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a b s t r a c t

Luminescent spin crossover (SCO) materials have attracted significant interest owing to their potential

applications in magneto-optical switches. However, the majority of previously reported FeII-based SCO

complexes are adversely affected by fluorescence quenching in the solid-state. Here, we have constructed

the first mononuclear FeII complex decorated with an aggregation-induced emission (AIE) luminophore

(i.e., tetraphenylethylene) that exhibits synergistic SCO and fluorescence behavior. Intriguingly, we ob-

tained two types of crystals in different solvent systems, both displaying distinct magnetic bistability

and fluorescence properties. The fluorescence intensity was observed to track the magnetic susceptibil-

ity, which confirmed that SCO and solid-state fluorescence operate synergistically. We introduce a novel

approach for the construction of luminescent SCO compounds using an AIEgen as a luminophore, which

leads to fluorescence emission in the solid-state, thus allowing us to study the synergy between SCO and

fluorescence.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The spin crossover (SCO) phenomenon has received growing at-

tention over the past few decades, primarily because of its po-

tential applications in advanced electronic devices, including dis-

play devices, memory devices and switches [1–4]. SCO complexes

can switch reversibly between low spin (LS) and high spin (HS)

states in response to external conditions, with their electrical, opti-

cal, and mechanical properties changing dramatically as a result. In

the past, SCO materials have been endowed with various physical

properties, such as electrical conductivity, nanomagnetism, liquid

crystals, and nonlinear optical properties, leading to the integration

of multiple functionalities within a single material [5–9]. In partic-

ular, bifunctional luminescent SCO materials have received signifi-

cant attention because they can track fluorescence signal modula-

tion through spin-state switching processes. Conversely, spin-state

switching activity can be detected using fluorescence. Despite ex-

tensive research over the past decade, luminescent SCO compounds

that successfully demonstrate synergy are relatively rare, as transi-

tion metal ions (especially FeII) frequently lead to quenching of the

luminescence. Two strategies have commonly been used to impart

a material with luminescence and SCO synergy: the first involves
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directly coordinating a luminophore to an SCO transition metal ion,

while the second consists of doping or covalently grafting a fluo-

rophore into an SCO thin film and/or nanomaterial. The first strat-

egy is arguably more efficient, as it leads to single crystals suit-

able for structural analysis. Garcia et al. were the first to report a

bifunctional luminescent SCO complex characterized by crystallo-

graphic studies [10].

Currently, the majority of bifunctional luminescent SCO materi-

als include fluorophores such as pyrene [11], naphthalene [12] and

anthracene [13]. Our design strategy involves taking advantage

of a luminophore that can strongly fluoresce in the solid-state.

Therefore, we selected tetraphenylethylene (TPE), a well-known

aggregation-induced emission (AIE) fluorophore (or AIEgen), be-

cause of its unique structural characteristics and strong fluores-

cence in the solid-state. TPE derivatives have been extensively in-

vestigated for applications in areas such as fluorescence sensors,

light-emitting materials, and cell imaging [14,15]. Moreover, TPE

fluorophores can be easily tethered to SCO ligands through Schiff

base reactions, thus facilitating bifunctional properties in a sin-

gle material. Using this approach, we coordinated TPE to 4-amino-

3,5-bis(pyridin-2-yl)-1,2,4-triazole (abpt), an excellent SCO moiety,

to incorporate both SCO and fluorescence into our compound. To

the best of our knowledge, two-dimensional coordination polymers

containing a TPE derivative (TPPE) are the only existing examples

https://doi.org/10.1016/j.cclet.2022.05.006
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Fig. 1. Magnetic susceptibilities (χMT) of [Fe(abpt-TPE)2(NCS)2]·4MeCN (1) and

[Fe(abpt-TPE)2(NCS)2]·2MeCN·2CH2Cl2 (2) as a function of temperature (T). Inset:

Structures showing the differences in the Fe−Nisothiocyanate−C angles (°) of 1 (left)

and 2 (right) are also shown.

of AIEgen-based luminescent SCO compounds [16,17], whereas no

examples of mononuclear bifunctional luminescent SCO complexes

linked to AIEgens have been reported.

