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fluorophores to FeII ions†
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Chun-Ying Duan a and Tao Liu *a

Molecular materials possessing phototunable fluorescence properties have attracted great interest owing

to their potential applications in optical switches and storage. However, most fluorescence modulation is

realized through light-responsive structural isomerization in solution. It is a formidable challenge to

achieve phototunable fluorescence emission with high fatigue resistance and a fast response rate in the

solid state for the development of devices. Here, a mononuclear compound was constructed via the

coordination of fluorophores with FeII ions, whose electronic configuration changed from low spin to

high spin upon light irradiation. The photoinduced spin crossover of FeII ions was accompanied by a 20%

increase in the fluorescence emission intensity. A temperature-dependent spectroscopic study together

with time-dependent density functional theory calculations revealed that the effective spectral overlap

between the emission of the fluorophores and the absorption band of the FeII ions differed between the

low spin and high spin states. The photoinduced spin crossover switched the energy transfer from the

fluorophore to the FeII ion, resulting in fluorescence modulation. The presented results provide a novel

approach for developing optical memory and sensors via electron rearrangement of photoinduced spin

crossover.
Introduction

The application of uorescent materials for detection and tracer
techniques is highly desirable because uorescence signals
provide superior contrast and sensitivity during remote detec-
tion at relatively high spatial and temporal resolution.1,2 The
modulation of uorescence signals via light is particularly
attractive for noninvasive optical read-out technologies owing to
the potential applications in optical storage, optical switches
and sensors.3–7 Producing a coupling between a uorophore
unit and a light-responsive unit is a rational way to yield pho-
toswitchable uorescence emission. Previous strategies for
achieving phototunable uorescence emission for the devel-
opment of new uorescence switches mainly involved linking
organic photochromic groups with uorescent units via cova-
lent bonds.7–12 Within the large family of photochromic groups,
most are based on the photoisomerization of organic
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molecules, such as cis/trans or opened/closed ring isomeriza-
tion.13–19 The uorescence emission is modulated as a result of
changes in the intramolecular energy transfer and/or electron
transfer from the uorescent donor to the photochromic
acceptor during the process of a photochemical reaction under
alternating ultraviolet and visible light irradiation.20 However,
photoisomerization oen results in the drastic movement of
atoms, which are strongly restricted in the solid state due to
tension and hindrance. Therefore, efficient photoisomerization
reactions commonly occur in solution rather than the solid
state. It is challenging to realize phototunable uorescence in
the solid state and thus develop applicable devices with high
fatigue resistance and a fast response rate.

When compared with the photoisomerization of organic
molecules, the photoswitchable electron rearrangement of
metal ions, such as spin crossover (SCO) and electron transfer,
has been realized in the solid state with a fast response rate and
good reversibility, accompanied by drastic changes in the elec-
tronic and crystal structure of the materials.21–23 Such drastic
changes should sufficiently perturb the environment of the
uorophore and further allow a uorescent response;24–34 thus
providing a promising candidate for a light-responsive unit with
which to construct photoswitchable uorescent molecular
devices. However, two challenges remain in achieving the goal
in this system. One is how to preserve both the uorescent
function and the photoinduced electron rearrangement
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The crystal structure of complex 1. The pink, gray, blue and
orange spheres represent FeII, C, N and S atoms, respectively.
Hydrogen atoms are omitted for clarity.
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phenomenon when combining them in a single component
because both are highly sensitive to minor external physical and
internal chemical changes. The other is how to build an effec-
tive coupling pathway to realize the synergy between them,
thereby obtaining photoswitchable uorescence emission.

Photoinduced SCO of FeII ions is a typical example of pho-
toswitchable electron rearrangement,35–41 which could serve as
a light-responsive unit for coupling with an organic uorophore
unit via a coordination bond linkage. To retain uorescence and
SCO behavior, the uorescent ligand should exhibit sufficiently
strong uorescence emission and overcome the quenching
effect when coordinated with FeII ions. Meanwhile, the FeII ions
must be located within a suitable ligand eld to support the
spin transition triggered by light. Moreover, to achieve synergy,
the emission or excitation band of the ligand should have an
effective spectral overlap with the absorption band of the FeII

ions at a given spin state. Considering the above, we designed
a uorophore ligand (pyrene-1-yl)-N-(3,5-di(pyridin-2-yl)-4H-
1,2,4-triazol-4-yl)methanimine (L). This ligand shows strong
uorescence emission at 516 nm, thus overlapping with the
typical absorption region of FeII complexes.38 Therefore, the
uorescence emission is expected to be quenched or increased
depending on whether the resonant energy transfer from the
uorescent donor to the FeII acceptor occurs in the photoin-
duced spin transition process (Scheme 1). According to this
strategy, we successfully obtained a mononuclear complex
[Fe(L)2(NCS)2] (1), which exhibited signicant enhancement in
both uorescence emission intensity and magnetization upon
light irradiation at 671 nm. These ndings provide direct
evidence for photoswitchable uorescence emission via photo-
induced electron rearrangement in a uorescence-coupled SCO
complex.
Results and discussion

