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A mononuclear iron(II) complex constructed using
a complementary ligand pair exhibits intrinsic
luminescence–spin-crossover coupling†
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Molecular materials that exhibit synergistic coupling between luminescence and spin-crossover (SCO)

behaviors hold significant promise for applications in molecular sensors and memory devices. However,

the rational design and underlying coupling mechanisms remain substantial challenges in this field. In this

study, we utilized a luminescent complementary ligand pair as an intramolecular luminophore to con-

struct a new Fe-based SCO complex, namely [FeL1L2](BF4)2·H2O (1-Fe, L1 is a 2,2’:6’,2’’-terpyridine (TPY)

derivative ligand and L2 is 2,6-di-1H-pyrazol-1-yl-4-pyridinecarboxylic acid), and two isomorphic analogs

(2-Co, [CoL1L2](BF4)2·H2O and 3-Zn, [ZnL1L2](BF4)2·H2O). Magnetic studies reveal that 1-Fe exhibits thermally

induced SCO within the temperature range of 150–350 K. Variable-temperature fluorescence emission

spectral analysis of the three complexes confirmed the occurrence of SCO–luminescence coupling in 1-Fe.

Furthermore, variable-temperature UV-vis absorption spectra and time-dependent density functional theory

(TD-DFT) calculations elucidate the intramolecular luminescence emission behavior, highlighting the critical

role of charge transfer processes between the L1 ligand and FeII ions with different spin states. Our research

presents a novel construction strategy for synthesizing synergistic SCO–luminescent materials and contrib-

utes to the understanding of the mechanisms underlying SCO–luminescence coupling.

Introduction

Spin-crossover (SCO) molecules are a class of 3d4–3d7 tran-
sition metal complexes whose 3d electron configurations can
be regulated by external stimuli such as light, heat, pressure,
or changes in the chemical environment.1–7 This regulation
induces a spin-transition process, positioning SCO molecules
as promising candidates for stimuli-responsive smart
materials.8–10 The intrinsic spin state transition directly influ-
ences the molecular magnetic moment. Additionally, altera-
tions in the 3d electron configuration lead to variations in the

local coordination geometry of metal ions, which, in turn,
affect charge distribution and electric polarization pro-
perties.11 These changes can sometimes even result in magne-
todielectric and even magnetoelectric coupling,12,13 rendering
them as promising candidates in applications of SCO mole-
cule-based sensing, switching and spintronic devices.

Regarding the luminescence properties of the SCO
complex, the energy transfer process between the luminophore
and the metal ion is contingent upon the spin state of the
metal ion.14 Consequently, spin transitions can induce vari-
ations in luminescence intensity, enabling the realization of
SCO-regulated luminescence.15 This phenomenon facilitates
the monitoring of the spin state through luminescence
signals, thereby presenting potential applications in spin-
optic-based molecular memory devices. Over the past decade,
numerous synthetic strategies have been developed to con-
struct luminescence-coupled SCO molecular systems. These
strategies range from the substitution of mononuclear com-
plexes, and grafting on one-dimensional molecular chains, to
the design of two- and three-dimensional luminescent
Hofmann-type frameworks, as well as the integration with
luminescent rare-earth complexes.16–20 Among the molecular
SCO systems, mononuclear ones are particularly attractive due
to their concise structures and synthesis routes, clear struc-
ture–property relationships, and the wealth of existing research
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examples. The FeII SCO complex synthesized using tridentate-
substituted pyridine-type ligands has emerged as the most
extensively studied mononuclear complex. This type of ligand
has many modification-accessible sites, thus enabling the inte-
gration of various luminescent groups.21,22

Recent studies have demonstrated a few examples of
luminescence–SCO complexes, with the coupling mechanism
predominantly attributed to Förster resonance energy transfer
(FRET).23 This theory posits that the overlap of the complexes’
absorption spectra with the emission spectra of the lumino-
phore is crucial for energy transfer between the metal ion and
the luminophore, as well as the distance between them.24

