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The search for bifunctional materials showing synergies between spin crossover (SCO) and luminescence has

attracted substantial interest since they could be promising platforms for new switching electronic and optical

technologies. In this context, we present the first three-dimensional FeIIHofmann-type coordination polymer

exhibiting SCO properties and luminescence. The complex {FeII(bpben)[Au(CN)2]}@pyr (bpben ¼ 1,4-bis(4-

pyridyl)benzene) functionalized with pyrene (pyr) guests undergoes a cooperative multi-step SCO, which

has been investigated by single crystal X-ray diffraction, single crystal UV-Vis absorption spectroscopy, and

magnetic and calorimetric measurements. The resulting fluorescence from pyrene and exciplex emissions

are controlled by the thermal and light irradiation (LIESST effect) dependence of the high/low-spin state

population of FeII. Conversely, the SCO can be tracked by monitoring the fluorescence emission. This ON–

OFF interplay between SCO and luminescence combined with the amenability of Hofmann-type materials

to be processed at the nano-scale may be relevant for the generation of SCO-based sensors, actuators

and spintronic devices.

Introduction

Iron(II) spin crossover (SCO) complexes are responsive materials

that switch between high-spin (HS) and low-spin (LS) states

triggered by external stimuli (temperature, pressure, light, and

analytes). This binary HS 4 LS behaviour entails strong elec-

tron–phonon coupling that involves drastic changes in the

magnetic, electric, optical and mechanical properties of the

SCO material when cooperative elastic interactions between

the SCO centres are effective.1 Cooperative SCO properties have

attracted substantial interest specially when combined in

a synergistic way with other relevant physical properties (i.e.

electronic transport, chirality, luminescence, host–guest

chemistry, etc) because the intrinsic ON–OFF nature of SCOmay

be transferred to the second property. This fact, together with

the amenability of the resulting functional material to be pro-

cessed at micro- and nano-scale levels, has created important

expectations for the discovery of new switching electronic and

optical technologies.2

Luminescence is a relevant property that may be used as an

internal probe to report upon the spin state of SCO centres and

conversely the control of the spin state may be used to modulate

the luminescent signal. In this respect, it has been stated that

the search for synergies between SCO and luminescence could

be an important platform for thermometry and thermal

imaging technologies.3 Although, the interplay between SCO

and luminescence was rst reported 20 years ago,4 it has been

more recently that this binomial has gained much attention.

Two main approaches have been designed to combine SCO and

uorescence in the same material. A rst approach introduces

uorescence as an extrinsic property by physically doping the

targeted SCO complex with a uorescent dye during the fabri-

cation of thin lms or nanoparticles.5–10 In the second

approach, luminescence is an intrinsic property of the SCO

complex. Only a reduced number of examples of this second

approach have been reported so far, which include discrete

mononuclear11–14 homodinuclear,15 heterodinuclear FeII–EuIII,4

heterotrinuclear FeII–PtII,16 and two 1-D coordination

polymers.17,18

Hofmann-type FeII SCO coordination polymers (SCO-CP)19,20

have afforded excellent examples of thermo-21 and piezo-

hysteretic behaviours,22 multistep cooperative transitions,23

relevant examples of porous systems where the SCO can be

tuned by guest molecules favouring selective host–guest inter-

actions,24 post-synthetic chemical activity25 and/or solid-state
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transformations.26 In addition, they have demonstrated to be