Thus, we herein report the synthesis of the novel lig-

and N-(3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-yl)-1-(4-(1,2,2-

triphenylvinyl)phenyl)methanimine (abpt-TPE) and its charac-

terization by nuclear magnetic resonance (NMR) spectroscopy

(Fig. S1 in Supporting information). Subsequently, the obtained

ligand was coordinated to FeII in a bidentate manner along with

two isothiocyanate anions to give [Fe(abpt-TPE)2(NCS)2]·4MeCN

(1) and [Fe(abpt-TPE)2(NCS)2]·2MeCN·2CH2Cl2 (2). Both of these

complexes exhibited SCO and fluorescence synergy in the ag-

gregated state, although their spin transition temperature (T1/2)

differed by 74K. Most reported luminescent SCO complexes

only show synergy between the two properties around their

T1/2 value [16–20], whereas a few examples show synergy in

the entire SCO temperature range [21–23]. Complexes 1 and 2

showed synergistic behavior between fluorescence and magnetic

susceptibility over the entire temperature range of 80–300K,

which is rare and highly desirable. To the best of our knowl-

edge, this is the first report that describes mononuclear AIE-SCO

molecules.

To examine the magnetic behavior of the two complexes, mag-

netic susceptibility measurements were conducted on fresh sam-

ples of 1 and 2 in the temperature range of 10–300K (swept

at 5K/min) under an applied magnetic field of 1000Oe. Both

complexes showed significant differences in their temperature-

dependent magnetic data. Specifically, compound 1 exhibited

abrupt and nearly complete one-step SCO behavior with a tran-

sition temperature (T1/2) of 129K. In addition, the χMT value of

FeIILS increased from 0.21 cm3 K/mol at 10K to 3.24 cm3 K/mol

at 220K, with a maximum of 3.30 cm3 K/mol recorded at 300K,

which corresponds to FeIIHS Meanwhile, complex 2 exhibited com-

plete SCO behavior with a T1/2 of 203K; its χMT value increased

from 0.08 cm3 K/mol at 10K to 3.30 cm3 K/mol at 300K, which

is consistent with the presence of FeIIHS Thus, as shown in Fig. 1,

both 1 and 2 show one-step and abrupt SCO behavior, with a dif-

ference of ∼74K in their T1/2 values; this behavior was reproduced

in consecutive cycles.

Differential scanning calorimetry (DSC) was conducted on fresh

samples of 1 and 2 to further characterize the SCO behavior. For

complex 1, upon cooling, a peak for the exothermic transition from

the HS to the LS state was observed at 127K with �H=5.35 kJ/mol

and �S=42.09 Jmol–1 K–1. Upon heating, a peak for the endother-

Fig. 2. Schematic diagram showing the structural design of [Fe(abpt-TPE)2(NCS)2]

at the molecular level. Hydrogen atoms and solvent molecules have been omitted

for clarity.

mic transition from the LS to the HS state was observed at 128K

with �H=3.80 kJ/mol and �S=30.00 J mol–1 K–1. For complex 2,

upon cooling, a peak for the exothermic transition from the HS to

the LS state was observed at 199 K with �H=10.82 kJ/mol and

�S=54.38 J mol–1 K–1. Upon heating, a peak for the endothermic

transition from the LS to the HS state was observed at 202 K with

�H=10.83 kJ/mol and �S=53.62 J mol–1 K–1.

Mössbauer spectroscopy (measured at 80 and 300K for 1 and

at 100 and 300K for 2) was used to further verify the FeII spin

states of the two complexes (Fig. S3 in Supporting information).

Quadrupole splitting (�EQ) in the 0.497–0.513mm/s range and iso-

mer shifts (δ) in the 0.510–0.529mm/s range were observed. These

values are typical of FeIILS species, whereas values of 2.933–3.045

and 1.015–1.135mm/s are usually observed for FeIIHS species. Com-

plex 1 is composed of ∼79% FeIILS at 80K, with the HS state ac-

counting for ∼21%, which means that some FeIIHS is present in

the low-temperature region. In addition, this LS to HS area ra-

tio deviates slightly from that obtained from the magnetic data

(0.94:0.06), which can be attributed to a loss of some solvent

molecules [24]. In contrast, complex 2 is composed of 100% FeIILS
at 100K, and both 1 and 2 are composed of 100% FeIIHS at 300K,

consistent with the magnetic susceptibility data (Table S1 in Sup-

porting information).