Concerning the relative distance and degree of conjugation
between the luminophore and the SCO center, the tethering
modes of the luminophore to the SCO ligand can be categor-
ized into intermolecular and intramolecular luminophores.
Intermolecular luminophores exhibit larger spatial distances
and low orbital hybridization with the metal ion, while intra-
molecular luminophores are characterized by smaller dis-
tances and higher orbital hybridization with the metal ion. In
the case of intermolecular luminophores, the FRET mecha-
nism remains predominant. However, a recent study revealed
that for intramolecular luminophores, the 3d orbitals of the
metal ion hybridize with the molecular orbitals of the lumino-
phore, complicating the excitation and emission processes,
which might not simply be attributed to FRET between the
metal ion and the luminophore.25 DFT calculations suggested
that complex excitation and emission processes including a
metal-to-ligand charge transfer (MLCT) process within the
molecule were involved. Nonetheless, subsequent investi-
gations on intramolecular luminescence cases are still scarce.

We are interested in the synergetic mechanism in lumine-
scence–SCO molecules that are characterized by intra-
molecular luminophores. Recently, our group has constructed
a series of mononuclear FeII-based SCO complexes by employ-
ing a complementary 2,2′:6′,2″-terpyridine (TPY)-derivative
ligand.26 The use of the complementary pair strategy offers
several advantages, including improved solubility, crystallinity
and the modification ability of the target SCO complexes.27 As
a consequence, it serves as an effective research platform for
investigating luminescence–SCO coupling phenomena. In this
work, we synthesized a new FeII-based SCO complex by employ-
ing a complementary 2,2′:6′,2″-terpyridine (TPY) derivative (L1)
and a 2,6-di-1H-pyrazol-1-yl-4-pyridinecarboxylic acid (L2)
ligand pair, [FeL1L2](BF4)2·H2O, characterized by an asym-
metric coordination mode, in which the ligands act as an
intramolecular luminophore. This complex exhibits a synergis-
tic relationship between SCO and luminescence emission. As a
comparison study, cobalt and zinc analogs were also syn-
thesized and characterized. By combining experimental spec-
troscopy with DFT calculations, we found that the orbital con-
tributions of the iron atom are non-negligible during exci-
tation. The observed discrepancies in the luminescence inten-
sity of this complex is strongly associated with the involved
excited states, where the iron atomic orbitals play a critical
role.

Experimental
Materials and synthesis

The ligand L2 and all other chemicals are commercially avail-
able and were used without further purification. The L1 ligand
was synthesized according to the procedure described in the
literature.27 Complex [ML1L2](BF4)2·H2O (M = Fe, Co, Zn) was
synthesized by solvent evaporation at room temperature. The
detailed synthesis method is described below. To the suspen-
sion of L1 (0.0581 g, 0.1 mmol) and L2 (0.0253 g, 0.1 mmol) in
10 mL of dichloromethane, Fe(BF4)2·6H2O (0.0337 g,
0.1 mmol) in 5 mL of methanol was added. The mixture
turned clear after vigorously stirring it for 20 min, and the
solution was filtered (Scheme 1). Bulky crystals (1-Fe) could be
obtained by slow solvent evaporation at room temperature for
4–5 days (yield: 40%). The other complexes (2-Co and 3-Zn)
were synthesized via the same method as that for 1-Fe but
using different metal salts (49 mg, yield: 45% for 2-Co; yield:
43% for 3-Zn). Elemental analysis (%) for C49H42N8O7B2F8Fe
(1-Fe): C 54.27, H 3.90, N 10.33; found: C 54.54, H 4.07, N
10.08. Elemental analysis (%) for C49H42N8O7B2F8Co (2-Co): C
54.12, H 3.89, N 10.30; found: C 54.35, H 3.94, N 10.16.
Elemental analysis (%) for C49H42N8O7B2F8Zn (3-Zn): C 53.80,
H 3.87, N 10.24; found: C 54.13, H 3.98, N 10.02.

Physical measurements

Single-crystal XRD data collection and structure refinement.
All single-crystal XRD data were collected using a Bruker D8
Venture CMOS-based diffractometer (Mo-Kα radiation, λ =
0.71073 Å) using SMART and SAINT programs. The final unit-
cell parameters were based on all observed reflections from
integration of all frame data. The structures were solved with
the ShelXT structure solution program using intrinsic phasing
by using Olex2-1.5. For all compounds, the final refinement
was performed using full matrix least-squares methods with
anisotropic thermal parameters for non-hydrogen atoms on F2.
Hydrogen atoms were added theoretically and riding on the
atoms under consideration.