excellent platforms to investigate the SCO properties at the

nano-scale (nanocrystals and thin lms) as potential compo-

nents for the generation of SCO-based sensors, actuators and

spintronic devices.27 In this context, and as a result of our

systematic study on Hofmann-type FeII SCO-CP,19 here we report

on the thermo- and photo-induced multi-stable spin transition

of a pyrene based 3-D Hofmann clathrate monitored by photo-

luminescence and on the corresponding thermo- and photo-

modulation of the exciplex uorescence emission. This study

has been carried out based on single crystal UV-Vis absorption

spectroscopy measurements, X-ray single crystal analysis at

relevant temperatures and magnetic, photo-magnetic and

calorimetric measurements on microcrystalline samples of the

SCO-MOF {FeII(bpben)[Au(CN)2]}@pyr [1Fe@pyr] (bpben ¼ 1,4-

bis(4-pyridyl)benzene; pyr ¼ pyrene). For comparative reasons

the homologous isostructural ZnII derivative 1Zn@pyr was also

synthesised and characterised and herein reported. As far as we

know this is the rst SCO-CP implemented with luminescence

properties.

Results and discussion
Synthesis and structure

Pale-yellow (1Fe@pyr) or white (1Zn@pyr) crystalline samples

were obtained by slow diffusion methods from stoichiometric

amounts of MII(BF4)2$6H2O (MII
¼ Fe, Zn), bpben and

K[Au(CN)2] and an excess of pyrene dissolved in methanol (see

the ESI†).

Single crystal structure analysis of 1Fe@pyr and 1Zn@pyr at

120 and 280 K showed the non-centrosymmetric monoclinic

space group Cc. Crystal data and structural parameters are given

in Tables S1–S3 in the ESI.†

There are two crystallographically distinct octahedral [MIIN6]

sites constituted of 4 equatorial [Au(CN)2]
� groups and 2 axial

bpben ligands (Fig. S1†). The almost linear [Au(CN)2]
� groups

bridge 4 equivalent [MIIN6] sites forming parallel stacks of

{M4
II[Au(CN)2]4}n 2D grids pillared by the bpben ligands, thus

generating an open framework with pcu topology (Fig. 1). The

wide {M4
II[Au(CN)2]4} windows allow interpenetration of an

identical framework made up of the other crystallographically

independent [MIIN6] site (Fig. 1). This type of structure is

common for {FeII(L)[Au(CN)2]} SCO compounds where L is a bis-

monodentate pyridine-type ligand.19,20

The two frameworks are held together by strong Au/Au

interactions [average 3.0535(5) Å for 1Fe@pyr and 3.1086(9) Å

for 1Zn@pyr at 120 K]. The average Fe–N bond length equal to

1.960 Å at 120 K and 2.154 Å at 280 K are typical of the FeII ion in

the LS and HS states, respectively. Thus, the average bond

length variation associated with the spin-state change, 0.2 Å, is

consistent with the occurrence of a complete LS 4 HS

conversion. This is in turn reected in a change of the unit cell

volume of 444.7 Å3, which represents 6.7% of the HS unit cell

volume or a volume change of 55.6 Å3 per FeII upon SCO. This is

a typical value observed for Hofmann clathrates.19 It is worth

noting that, in the same interval of temperatures, a unit cell

volume variation of 1% (68.4 Å3) is observed for 1Zn@pyr, which

essentially corresponds to thermal contraction/expansion of the

crystal in the temperature interval 280–120 K where the average

ZnII
–N bond length remains practically constant at ca. 2.145 Å.

The available space generated by the two interpenetrating

frameworks is lled by two crystallographically independent pyr

guest molecules that do not interact signicantly with each

other. In contrast, they dene a large number of short p–p

interactions with the bpben ligands (Fig. 2 and Table S4†). The

number and strength of these interactions are unequally

distributed in each framework. The bpben1 pillars attached to

the [Fe1N6] nodes (blue colour, Fig. 1 and 2) dene with the

corresponding pyr1 guests (red colour) a face-to-face type

interaction with 22 short C/C contacts smaller than the sum of

the van der Waals radius (ca. 3.7 Å) ranging in the interval

Fig. 1 Two perpendicular perspective views ((a) side view and (b) top
view) of the same fragment of the doubly interpenetrated frameworks
1M@pyr (MII