The molecular structures of the two complexes were analyzed

using single-crystal X-ray diffraction data obtained at 100 and

300K. Complex 1 crystallizes in the monoclinic P21/n space group,

whereas complex 2 adopts the triclinic P-1 space group (Table 1).

The asymmetric units of 1 and 2 contain one FeII center, one abpt-

TPE ligand, and an isothiocyanate (NCS) moiety, and each complete

structure is generated by inverting the FeII center, including the

lattice solvents, with Z=2 and 1, respectively. The FeII ions in both

complexes adopt N6 octahedral coordination arrangements linked

by four nitrogen atoms via abpt-TPE units and two nitrogen atoms

from two trans-NCS anions (Fig. 2). The average Fe–N distances in

complexes 1 and 2 were determined to be 1.9821 and 1.9756 Å

at 100K, respectively, which are consistent with those in related

FeIILS complexes containing abpt ligands [25,26]. To study the HS

structures of the two complexes, we obtained single crystal struc-

tures for complexes 1 and 2 at 300K. As shown in Table 1, the

space groups of the two complexes remain unchanged in the HS

state (i.e., monoclinic P21/n for 1 and triclinic P-1 for 2). How-

ever, the average Fe–N distances of complexes 1 and 2 were deter-

mined to be 2.1544 and 2.1552 Å at 300K (Table S2 in Supporting

information), respectively, which agree with the FeIIHS–N distances

reported in reference [11]. Moreover, 1 and 2 differ in their Fe–

2
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Table 1

Crystallographic data for complexes 1 and 2.

Complex 1 2

Temperature (K) 100.00(10) 299.99(13) 100.00(10) 299.98(10)

Empirical formula C88H68FeN18S2 C86H66Cl4FeN16S2
Fw 1497.57 1585.31

Crystal system monoclinic triclinic

Space group P21/n P-1

a (Å) 8.92110(10) 8.9930(5) 8.0033(2) 8.0722(3)

b (Å) 19.0537(3) 19.2912(8) 12.4413(2) 12.6749(4)

c (Å) 22.0837(3) 22.7234(14) 20.4414(3) 20.9519(17)

α (°) 90 90 93.3410(10) 92.164(5)

β (°) 90 90 95.962(2) 96.427(5)

γ (°) 90 90 105.809(2) 106.447(3)

V (Å3) 3753.79(9) 3942.2(4) 1939.81(7) 2037.6(2)

Z 2 2 1 1

ρcalcd (g/cm3) 1.325 1.262 1.357 1.292

F(000) 1560.0 1560.0 820.0 820.0

μ (mm−1) 2.611 2.486 3.786 3.604

GOF on F2 1.032 1.034 1.089 1.107

R1 , wR2 (I > 2σ (l)) 0.0520, 0.1373 0.0719, 0.1894 0.0504, 0.1479 0.0702, 0.2249

R1, wR2 (all data) 0.0593, 0.1424 0.1351, 0.2281 0.0526, 0.1497 0.0809, 0.2394

Nisothiocyanate–C angles, the dihedral angles (θ ) of the four benzene

rings of the abpt-TPE ligand, and their crystal packing.

The axial isothiocyanate ligands are slightly distorted from the

FeII centers in 1 and 2 (Table S2). In the case of 1, the Fe–

Nisothiocyanate–C angles for the HS and LS structures of 1 were

160.01° and 166.77°, respectively, whereas those for the HS and LS

structures of 2 were 164.36° and 172.40°, respectively. These re-

sults indicate that the Fe–Nisothiocyanate–C angles of 1 and 2 were

larger in their LS states than in their HS states, and larger values

were obtained for 2 than for 1 in the same spin state, which may

have influenced the spin state.