Thermogravimetric analysis (TGA). Thermogravimetric ana-
lysis (TGA) was performed using TG/DTA Q600 (Mettler
Toledo) instruments under a nitrogen atmosphere at a
warming rate of 10 K min−1 from ambient temperature to
600 K.

Powder X-ray diffraction (XRD). Powder X-ray diffraction
(PXRD) data for solvated samples were collected on a Bruker

Scheme 1 Synthesis route and structures of the 2,2’:6’,2’’-dimethoxy-
phenyl-substituted TPY ligand (L1) and 2,6-di-1H-pyrazol-1-yl-4-pyridi-
necarboxylic acid (L2).
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D8 Venture diffractometer using a Cu Kα radiation source (λ =
1.54178 Å) in the range of 5° < 2θ < 50° at ambient
temperature.

Magnetic measurements. Magnetic measurements of the
samples were performed using a Quantum Design PPMS-9
instrument. Measurements were performed using finely
ground microcrystalline powders restrained in parafilm with
polycarbonate capsules. Data were corrected for the diamag-
netic contribution calculated from Pascal constants and back-
ground from the parafilm and capsules.

UV-vis absorption spectroscopy. UV-vis absorption spectra of
the solid samples were recorded using a HITACHI HU4150
spectrophotometer (HITACHI Company, Tokyo, Japan) and
cooled by liquid nitrogen in a temperature range from 80 to
400 K.

Luminescence spectroscopy. The luminescence spectra of
the solid samples were recorded using an Edinburgh FLS1000
fluorescence spectrophotometer (Edinburgh Company,
Edinburgh, United Kingdom) equipped with a liquid-nitrogen-
filled cryostat (Oxford).

Theoretical calculations. All calculations were performed
using the Gaussian 16 program package at the PBE0 level.28

The LANL2TZ pseudopotential basis set was used for the Fe
atom,29,30 and the 6-311g (d,p) Pople basis set was used for
other atoms.31 Energy calculation was based on the
H-optimized crystalline geometries, and the keyword “stable =
opt” was used to ensure the stability of the ground-state wave-
function. For the LS state (spin multiplicity = 1), the restricted
determinant was used, whereas for the HS state (spin multi-
plicity = 5), the unrestricted determinant was introduced. The
keyword “IOp(9/40 = 4)” was added to the TD-DFT calculation
to output excitation orbital pairs with configuration coeffi-
cients of >0.0001 for hole–electron excitation analysis by
Multiwfn. Additional keywords for saving NAOs were added.
Absorption spectral simulation, hole/electron analysis, and
NAO orbital composition analysis were performed with
Multiwfn.32,33

Results and discussion
Crystallography

A dark red bulky crystal of [FeL1L2](BF4)2·H2O (dark brown
bulky for 2-Co and clear white for 3-Zn) was obtained to deter-
mine the crystal structure via single-crystal X-ray diffraction
(SC-XRD). SC-XRD data revealed that all complexes crystallize
in the orthorhombic space group Pbca with Z = 8, displaying
nearly identical structures at different temperatures (Fig. 1 for
1-Fe and Fig. S4† for 2-Co and 3-Zn). The mononuclear
complex adopts a staggered arrangement, where two tetra-
fluoroborate ions and a water molecule are stabilized by the
hydrogen bond, forming a hydrogen-bonded chain from the
carboxylic group of L2 through a water molecule to the tetra-
fluoroborate ion located in the void. Varying coordination
bond lengths of the FeN6 coordination sphere are summarized
in Table S4.† The average Fe–N bond length is 2.135 Å for 1-Fe