Green crystals of 1 were obtained by the diffusion of diethyl
ether into a DMF solution of 1. Complex 1was crystallized in the
triclinic space group P�1. The iron(II) ion adopted an N6 octa-
hedral coordination conguration, surrounded by two nitrogen
atoms from two trans-isothiocyanate anions and four nitrogen
atoms from two bidentate ligands (Fig. 1). The solvent-free
complex 1 showed high thermal stability up to 200 �C
(Fig. S1†). At 277 K, the Fe–Npyridyl bond length (2.197(2) Å) was
slightly longer than the Fe–Ntriazole (2.124(2) Å) and Fe–
Nisothiocyanate (2.077(3) Å) bond lengths, which were close to that
of FeHS

II–N (HS ¼ high spin).42 The bond lengths were in the
Scheme 1 Modulation of fluorescence emission via energy transfer
with a photoinduced spin transition from FeLS

II to FeHS
II.

This journal is © The Royal Society of Chemistry 2018
range of 2.014(2)–1.932(2) Å at 90 K (Table S3†), which is in
agreement with related FeLS

II (LS ¼ low spin) complexes con-
taining bidentate abpt ligands.43,44 These temperature-
dependent structural variations suggest the occurrence of
thermal-induced SCO. The spin transition from HS to LS was
also veried by the change in the distortion of the N6 octahe-
dron. The S parameter, dened as the total deviation of the 12
cis N–Fe–N angles from 90�, decreased from 72� to 51� when
samples were cooled from 277 to 90 K. When compared with the
HS state structure, the LS state structure showed a smaller
deformation. This phenomenon is consistent with that previ-
ously observed in other SCO complexes.45–47

Adjacent molecules were connected via p/p stacking
interactions involving pyridine rings to form a one-dimensional
(1D) supramolecular chain along the crystallographic b axis. At
277 K, the p/p interactions are characterized by a centroid-to-
centroid distance of 3.91 Å. Such one-dimensional chains are
associated through four face-to-face p/p interactions between
pyrene rings generating a 3D supramolecular network. The
centroid-to-centroid distances are 3.66 Å, 3.86 Å and 3.85 Å
(Fig. S2†).

To conrm the photo-responsive properties of the SCO unit,
the magnetic susceptibilities of 1 were measured before and
aer irradiation. The temperature-dependent magnetic
measurement revealed that complex 1 underwent complete SCO
with a transition temperature (T1/2) of 267 K (Fig. S4†). As the
temperature increased from 2 K aer irradiation at 671 nm, the
cT value increased from 0.05 cm3 mol�1 K to a maximum value
of 0.68 cm3mol�1 K at 12 K due to the light-induced excited spin
state trapping (LIESST) effect, and this corresponds to the
trapping of approximately 21.3% of the metastable FeHS

II ions
(Fig. S5†). Moreover, the irradiation-time dependence of the
infrared (IR) spectra further veries the trapping of the photo-
generated metastable FeHS

II ions by irradiation at 20 K. The
nNCS� stretching bands (2080 cm�1) in the HS state began to
appear aer irradiation at 671 nm for 10 min and the intensity
of the HS mode increased with increasing irradiation time
(Fig. S6†). This result can be attributed to the photoinduced
spin transition from the LS state to the metastable HS state. The
photogenerated magnetization relaxed to the initial value upon
heating to 60 K. Relaxation of the photoinduced metastable
state was monitored at 10 K to probe the stability of the
photoinduced phase, which can be determined based on the
time decay of the magnetization aer irradiation (Fig. S7†). The
photoinduced phase showed considerable stability with
Chem. Sci., 2018, 9, 2892–2897 | 2893
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a relaxation time of 3331.75 s at 10 K, which was sufficiently
long to monitor the phototunable uorescence emission at
10 K.