¼ Fe, Zn) showing the bpben pillars, coordination centres
and pyrene units. The two crystallographically distinct frameworks are
represented in blue (network 1) and beige (network 2) colours, while
the different pyrene molecules are depicted in red (pyr1) and green
(pyr2) colours. Au centres are yellow spheres.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 8446–8452 | 8447
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[3.44–3.68 Å] at 280 K (Table S4, Fig. S2†). They markedly

increase in number, up to 37 C/C contacts [3.30–3.66 Å], in the

LS structure at 120 K (Fig. 2). It is worth noting that this increase in

short p–p interactions occurs synchronically with a small in-plane

rotation of the pyr1 by ca. 6.1� (Fig. S2†). In contrast, 22 [3.32–

3.69 Å] and 12 [3.42–3.68 Å] short C/C contacts at 120 K and 280

K, respectively, are found between the bpben2 pillars attached to

the [Fe2N6] nodes (beige colour, Fig. 1 and 2) and the corresponding

pyr2 (green colour). This ca. 50% decrease of C/C interactions is

due to parallel-displaced p–p interactions in the latter. Although

similar considerations can be made for 1Zn@pyr, the larger ionic

radius of ZnIIwith respect to FeII-LS is reected in a slight reduction

in the number of p–p interactions (Table S4-bis, Fig. S2†).

A direct consequence of these strong p–p interactions is

the bent geometry adopted by the bpben ligands. A similar

situation was described for the SCO Hofmann clathrates

{Fe(bpb)[MII(CN)4]}$2G, where the related rod-like bridging

ligand bis(4-pyridyl)butadiyne (bpb) is markedly bent due to

strong intermolecular interactions established with G ¼

naphthalene or nitrobenzene molecules.28 For the titular

compounds, we have estimated the magnitude of the bent in

bpben measuring the distance of the pyridyl N atoms to the

average plane dened by the central benzene ring (see Table

S5a and Scheme I†). It is important to note that the bent, and

consequently the distance to the average plane, is larger for

bpben1 than for bpben2 due to the larger number and more

direct p–p interactions with pyr in the former. In addition to

this, the pyridyl groups are slightly rotated with respect to the

central benzene ring (Table S5b†). Both, the bent distortion

and the angles dened by the intersection of the benzene and

pyridyl rings do not change signicantly upon the spin state

change of FeII. Furthermore, these distances and angles are

consistent with those found for 1Zn@pyr. It is worth

mentioning that the bent geometry found for the bpben pillars

in the titular compounds strongly contrasts with the linear

structure described previously for the solvate [Fe(bpben)