at 300 K, indicating a high-spin state FeII with S = 2. The
SC-XRD experiment at 120 K for 1-Fe shows an observable
coordination geometry change around the FeII center com-
pared with the structure at 300 K, while the crystal retains the
same space group and packing modes. The average Fe–N bond
length shortens from 2.135 Å to 1.981 Å and the geometry dis-
tortion degree of the Fe-coordination sphere, Σ, which is
defined as the total deviation of the 12 cis N–Fe–N angles from
90°, changes from 134.46° to 92.17°. The deviation degree to
the ideal octahedron calculated using the SHAPE 2.0 program
also has the same tendency, showing the variation in the
CShM value from 4.521 at 300 K to 2.235 at 120 K. These geo-
metry changes clearly demonstrate the spin transition of FeII,
which is consistent with previously reported SCO FeII

complexes.34,35 In contrast, for complex 1-Co, both the Co–N
bond lengths and geometry distortion show tiny changes from
300 to 120 K, indicating that Co is stabilized in the low spin
state.

Magnetic properties

To investigate the possible SCO behavior, temperature-depen-
dent magnetic susceptibility measurements were performed
(Fig. 2). For 1-Fe, the χmT value at 100 K is only 0.17 cm3 mol−1

K, revealing that 1-Fe is in its LS state (S = 0). In the heating
process, the χmT value began to increase from 0.36 cm3 mol−1

K at 150 K to 3.5 cm3 mol−1 K at 300 K, thus confirming the LS
to HS transition. The spin transition nearly completed at
around 350 K, showing a χmT value of 4 cm3 mol−1 K, which is

Fig. 1 Crystal structure of 1-Fe.

Fig. 2 Temperature dependence of the magnetic susceptibility for the
1-Fe/2-Co/3-Zn complexes in the solid state.
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higher than the spin-only value of HS FeII, but still within the
typical range for mononuclear FeII-based SCO complexes.36,37

Subsequent measurement in the cooling mode revealed no
thermal hysteresis. Temperature-dependent magnetic suscepti-
bility measurements were also performed on 2-Co and 3-Zn for
comparison. For the 2-Co complex, the χmT value shows a
gradual increase over the entire measured temperature range,
which can be ascribed as the stark sublevel depopulation
caused by zero-field splitting.

Luminescence properties

To investigate the possible coupling between SCO and lumine-
scence, temperature-dependent fluorescence spectra were
recorded for complexes 1-Fe, 2-Co, 3-Zn and the ligands in the
solid state from 80 to 300 K. For ligand L1, there are two emis-
sion bands: a broad band centred at 525 nm and two sharp
peaks located at around 400 nm. All these emission bands
exhibit normal thermal quenching behaviour (Fig. S4†). For
ligand L2, a broad emission band is exhibited with three
maxima between 420 and 500 nm upon excitation at 365 nm
across the temperature range of 80 to 300 K. The strongest
peak appears at 438 nm with two shoulders at 420 and
460 nm. Interestingly, the luminescence intensity of L2 shows
a slight enhancement upon heating (Fig. S5†). For 2-Co, the
optimal excitation wavelength is 365 nm. The emission spec-
trum becomes significantly broader and contains three peaks
located at 439 nm, 466 nm and 508 nm. The luminescence
intensity of 2-Co gradually decreased upon heating to room
temperature, which is characteristic of a typical thermal
quenching of luminescence (Fig. 3b). For 3-Zn, strong lumine-
scence emission is shown with a broad emission peak at
489 nm and a shoulder at 526 nm upon excitation at 396 nm
(Fig. 3c). Both 2-Co and 3-Zn showed no abnormal enhance-
ment of luminescence. For 1-Fe, a similar emission band

shape is shared with 2-Co but it exhibits different luminescent
behaviour (Fig. 3a). Fig. 3d shows the temperature-dependent
luminescence emission intensities at 438 nm and the χmT
values for 1-Fe from 80 to 300 K. In the temperature range of
80–150 K, the luminescence intensity gradually decreased due
to the thermal quenching effect. After that, the emission inten-
sity remains at a nearly constant value until 225 K. Further
increasing the temperature leads to a rapid increase in emis-
sion intensity. Although the abnormal increase in lumine-
scence intensity of the 1-Fe complex upon heating resembles
that of ligand L2, it is important to note that both the com-
plexes 2-Co and 3-Zn exhibit the thermal quenching effect of
luminescence, while 1-Fe undergoes SCO. A dramatic increase
in luminescence intensity is observed at temperatures between
225 and 300 K, which is also the temperature range of the
SCO. This suggests strong coupling between them.