To verify the uorescent properties, the uorescence emis-
sion spectra of 1 and the ligand were obtained. At room
temperature, ligand L showed an emission band at 516 nm
under excitation at 380 nm (Fig. S8†). At the same excitation
wavelength, the uorescence emission spectrum of 1 displayed
a maximum emission at 513 nm at 300 K, indicating that the
uorescence property of the ligand was well retained when
coordinated with FeHS

II ions. The uorescence emission of 1
before and aer irradiation was recorded to further examine the
photoswitchable uorescence emission behavior at 10 K.
Interestingly, a signicant increase in uorescence emission
intensity was observed aer 2 h of irradiation. The increased
degree (DR) before and aer irradiation is dened as DR¼ (R1�
R0)/R0, where R0 and R1 are the emission intensities before and
aer 2 h of irradiation at 498 nm, respectively. The DR value of
complex 1 reached up to 19.8% at 10 K, which is in agreement
with the increased degree of magnetic susceptibility before and
aer irradiation. Thus, the above results demonstrate that
uorescence emission intensity can be controlled by photoin-
duced SCO from FeLS

II to FeHS
II ions. The uorescence emission

intensity of the photogenerated metastable state decayed
rapidly upon heating (Fig. 2), which is consistent with the
temperature-dependent magnetization behavior of the photo-
generated metastable state. When the temperature was
increased to 40 K, the emission spectrum almost overlapped
with that obtained before irradiation at 10 K, demonstrating
that the emission intensity of 1 could be increased by light
irradiation and decreased by thermal treatment. This increase
is possibly related to a photoinduced spin transition from the
LS state to the HS state of FeII ions, whereas the decrease was
caused by thermal relaxation of the photogenerated metastable
HS state.

The correlation between the uorescence and the spin state
of the FeII ions was studied to verify the photoinduced SCO
tuning of the uorescence emission intensity. As mentioned
earlier, complex 1 was in the HS state at room temperature and
the LS state at 90 K. With a temperature decrease from 300 to
Fig. 2 Thermal variations in the fluorescence emission of 1 after
irradiation in the heating mode.

2894 | Chem. Sci., 2018, 9, 2892–2897
200 K, the cT value decreased abruptly from 2.78 to 0.20 cm3

mol�1 K, gradually reaching a minimum value of 0.08 cm3

mol�1 K at 100 K, which is indicative of complete SCO with
a transition temperature (T1/2) of 267 K (Fig. S4†). The rst-order
phase transition was further conrmed by heat capacity
measurements over the SCO range with T1/2 ¼ 265 K and this
was in agreement with the transition temperature obtained
from the magnetic data for 1 (Fig. S9†). The entropy and
enthalpy changes associated with the spin transition were DS ¼
43.97 (�0.73) J K�1 mol�1 and DH ¼ 11.34 (�0.16) kJ mol�1,
respectively, indicating that the thermal-induced SCO is an
entropy-driven process. In addition, the temperature-
dependent Raman spectra of 1 revealed that a signicant
increase in the stretching intensity at 2120 cm�1 (LS) and a clear
decrease at 2075 cm�1 (HS) were caused by a further reduction
in temperature. The band (2075 cm�1) of the HS state dis-
appeared at 100 K providing further evidence of complete spin
transition behavior (Fig. S10†). Similar to Raman spectra,
temperature-dependent IR spectra are also very useful to clarify
the thermal-induced SCO process. Both the decrease of the HS
mode at 2076 cm�1 and the increase of the LS mode at
2121 cm�1 in the intensity of nNCS� stretching bands were
caused by decreasing temperature (Fig. S11†), which further
conrms the occurrence of thermal-induced SCO behavior.

Temperature-dependent uorescence emission spectra were
also obtained to further elucidate the correlation between
uorescence and SCO from 300 to 10 K. Upon cooling, the
emission intensity of the ligand gradually increased as a result
of the suppression of thermal uorescence quenching
(Fig. S8†). However, when compared with the free ligand,
complex 1 exhibited signicantly different temperature-
Fig. 3 (a) Temperature-dependent fluorescence emission spectra for
complex 1; (b) normalized maximum fluorescence emission intensity
as a function of temperature for the ligand (lem¼ 516 nm) and 1 (lem ¼
513 nm at 300–170 K and lem ¼ 498 nm at 160–10 K).