{Au(CN)2}2]$S with S ¼ 1.5DMF$0.3EtOH$0.2C6H12l.
29

Spin crossover behaviour

Magnetic, photo-magnetic and calorimetric studies. The

SCO was followed by magnetic measurements on bulk samples

in the temperature interval 10–300 K (Fig. 3). At room temper-

ature, the cMT product (cM ¼molar magnetic susceptibility and

T ¼ temperature) equal to 3.64 cm3 K mol�1 is consistent with

the FeII ion in the HS state. On cooling at a temperature scan

rate of 1 Kmin�1, cMT drops abruptly between 250 and 160 K, in

three consecutive steps centred at 227, 195 and 180 K, to 0.14

cm3 K mol�1 indicating a practically complete transformation

to the LS state. In the heating mode, the magnetic curve does

not match the cooling curve showing the presence of hysteresis

in the second and third steps ca. 5 K wide. The overall equi-

librium temperature, T1/2, at which the HS and LS molar frac-

tions are equal to 0.5 (gHS¼ gLS¼ 0.5; DG¼ 0) is estimated to be

centred at 190 K. This multi-step SCO behaviour is reminiscent

of the one previously observed for the homologue solvate

[Fe(bpben){Au(CN)2}2]$S with S¼ 0.9 benzene, which undergoes

a less steep three-step conversion centred at 214 K, 155 K and

141 K.29 The occurrence of multi-step SCO is a relatively

uncommon event in SCO that results from a competition

between ferro- and antiferro-elastic interactions driven by the

difference of volume associated with the LS and HS centres.30

The steps involve stabilization of states characterized by

different commensurate and/or incommensurate ordered frac-

tional distributions of the HS/LS sites that oen require

symmetry breaking and that dramatically depend on subtle

structural changes of the solid, which are difficult to control.31

Irradiation of the sample with red light (l ¼ 633 nm) at 10 K

photo-generates the metastable HS* state (light induced excited

spin state trapping (LIESST),32 see the green line in Fig. 3).

Fig. 2 Crystallographically different bpben-pyrene pairs found in
1Fe@pyr displaying the intermolecular p–p interactions (dotted lines)
between bpben and pyrene (only short p–p contacts smaller than the
sum of the C/C van der Waals radius ca. 3.7 Å are shown).

Fig. 3 Magnetic, photomagnetic and calorimetric properties of
1Fe@pyr. Blue down triangles and red up triangles refer to cooling and
heating modes, respectively. Green triangles show the increase of cMT
upon irradiation at 10 K (LIESST effect), and red down triangles
correspond to the heating from 10 K at 0.3 K min�1 to determine the
TLIESST temperature. Grey curves correspond to the anomalous varia-
tions of the molar specific heat Cp caused by the SCO for the cooling
and heating modes.

8448 | Chem. Sci., 2018, 9, 8446–8452 This journal is © The Royal Society of Chemistry 2018

Chemical Science Edge Article

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

1
 S

ep
te

m
b
er

 2
0
1
8
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 4

:1
3
:0

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C8SC02677G


The subsequent heating at 0.3 K min�1 in the dark shows an

increase of cMT, associated with the zero-eld splitting of the

S ¼ 2 HS state of FeII, reaching a maximum value of

3.50 cm3 K mol�1 in the temperature range 24–34 K, which

suggests a quantitative population of the HS* state. Upon

further heating the HS* relaxes back in two steps to the LS state

with a characteristic TLIESST z 50 K.33

The thermodynamic parameters obtained from differential

scanning calorimetry were consistent with the cMT vs. T plot

(grey lines in Fig. 3). The average enthalpy and entropy varia-

tions DH ¼ 10.9 kJ mol�1 and DS ¼ 56 J K�1 mol�1 are typical of

FeII SCO compounds.

Single crystal UV-Vis spectra. 1Fe@pyr displays a reversible

thermo-chromic change between pale-yellow (HS) and red (LS).

Consequently, the SCO behaviour was monitored on a single

crystal through UV-Vis absorption spectra in the temperature

range 300–10 K (cooling and heating modes) with temperature

scan rates of 1 and 5 Kmin�1 while recording the spectra every 1

and 5 min (see Fig. 4a, S3 and S4,† respectively). When cooling

from 300 K to 10 K, the band centred at 800 nm associated with

the HS state bleaches while a new band attributed to the LS state

arises centred at 532 nm when cooling to 10 K. Considering the

thickness of the crystal, 50 � 1 mm, and a concentration of Fe of

around 1.6 M, a typical value of ferrous spin crossover systems,

an extinction coefficient, 3, equal to 7 and 125 M�1 cm�1 was

found, respectively, for the 800 and 532 nm bands. These values

are consistent with the d–d transitions 5T2 /
5E and 1A1 /

1T1

characteristic of the HS and LS states of FeII, respectively.