The strong coupling between SCO and luminescence in this
simple mononuclear complex is uncommon, which
encourages us to further investigate the coupling mechanism.
First, variable-temperature solid-state UV-vis absorption
spectra of 1-Fe were recorded from 80 to 300 K. As shown in
Fig. 4a, 1-Fe exhibits a slight absorption difference at around
360 nm between 80 K and 300 K. The broad band from
300 nm to 800 nm can be attributed to MLCT and the d–d
transition of FeII.38,39 Furthermore, changes in the absorption
intensity and wavelength at 700 nm and 1200 nm can be attrib-
uted to the spin transition of FeII, which is consistent with
prior studies.40 Energy calculations using density functional
theory (DFT) and time-dependent density functional theory
(TD-DFT) calculations were also conducted on LS and HS to
acquire deeper insight into the charge and energy transfer pro-
cesses. The calculated results were analyzed using the
Multiwfn program.32,33 As shown in Fig. S6,† nearly all the
spin density is localized on the Fe atom for HS. According to

Fig. 3 Temperature-dependent luminescence emission spectra of the 1-FeII/2-CoII/3-ZnII complexes (a–c) in the solid state. (d) Plots of the HS
fraction of FeII (red squares) and luminescence emission intensity at 438 nm (blue squares) as a function of temperature for the 1-Fe complex.
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Mulliken population analysis based on energy calculations,
the spin population is 3.818, close to the value of 4 predicted
by classic ligand field theory (Table S7†).41,42 TD-DFT calcu-
lations were conducted to estimate the transition energies and
features of vertical transitions. To ensure the calculated
absorption wavelengths cover the visible spectral region, 252
lowest excited states for LS and 452 lowest excited states for HS
were computed. The simulated absorption spectra for the HS
and LS states were obtained under vacuum conditions
(Fig. 4b), with transitions exhibiting oscillator strengths
greater than 0.005; their components are listed in Tables
S8–10†. Both LS and HS exhibit numerous excited states in the
range of 200–400 nm. The excited state with the largest oscil-
lator strength (excited state 163 for LS and excited state 320 for
HS, Fig. 5) appears at 293 nm, with the scheme and orbital
transition contributions shown in Fig. 5c and d.

From the calculated absorption spectrum, the main absorp-
tion peaks of both the LS and HS complexes lie in range of
250–350 nm, with HS showing lower absorption around the
main peak compared with LS. Additionally, LS displays a
shoulder peak at 400 nm, while HS has a broad satellite peak
at around 575 nm. These features of calculated UV spectra
resemble those of the experimental UV-vis spectrum, indicat-
ing that the TD-DFT calculation is reliable for qualitative ana-
lysis of electron transitions. To further understand the exci-
tation behaviour, hole–electron analysis was conducted on
excited states with oscillator strengths larger than 0.1, and
differences in the molecular orbitals involved in the main

Fig. 4 (a) Temperature-dependent UV-vis absorption spectra of 1-Fe in
the solid state in the wavelength range from 450 to 1500 nm. (b) TD-DFT-
calculated UV-vis spectra of FeII complexes in the LS and HS states.