The dihedral angles between the relevant planes in the ligands

reflect the apparent different degrees of twisting of the TPE moi-

ety in each compound. For elucidation, representative plane num-

bers are shown in Fig. S4 (Supporting information). The LS and HS

dihedral angles for 1 differed by 0.906°–2.851°, whereas this dif-

ference was 0.974°–3.019° for 2. However, the θ values for 1 and 2

are significantly different at 100 and 300K (Table S3 in Supporting

information), with differences of 19.986°, 7.351°, 35.31° and 12.69°
at 100K for θCg5-Cg6, θCg6-Cg7, θCg6-Cg8 and θCg6-Cg9, respectively,

whereas these values were 16.061°, 7.413°, 29.819° and 13.154°
at 300K. The degrees of distortion of the TPE phenyl rotors may

therefore play significant roles in affecting the SCO phenomena of

1 and 2 by slightly affecting the ligand field.

In addition to the observed differences in molecular geometry,

the two complexes also show significantly different crystal pack-

ing. The lattice solvents of 1 and 2 are located in the resulting

spaces (Figs. S5 and S6 in Supporting information). Both complexes

form π ···π stacking interactions between adjacent chains at 100K

that involve the pyridine rings of the abpt ligands and result in

the formation of supramolecular 1D chains along the crystallo-

graphic a axis. In addition, the A and B chains of the complexes

coordinate through hydrogen bonding. Complex 1 displays differ-

ently oriented linear A (green) and B (red) chains in the bc plane,

which creates an alternating pattern involving the two chain types

(Fig. 3a). The adjacent molecules interact with each other through

C–H···N hydrogen bonding within each chain (A or B), as shown

in Fig. S5, with an Fe–Fe distance of 19.054 Å between adjacent

molecules, whereas the intermolecular Fe–Fe distance between ad-

jacent A and B chains is 15.251 Å. Adjacent A chains are connected

through π ···π contacts between the pyridine moieties of adjacent

complexes (Fig. 3b). Adjacent B chains are connected in a similar

manner to the A chains but are oriented differently (Fig. 3c). In

contrast, complex 2 forms 1D linear chains (Fig. 3d) that are ar-

ranged in a parallel BB (red) stacking pattern in the bc plane. The

Fig. 3. Crystal packing in various directions for (a–c) 1 and (d, e) 2. The numbers

in the figure represent distances in angstroms.

complex interacts with neighboring molecules within each chain

through CH···S and CH···N hydrogen bonds (Fig. S6), and the Fe–Fe

distance between adjacent molecules is 12.441 Å, which is shorter

than the analogous distance for 1. On the other hand, the distance

between the two iron centers in adjacent chains in the bc plane is

20.441 Å for complex 2. As observed for 1, the adjacent chains of 2

form π ···π interactions in the ab plane (Fig. 3e) connected through

the pyridine rings of the abpt-TPE ligands.

Despite their similar structures, the crystals of 1 and 2

are not isomorphous and can be interconverted using a va-

riety of solvent mixtures. Needle-like crystals of complex 2

were obtained by immersing the crystals of 1 in 2:1:1 (v/v/v)

methanol/dichloromethane/acetonitrile and allowing the mixture

to stand for several days. On the other hand, 2 was converted into

1 by immersing the crystals of 2 in 5:1 (v/v) acetonitrile/ethanol

with continuous heating for 2h followed by slow evaporation. In-

terconversion between these two compounds was confirmed by

single-crystal X-ray diffractometry and magnetic data. The TGA

curve (Fig. S7 in Supporting information) showed that for com-

plex 1, the mass loss of compound 1 between 40 °C and 166 °C

3
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can be attributed to the loss of four acetonitrile molecules (lat-

tice solvents, observed 10.4%, calculated 11.0%). For complex 2, the

mass loss between 59 °C and 145 °C can be attributed to the loss

of two molecules of dichloromethane and two molecules of ace-

tonitrile (lattice solvents, observed 15.0%, calculated 15.9%). Room-

temperature PXRD data for 1 and 2 were obtained and are consis-

tent with the simulated data (Fig. S8 in Supporting information),

thereby confirming the phase purities of these crystal samples.

Moreover, the PXRD patterns of compounds 1 and 2 were found

to be significantly different, which is indicative of significant struc-

tural differences.

Complexes 1 and 2 were also subjected to density functional

theory (DFT) calculations to further explore the underlying rea-

sons for the significant differences in their spin transition temper-

atures. Full geometric optimization was therefore employed with

the molecular geometries from X-ray diffraction determination at

100 and 300K for both polymorphs as the initial guesses. The sol-

vent molecules were also eliminated from the original structure.