Following the optical density difference between the

maximum of the LS band at 532 nm and the tail of this band at

650 nm, the evolution of the HS molar fraction (gHS) with

temperature was stablished by using Vergard's law (eqn (1)).

gHS ¼ (ODLS � ODT)/(ODLS � ODHS), (1)

where ODLS is the optical density of the LS state, ODHS is the

optical density of the HS state at 300 K and ODT is the optical

density at a given temperature. The optical density (OD) is cor-

rected from an eventual baseline jump or shi by taking the

difference between the OD at 532 nm and the OD at 650 nm,

where there is no noticeable absorption in the two states. The

resulting SCO prole displays three main steps centred at 230,

195 and 184 K (Fig. 4b). Irradiation of the crystal with green light

(l ¼ 532 nm) at 10 K quantitatively photo-generates the meta-

stable HS* state. The thermal stability of HS* was examined

following the spectra when heating the crystal in the dark at 0.3

Kmin�1 from 10 to 60 K (Fig. 4b and S5†). The thermal relaxation

HS* / LS was characterized by a TLIESST ¼ 45 K. Both, thermal-

and photo-induced SCO behaviours agree reasonably well with

the complementary magnetic measurements.

Synergy between uorescence and spin crossover

The crystal structure of 1Fe@pyr reveals that the pyr guest

molecules and bpben bridging ligands lie in an environment

that is fully consistent to afford exciplex emission through p–p

interactions.34 Consistently with this, the excitation spectrum

recorded at room temperature at 520 nm, shows a set of four

different main bands, two of them highly resolved and centred

at 254 and 332 nm. The other two bands are rather broad and

centred at around 350 and 400 nm. Likewise, the emission

spectrum of the sample has been recorded between 350 and

700 nm aer excitation at 332 nm (Fig. S6†). The two charac-

teristic bands of the monomer and excimer of pyrene are cen-

tred at 400 and 500 nm, respectively. In order to study the

inuence of the thermal spin transition on the luminescence

properties, the sample was cooled down to 10 K at 5 K min�1

and the luminescence spectra were recorded in the cooling and

heating modes (Fig. 5a and S7†). Upon cooling to 190 K from

room temperature, the intensity of both peaks, excimer and

monomer, slightly increases whereas with further cooling in the

region of the spin transition at around 235–155 K the intensity

of the monomer signal increases signicantly concomitantly

with the quenching of the excimer's signal (Fig. 5a). The

thermal dependence of uorescence for the non-SCO iso-

structural compound 1Zn@pyr aer excitation at 332 nm shows

two main maxima centred at 439 and 484 nm (Fig. 5b), whose

intensity does not change signicantly in the 235–155 K interval

where 1Fe@pyr displays the SCO behaviour (see Fig. 5c). Clearly

the spin transition properties of 1Fe@pyr have a strong inu-

ence on the photoluminescence properties. This observation is

Fig. 4 SCO properties of 1Fe@pyr monitored by using single crystal
UV-Vis spectra: (a) temperature variable UV-Vis absorption spectrum
in the cooling mode and (b) HS molar fraction of the thermal and light
induced SCO.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 8446–8452 | 8449
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directly related to the absorption properties of the compound

and the emission properties of the pyrene. The arising of the LS

absorption band at 532 nm (Fig. 4a) upon cooling quenches the

emission of the excimer signal of pyrene at 478 nm (Fig. 5a) due

to the radiative energy transfer (emission–reabsorption) from

the excited state of the pyrene to the MLCT-3d (1A1 /
1T1) band

of the FeII complex in the LS state. The signal at 392 nm, that

abruptly increases below the spin transition, overlaps with the

MLCT-3d (1A1 /
1T1) transition band of the compound at any

temperature. From the ratio between the intensity at 392 nm

and 478 nm while heating and cooling at 5 K min�1 the thermal

evolution of the normalized HS molar fraction (gHS)
norm has

been obtained. The thermal spin transition stablished based on

the luminescence properties of 1Fe@pyr follows reasonably well

the SCO prole obtained by absorption spectroscopy and

magnetic measurements (Fig. 6). The differences observed,

particularly at low temperatures, can be ascribed, on one hand,

to the much more rapid temperature scan rate used for

recording the SCO by luminescence and, on the other hand, to

the difficulties to separate the increasing signal of the monomer

emission from that of the exciplex as temperature decreases. In

spite of this, the average equilibrium temperature at which

(gHS)
norm

¼ 0.5, T1/2 ¼ 189.5 K, centred in the middle of

a hysteresis loop ca. 5 K wide, is virtually the same as that

observed from magnetism and absorption spectroscopy. In

a recent study, likely inspired by the complex [Fe(abpt)2(NCS)2]