Fig. 5 Hole (blue)–electron (red) distribution caused by excited LS state 163 (a) and excited HS state 320 (b) for FeII complexes. Scheme and orbital tran-
sition contributions of excited state 163 for LS (c) and excited state 320 for HS (d) (blue-labelled MO values contain the contribution of Fe 3d NAOs).
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excited state of HS and LS were clarified through atomic
orbital component analysis (NAO analysis).41 According to the
hole–electron analysis for LS, the main excited state 163
involves electron transition within L1 from the substituted
benzene to the TPY ligand and a d–d transition of Fe. The HS
molecule shows a similar distribution of electron and hole pat-
terns on the ligand but with smaller contributions from Fe.
Furthermore, Mulliken population analysis was used to esti-
mate atom contributions to the holes and electrons. As shown
in Tables S12 and S13,† Fe has a significant contribution to
both LS and HS excited states, with 15.08% of the electron
composition and 3.92% of the hole composition derived from
Fe in LS. The integration of electron density difference on the
Fe atom is negative, indicating metal to ligand electron trans-
fer. For HS, 3.71% of the electron composition and 7.05% of
the hole composition are contributed by Fe. The positive
difference value indicates an inverse charge transfer from the
ligand to Fe. NAO analysis was further conducted to character-
ize the contribution of the Fe atom in molecular orbitals
involved in excited state 163 (Table 1). For the LS state, the
analysis shows that Fe atom orbitals make a significant contri-
bution to most transition-related orbitals except for MO-247,
which is dominated by counter ions and solvents. The Fe atom
3d orbitals are largely involved in the occupied orbital, while
the unoccupied orbital is primarily dominated by the TPY
ligand. For the HS state, the contribution of the Fe atom orbi-
tals in the occupied orbital is significantly reduced, but they
appear to contribute more hybridization of the LUMO and a
series of unoccupied low energy β spin orbitals, inducing an
LMCT process upon light irradiation. Hole–electron analysis

was also conducted on other excited states with oscillator
strengths larger than 0.1 (Fig. S7†). These excited states did
not match any excited state in HS with oscillator strengths
larger than 0.05 (excited states with lower oscillator strengths
can be considered forbidden transitions), and the metal ion
also has a notable composition in these excited states. In con-
trast, there is only one excited state in HS with oscillator
strengths larger than 0.1 (excited state 320 with an oscillator
strength of 0.1662), and the excited state composition of the
metal ion is much lower than LS. These observations indicated
two distinct electron transition processes in LS and HS, and
the non-negligible charge transfer between the ligand and Fe
is partially reversed (metal to ligand for LS but ligand to metal
for HS), which may lead to the observed anomalous lumine-
scence variation. Furthermore, fewer excited states in HS also
lead to reduced self-absorption, which could also lead to
luminescence enhancement.

Conclusions

In summary, we synthesized the 1-Fe complex using a comp-
lementary ligand pair, which can be characterized as an intra-
molecular luminophore. The temperature-dependent lumine-
scence studies, in comparison with 2-Co, 3-Zn and the free
ligands, reveal the SCO-regulated luminescence of 1-Fe.
Detailed density functional theory (DFT) calculations provide
additional information for the coupling mechanism. Electron–
hole analysis suggests the photoinduced charge transfer
between the Fe atom and the TPY ligand, while NAO analysis

Table 1 Composition of the Fe NAOs under excitation correlated with the MOs

Fe atom contribution Type of NAOs

MO Core (%) Valence (%) Rydberg (%) Total (%) Label Composition (%)

Low spin state
244 0.006 10.549 0.002 10.558 dxy 10.005
253 0.004 55.123 0.051 55.178 dxy 11.136

dxz 0.642
dyz 40.845
dx2y2 2.214

254 0.005 38.301 0.027 38.333 dxy 11.909
dxz 4.884
dyz 20.766
dx2y2 0.676

274 0.002 3.276 0.010 3.288 dxz 2.699
277 0.000 1.439 0.017 1.457 dyz 1.197
High spin state
248A 0.000 3.486 0.001 3.487 dxz 3.294
256A 0.003 3.279 0.015 3.297 dx2y2 1.732

dz2 1.284
276A 0.003 1.365 0.01 1.377 pz 0.638

dxz 0.677
244B 0.003 2.785 0.006 2.794 dxz 2.566
272B 0.005 10.031 0.074 10.110 dxy 4.178

dxz 2.772
dyz 1.814
dx2y2 0.757

278B 0.000 5.303 0.168 5.471 dxy 2.934
dyz 1.817

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 2908–2915 | 2913

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/2

3/
20

26
 8

:2
8:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03177f


indicates hybridization between the Fe 3d orbital and the
molecular orbitals of the TPY ligand, consistent with the intra-
molecular luminophore mechanism. Notably, the Fe atom
shows a reduced composition in both the excited states and
molecular orbitals for the HS state. The largest oscillator
strength for the excited state in the HS state is greater than in
the LS state but has a lower absorption coefficient, indicating
reduced self-absorption during the emission process. We hope
that this approach will inspire development of SCO-regulated
luminescent materials and devices.
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