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Characteristic orbitals related to the MLCT transitions of 1 for
the HS and LS states.
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dependent uorescence emission behavior (Fig. 3a). The emis-
sion intensity of 1 initially decreased with decreasing temper-
ature, then reached the lowest value at 250 K. Upon further
cooling, the emission intensity started to gradually increase and
nally reached a maximum at 10 K (Fig. 3b). In addition, the
maximum emission exhibited a marked hypsochromic shi of
15 nm as 1 was cooled from 300 to 100 K. A comparison of the
magnetic and uorescent properties shows that abnormal
regions only occurred in the abrupt spin transition process from
FeHS

II to FeLS
II ions. Moreover, the emission intensity of the HS

state was stronger than that of the LS state in the narrow spin
transition temperature range, demonstrating that uorescence
is indeed affected by the spin state of FeII ions more than the
thermal treatment in the spin transition process. The results
not only provide direct evidence for the synergy between uo-
rescence and thermal-induced SCO, but also conrm the earlier
conclusion that the photoinduced uorescence increase in
emission intensity was controlled by photoinduced SCO from
FeLS

II to FeHS
II ions.

To better understand the modulation mechanism, the vari-
able UV-vis absorption spectra were recorded and they showed
that the absorption intensity gradually increased upon cooling
(Fig. 4). A new absorption band started to appear at around
700 nm at 260 K and the intensity increased with a lowering of
the temperature, which was ascribed to the 1A1 / 1T1 transi-
tions of the FeLS

II ion.38 Furthermore, the time-dependent
density functional theory (TD-DFT) calculated UV-vis absorp-
tion spectra of complex 1 in its HS and LS states were also ob-
tained to help determine the possible electronic transition
processes. The structures of the ground states and the low-lying
excited states of the HS and LS complexes were fully optimized
and veried using frequency calculations. The optimized LS and
HS ground state structures of 1 compared well with their
experimental counterparts. A calculated absorption peak at
388 nm for the HS state can be assigned to the intrapyrene p/

p* transition and this is in agreement with the experimentally
observed peaks at around 410 nm (Fig. S13†). Another calcu-
lated absorption peak at 476 nm was derived from the d(Fe) +
p(SCN) / p*(pyrene) transitions and is ascribed to a metal-to-
ligand charge transition (MLCT) and ligand-to-ligand charge
Fig. 4 Temperature-dependent absorption spectra of 1.

This journal is © The Royal Society of Chemistry 2018
transition (LLCT). As for the LS state, the calculated peaks
centred around 392 and 509 nm. The former mainly arose from
the p / p* excitation within the pyrene groups with a small
MLCT contribution, and the latter mainly corresponded to
d(Fe) + p(SCN) / p*(adpt) transitions (Fig. S15†). For the
calculatedMLCT bands, the charge acceptor is the pyrene group
in the HS state, whereas it is mainly the adpt group in the LS
state (Fig. 5). This discrepancy likely caused the bathochromic
shi (33 nm) of the MLSLCT absorption band in the LS state.
Compared with that in the HS state, the uorescence emission
band of the LS state shows opposing hypsochromic shis
(15 nm) (Fig. S16†). These phenomena together lead to an
increase in the spectral overlap between MLSLCT absorption
and uorescence emission in the LS state, indicating that the
energy level of the MLSLCT excitation closely matches that of the
excited state related to the uorescent ligand. Therefore, the
excited state energy of the ligandmay be transferred to the FeLS

II

ions via the resonant energy transfer process, which further
leads to quenching of the uorescence during spin transition
from the HS state to the LS state.

In contrast to the LS complex, the HS complex exhibits
a small and insignicant spectral overlap between uorescence
emission and MHSLCT absorption. This result further suggests
that the energy level of the MHSLCT is slightly higher than the
excited energy level of the ligand. Therefore, the excited energy
of the ligand cannot be effectively transferred to the FeHS

II

center and the uorescence is only slightly decreased in the HS
state. Aer light irradiation, complex 1 underwent an incom-
plete light-induced SCO from the LS state to the metastable HS
state. The energy transfer process is partly deactivated due to
a decrease of the LS species, causing a slight increase in the
emission intensity aer irradiation. Therefore, uorescence
modulation via the LIESST effect is related to the energy transfer
between the excited state of the ligand and the energy level of
MLSLCT excitation.

Conclusions

In summary, a photoinduced FeII SCO unit has been coupled
with a uorescent ligand via coordination bonds, and the
uorescence emission can be modulated by their synergy.
Theoretical and experimental analyses showed that the modu-
lation mechanism arises mainly from the energy transfer from
Chem. Sci., 2018, 9, 2892–2897 | 2895
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the excited state of the uorescent ligand to the MLCT energy
level of FeLS

II ions. These ndings demonstrate that photoin-
duced FeII SCO can serve as a light-responsive unit for coupling
with a uorophore, providing a potential approach for
producing switched devices with photoinduced uorescence.
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