with abpt ¼ 4-amino-3,5-bis(pyridine-2-yl)-1,2,4-triazole,35 pyr-

ene was covalently coupled by condensation of 1-pyr-

enecarboxaldehyde with abpt to afford (pyrene-1-yl)-N-(3,5-

di(pyridin-2-yl)-4H-1,2,4-triazol-4-yl)methanimine (L).14 The

resulting [Fe(L)2(NCS)2] compound undergoes a SCO in the

interval 200–350 K with T1/2 ¼ 267 K. The pyrene moieties

interact with each other dening four face-to-face p–p inter-

actions (3.66–3.85 Å). The lack of exciplex emission well sepa-

rated from the intrinsic emission of pyrene moieties precluded

from delineating a neat correlation between the thermal SCO

and uorescence proles in this compound. However, the

obvious differences observed in the temperature dependence of

uorescence between [Fe(L)2(NCS)2] and the free ligand L,

Fig. 5 (a) Evolution of fluorescence spectra with temperature upon
cooling from 300 K to 10 K at 5 K min�1 for 1Fe@pyr. (b) Evolution of
the luminescence spectra with temperature upon cooling from 300 K
to 10 K at 5 K min�1 for 1Zn@pyr. (c) Thermal dependence of
normalized intensity of the monomer and excimer signals at 392 nm
(red) and 478 nm (blue) for 1Fe@pyr and 439 nm and 484 nm (grey) for
1Zn@pyr. Fig. 6 Comparison of the SCO profiles obtained frommagnetism and

fluorescence for 1Fe@pyr.
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associated with a resonance energy transfer process similar to

that observed for 1Fe@pyr, made possible to infer a clear

inuence of the SCO on the uorescence. In particular, the

partial population (ca. 21%) of the photo-generated HS* LIESST

state of [Fe(L)2(NCS)2] at 10 K also demonstrates this inuence

on the uorescence.

Similarly, photo-excitation of the titular compound 1Fe@pyr

from LS to HS* (LIESST effect) has been preliminary followed by

luminescence. In Fig. 7 the uorescence spectra at 10 K before

and aer irradiation of the sample at 520 nm at two different

irradiation times are compared. Interestingly, the uorescence

of the monomer decreases concomitantly with an increase of

the excimer signal due to the excitation of the LS state into the

metastable HS* state. In this sense, further analysis could be

performed in order to study the cooperativity of the system

thought LIESST and HS to LS relaxations at low temperature by

taking advantage of the photoluminescence properties of

pyrene.

Conclusions

In summary, we have successfully synthesized an unprece-

dented 3D Hofmann-type FeII SCO-CP functionalized with pyr-

ene as a uorescent guest. Strong p–p interactions between

pyrene and the pillars of the pcu SCO framework result in

exciplex emission. Both monomer and exciplex uorescence are

dependent on the spin state of the FeII nodes which in turn is

controlled by temperature and light irradiation (LIESST effect),

thereby resulting in ON–OFF switching of the luminescent

signal. Implementing the prolic family of Hofmann-type SCO-

MOFs with luminescence properties offers new opportunities

for designing and probing devices at micro- and nano-scales for

sensing and information processing. In this sense, incorpora-

tion of a luminescent source in the pillars of the framework is

a further desired step. Our preliminary results in this direction

are very promising and will be reported elsewhere in due course.
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H. Li, J. A. Real, F. Sanz, J. Hihath, E. Ruiz and I. D́ıez-
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