Optimization provided almost identical final structures for the HS

and LS states, regardless of the initial structures and their polymor-

phic phases (Tables S4 and S5 in Supporting information). The op-

timized LS and HS ground state structures of both complexes were

found to be well aligned with the corresponding experimental data

(Table S6 in Supporting information). As the Fe–Nisothiocyanate–C an-

gle increased in the 155°–175° range, the energy of each HS state

increased, whereas the energy of each LS state decreased (Fig. S9

in Supporting information). In addition, the Fe–Nisothiocyanate–C an-

gles of HS- and LS-2 were determined to be 164.36° and 172.40°
from X-ray structures, which are larger than the corresponding val-

ues for 1 (160.01° and 166.77°, respectively). According to the po-

tential energy scan of the Fe–Nisothiocyanate–C angle, complex 2 was

of higher energy in the high-temperature phase and of lower en-

ergy in the low-temperature phase; consequently, the difference

between the HS and LS energies was also greater. Consistent with

its SCO behavior, complex 2 possessed a higher transition temper-

ature based on the same entropy change, which is in agreement

with the experimental data. These results suggest that the changes

in the Fe–Nisothiocyanate–C angle are likely responsible for the differ-

ent spin transition temperatures of 1 and 2.

The luminescence behavior of abpt-TPE, 1, and 2 was then

investigated through solid-state fluorescence studies (Fig. S10

in Supporting information). The abpt-TPE ligand exhibited a

strong emission at approximately λmax =478nm when excited at

365nm at room temperature, whereas 1 exhibited an emission

at λmax =465nm at the same excitation wavelength, which repre-

sents a blueshift of 13nm compared to the emission of the ligand.

In contrast, complex 2 showed only a slight blueshift along with

a new band at approximately 615nm. These results show that the

fluorescence properties of abpt-TPE are well retained after chela-

tion to the FeII ions.

Correlations between the SCO and the fluorescence behavior

of the AIE-SCO compounds were then investigated by variable-

temperature fluorescence-emission spectroscopy (Figs. 4a–c) tested

in warming mode using fresh samples. The temperature-dependent

fluorescence spectra of the abpt-TPE ligand showed single peaks

at 478nm in the 80–300K temperature range. In addition, the in-

tensity of the emission from the ligand was observed to gradu-

ally decrease with increasing temperature, which is ascribable to

thermal fluorescence quenching, as is typically observed for fluo-

rophores (Fig. 4d) [27]. As expected, both 1 and 2 exhibited signif-

icantly different fluorescence behavior. For 1, two emission peaks

were observed at λmax =441 and 465nm at 100K. The relative in-

tensities of these two peaks gradually increased with increasing

temperature in the temperature range of 100–220K, above which

the intensity of the λ=465nm emission overwhelmed that of the

λ=441nm emission and reached a plateau (Fig. 4b). Notably, this

observation is in good agreement with the magnetic susceptibil-

ity data of 1, as the LS to HS transition occurs in the 100–220K

temperature range. At 220K, the maximum intensity of fluores-

cence emission is approximately three times greater than at 100K.

Furthermore, the fluorescence intensity was found to decrease at

temperatures > 220K owing to thermal quenching, which is also

in good agreement with the magnetic data, as it indicates that the

FeIIHS state is consistently present above 300K. In contrast, the in-

tensity of the peak at λ=457nm observed at 100K for 2 decreased

as the temperature increased from 80K to 190K. However, upon

further heating to 320K, this emission increased in intensity and

was redshifted by 17nm (λ=474nm). At 320K, the maximum in-

tensity is approximately six times greater than that at 80K. The

initial decrease in intensity was therefore recovered at higher tem-

peratures (Fig. 4c). These abnormal changes in intensity occur be-

tween 190K and 320K and almost correspond to the thermally in-

duced spin transitions of 2. Another weak emission was observed

at 615nm, which became more intense above 190K and then de-

creased in intensity when the temperature exceeded 320K. Thus,

the fluorescence behavior of each complex is significantly affected

by the spin transitions of the FeII ions, providing evidence that the

SCO behavior can moderate the emission intensity.

