.

In light of these structural observations, neither the free
ligand nor the interpenetrated frameworks provide packing
arrangements capable of promoting significant p–p overlap or
excimer formation. This structural evidence, together with the
substantial bathochromic shift upon coordination and the
spin-state-dependent modulation of the emission, strongly
supports that the photophysical properties of the complexes
originate from monomer-like pyrene emission whose energy
and intensity are governed by the coordination environment
and its spin-crossover activity, rather than by excimer- or
aggregate-based states. Overall, these results reinforce that
intrinsic fluorescence—when the fluorophore is an integral
component of the framework—constitutes a robust and reliable
design strategy to achieve a genuine synergy between lumines-
cence and spin-crossover behavior, provided that the spin-
transition unit is suitably engineered, thereby paving the way
toward the obtention of multifunctional materials for sensing
and optoelectronic applications.

Experimental section
Materials and reagents

K[MI(CN)2] (MI = Au, Ag) and 1,6-di(pyridine-4-yl)pyrene (1,6-
dipypyr) were obtained from commercial sources and used
without further purification. Hexaquo-iron(II) bis-p-
toluenesulfonate [Fe(OH2)6(OTs)2] was synthesized as described
in the literature.72

Synthesis of 1Ag and 1Au

Fresh crystals of 1Ag and 1Au were prepared by a layer-by-layer
slow diffusion method in test tubes (yield 60–70%). Yellow
crystals were obtained within one week using as precursors
1,6-dipypyr, [Fe(OH2)6(OTs)2] and the corresponding
dicyanometallate.

The general procedure for the synthesis is as follows: a
solution of [Fe(OH2)6(OTs)2] (0.05 mmol, 25.29 mg) in MeOH
(2 mL) is added slowly to a solution of the ligand 1,6-dipypyr
(0.05 mmol, 17.82 mg) dissolved in hot toluene (5 mL). After
cooling and filtering, the resulting solution is poured into the
bottom of a test tube. Then, a buffer mixture of toluene : MeOH
(2 : 1, 5 mL) is added. Finally, a solution of K[M(CN)2] (M = Au(I)/
Ag(I)) (0,1 mmol, 28.81/19.9 mg) in MeOH (2 mL) is poured as
the top layer. The test tubes are sealed with a stopper and
parafilm and left undisturbed at room temperature. The result-
ing crystals of 1Ag and 1Au were stable under normal condi-
tions without loss of solvent. Elemental analysis for 1Ag and
1Au: Calculated for 1Ag [C37H24Ag2FeN6 (%)]: C 53.91; H 2.93; N
10.20. Found (%): C 53.75; H 2.95; N 10.04. Calculated for 1Au

[C37H24Au2FeN6 (%)]: C 44.33; H 2.41; N 8.39. Found (%): C
44.57; H 2.51; N 8.23.

Physical measurements

Magnetic measurements. Variable temperature magnetic
susceptibility data were recorded with a Quantum Design
MPMS2 SQUID magnetometer equipped with a 7 T magnet,
operating at 1 T and at temperatures of 1.8–400 K. Experimental
susceptibilities were corrected for diamagnetism of the consti-
tuent atoms through the use of Pascal’s constants.

Calorimetric and thermogravimetric measurements. Differ-
ential scanning calorimetry measurements were performed
using a Mettler Toledo, Model DSC 821e calorimeter. Low
temperatures were obtained with an aluminum block attached
to the sample holder, refrigerated with a flow of liquid nitrogen,
and stabilized at a temperature of 110 K. The sample holder
was kept in a dry box under a flow of dry nitrogen gas to avoid
water condensation. The measurements were performed using
crystalline samples (B10 mg) of 1Ag and 1Au sealed in alumi-
num pans with a mechanical crimp. Temperature and heat flow
calibrations were made with standard samples of indium by
using its melting transition (429.6 K, 28.45 J g�1). An overall
accuracy of �0.2 K in temperature and �2% in the heat
capacity is estimated. The uncertainty increases for the deter-
mination of the anomalous enthalpy and entropy due to the
subtraction of an unknown baseline.

Thermogravimetric analysis was performed on a Mettler
Toledo TGA/SDTA 851e, in the 290–1200 K temperature range
under a nitrogen atmosphere with a rate of 10 K min�1.

Variable temperature luminescence emission spectroscopy
measurements have been carried out using an Olympus BX51
microscope coupled to a Princeton Instruments Fergie spectro-
graph, equipped with a back-illuminated CCD sensor, a 50 mm
slit and a 295 mm�1 grating blazed at 575 nm. Fluorescence was
excited at 365 nm (full width at half maximum, FWHM = 9 nm)
using a Thorlabs light emitting diode (LED, M365L3). A high-
pass filter (4430 nm) was placed before the entrance slit of the
spectrograph to block the photons coming from the LED.
Temperature control was achieved using a THMS-600 liquid
nitrogen cryostage (Linkam Scientific). Variable temperature
luminescence lifetime measurements were performed using
the time-correlated single photon counting (TCSPC) technique
by means of a DeltaFlex (Horiba) instrument equipped with a
303 nm LED (pulse duration 1.2 ns) and a PPD-650 photon
counting detector. The temperature was controlled using an
Oxford Instruments DN-V liquid nitrogen cryostat. The emission
monochromator wavelength was set to 565 nm and a high-pass
filter (4500 nm) was placed before the entrance slit of the
monocromator to block the photons coming from the excitation
light source. Fittings and lifetime calculations were performed
using DAS6 fluorescence decay analysis software (Horiba).

Single crystal X-ray diffraction. Single-crystal X-ray data were
collected on a Nonius Kappa-CCD single crystal diffractometer
using graphite monochromated Mo Ka radiation (l = 0.71073 Å).
A multi-scan absorption correction was performed. The struc-
tures were solved by direct methods using SHELXS-2014 and
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refined by full-matrix least squares on F2 using SHELXL-2014.73

Non-hydrogen atoms were refined anisotropically and hydro-
gen atoms were placed in calculated positions refined using
idealized geometries (riding model) and assigned fixed isotro-
pic displacement parameters. CCDC files 2522897, 2522898
and 2522899 contain the supplementary crystallographic data
for this article.
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