Furthermore, the data summarized in Figs. 4e and f demon-

strate how the fluorescence emission intensities of 1 and 2 track

the magnetic susceptibility (χMT), providing strong evidence of

synergy. Correlations between the SCO and fluorescence behaviors

primarily reveal the presence of two types of synergy [28]: (1) a

synchronous correlation between fluorescence and SCO that is ob-

served only at/around the SCO critical temperature, which is the

case for most reported luminescent SCO compounds [16–20]; and

(2) spin-state-dependent fluorescence emission that is observed

over the entire temperature range, with LS-state quenching and

enhanced HS-state fluorescence. The latter type, which represents

an efficient synergistic correlation [21–23], was observed for the

compounds in this study. Compared with the type (1), the fluores-

cence intensity of the compounds increased abnormally, and the

SCO transition process occurred simultaneously in the latter type.

SCO has a greater influence on the fluorescence intensity, which

can be used to detect the SCO process with better fluorescence in-

tensity changes. The reaction is more sensitive, and vice versa.

To elucidate the modulation mechanism that correlates SCO

with fluorescence, time-dependent DFT calculations were used to

determine the vertical transition energies and the corresponding

transition probabilities (Tables S7 and S8 in Supporting informa-

tion). The calculated absorption spectra for LS and HS are shown

in Fig. 5. The strongest absorption band calculated for the LS state

(centered at 436nm) corresponds to the intraligand π →π ∗ tran-

sition of the abpt-TPE ligand, with a partial metal-to-ligand charge

transfer (MLCT) contribution (Fig. S11 in Supporting information).

The two calculated weak absorption bands in the higher wave-

length region (centered at 529 and 705nm) are derived from the

d(Fe)+π (SCN)→π ∗ (abpt-TPE) transitions and are ascribable to

MLCT (Figs. S12 and S13 in Supporting information). The bands

calculated for the HS state (centered at 422 and 529nm) agree

with the experimentally observed bands found at 405 and 541nm

for complex 1 and at 420 and 550nm for complex 2 (Fig. S14 in

Supporting information). The former band mainly originates from

an intraligand π →π ∗ transition (with a weak MLCT contribution),

whereas the latter corresponds to d(Fe)+π (SCN)→π ∗ (abpt-TPE)

transitions (Figs. S15 and S16 in Supporting information). Notably,

the absorption bands in the 500–800nm range were calculated

to be significantly weaker than those of the LS state. In addi-

tion, the strongest absorption band observed for the HS state was

blueshifted by approximately 15nm compared to that observed for

the LS state. Therefore, we conclude that the degree of absorption

and fluorescence overlap is higher for the LS state than for the HS

4
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Fig. 4. Variable-temperature fluorescence-emission spectra of (a) abpt-TPE, (b) 1 and (c) 2. (d) Normalized maximum fluorescence emission intensity as a function of

temperature for the abpt-TPE. Normalized χMT values and fluorescence emission intensities of (e) 1 and (f) 2.

Fig. 5. TD-DFT-calculated absorption spectra for the HS and LS states of the opti-

mized structure and the fluorescence emission spectra of (a) 1 and (b) 2 at 100K

and 300K.

state. As a result, luminescence is enhanced during spin reversal

from the LS to the HS state, with HS–LS-dependent fluorescence

intensities being expected for the abpt-TPE ligand.

We reported two simple complexes in which the FeII ions are

tethered to an aggregation-induced emission (AIE) luminophore

(i.e., tetraphenylethylene, TPE). Magnetic studies revealed that both

complexes show spin crossover (SCO) behavior with a 74K differ-

ence in their spin transition temperatures. This significant variation

in the magnetic behaviors of the two complexes was ascribed to

differences between the lattice solvents, crystal packing, and Fe–

Nisothiocyanate–C bond angles. Importantly, the fluorescence spectra

of the two compounds were notably affected by the spin transition,

resulting in synergy between their SCO and fluorescence proper-

ties. Therefore, this study provides a valuable strategy for designing

luminescent SCO molecules (AIE-SCO) by utilizing AIE-based flu-

orophores, which can emit strong fluorescence in the aggregated

state and are conducive to the development of magneto-optical de-

vices.
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