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Abstract

Optically addressable molecular spins aim to tackle control and detection of weak
magnetic moment when magnetic devices are scaled down to the single-molecule level.
To achieve accurate readout of molecular spin states by adjacent luminescent probes,
the molecular design must meet the stringent requirements of both high signal-to-noise
ratio (SNR) and high sensitivity.

Here, we incorporated a naphthalimide-based ratiometric fluorescent (RF) probe
with a donor—acceptor (D-A) structure into a spin crossover molecule. The probe
features dual emission channels arising from both a locally excited (LE) state and an
intramolecular charge-transfer (ICT) state. The thermochromism associated to spin
crossover spectrally overlaps with the probe’s RF bands, producing a reverse
synergistic effect, achieving ratiometric fluorescent thermometer with 1.35% K™
sensitivity and 66% fluorescence contrast. More importantly, the bright fluorescence
thermochromism (~50% yield) throughout the entire spin crossover process, enabling
visualization of spin-state equilibria with high SNR (>400) and detection resolution
(0.0017) even at low concentrations of 10* M. This tuning of the single-fluorophore
RF against spin crossover thermochromism provides a new design platform for accurate
read-out of spin states of molecules.

Introduction
In recent decade, extensive efforts have focused on integrating fluorescence with

spin crossover (SCO) to optically track spin-state transitions at the molecular level.[-*]
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Compared to conventional SCO techniques such as magnetometry, absorption
spectroscopy,> ¢! and Mossbauer analysis,[”! luminescence detection offers superior
sensitivity, simplicity and suitability for miniaturized or remote sensing.’®! Various
SCO-fluorophore systems have been developed, including intensity-based,*!?!
wavelength-shift-based,!'*15] and ratiometric spin-state sensors.['® Recently, these
hybrid systems—featuring lanthanide-based luminophores such as Eu(IID)!'”! for red
emission and NdA(III)"'¥! for near-infrared (NIR) emission—have demonstrated
excellent quantitative correlations between the Fe(Il) spin state and the corresponding
emission outputs.

However, achieving effective fluorescent visualization of spin-state equilibria
remains challenging, primarily because fluorescence is readily quenched by both/ether
SCO-dependent FRET!® ) and/or thermally activated nonradiative decay of the
luminophore.?*2!l These processes typically result in only weak emission fluctuations,
rather than distinct signal switching or pronounced enhancement upon spin transition.
In the solid state, this challenge is further intensified by aggregation-caused quenching
(ACQ),?*2 1 which severely diminishes emission intensity and often restricts detection
to a qualitative level. Consequently, the overall signal-to-noise ratio (SNR>1001>*!) and
resolution (temperature uncertainty 67 < 0.3 K!®l) are compromised—effectively
trading strong fluorescence output for subtle spin-state information.

Compared to conventional single-channel fluorescent probes, ratiometric
fluorescent probes offer significant advantages in dynamic sensing applications.[?6-28]
By employing two emission channels that vary in opposite directions, they amplify
optical contrast’*’! and provide a built-in self-referencing mechanism.%3! This dual-
channel output significantly improves the resolution, and ensures more robust and
reliable detection. Moreover, the accompanying fluorescence color change (i.e.

[32]

fluorochromism™! or ratiometric chromism[**) enables intuitive visual identification

and facilitates image-based sensing and data acquisition.?43!
In particular, recent advances in single-fluorophore ratiometric fluorescent probes

have highlighted their potential for sensitive and quantitative detection of dynamic

processes.*®! An effective design strategy is to construct donor—acceptor (D—A)-type



fluorophores that exhibit dual emission from both locally excited (LE) and

37381 Upon photoexcitation, temperature- or

intramolecular charge transfer (ICT) states.!
polarity-induced conformational changes®**-*''—such as planarization or twisting of the
D-A bridge—enable interconversion between the LE and ICT states. As their relative
emission intensities respond to external stimuli, a ratiometric fluorescence signal is
generated,[***¥ allowing intuitive visualization and accurate monitoring of processes
environmental perturbations.

In 2024, we reported an example of ratiometric fluorescence sensing of SCO using
a naphthalimide-based ligand L0 (Scheme S1),['®) which exhibited dual emission
originating from the vibronic structure of the fluorophore. However, severe ACQ and
strong Fe(Il)-induced quenching rendered the optical visualization of spin-state
equilibria functionally compromised. Here, building upon L0, we developed a single-
fluorophore ligand L1 (Scheme S1), in which a butylamino donor group is covalently
tethered to a pyridine—triazole coordinating unit via naphthalimide fluorophore (Figure
la). The introduction of the butylamino substituent not only markedly improves the
solubility of L1 in organic solvents but, more importantly, enhances the intramolecular
D-A interaction. As a result, L1 exhibits well-defined dual emission from both LE and
ICT states (Figure 1b) as a bright single-fluorophore RF probe.

Building on this, we coordinated L1 with Fe(Il) to obtain a SCO Complex 1
(Figure 2a), which is structurally analogous to the well-established thermochromic
complex [Fe(abpt)2(NCS)2]*+#71 (Figure 1d). The spectral overlap between the SCO-
active Fe(II) center (Figure 1le) and the dual-emission of L1 (Figure 1b) enables the
thermochromic SCO transition to modulate the LE/ICT emission ratio, thereby
achieving ratiometric fluorescence thermometry. Importantly, the high quantum yield
of the thermochromic fluorescence in complex 1 allows for the optical visualization of

spin-state equilibria.
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Figure 1. (a) The structural formula of the single-fluorophore RF ligand L1; (b) The dual emission
behavior and mechanism of L1; (¢) Luminescence intensity ratio (LIR) fitting of ligand L1; (d) The
structural formula of SCO precursor [Fe(abpt),(NSC),];*#71 (¢) SCO Thermochromism of
[Fe(abpt)>(NSC),] at 180 K and 300 K and (f) sensitivity of [Fe(abpt)2(NSC),] based on

thermochromism ultraviolet absorption.

Result and discussion
Single-fluorophore Ratiometric fluorescence of L1

In THF solution, L1 exhibits dual-emission bands centered at A =495 nm and A=
550 nm in the temperature range of 180-300 K (Figure b and S1). The stronger
emission band at A =550 nm shows a pronounced Stokes shift that varies systematically
with solvent polarity (Figure S2a,b). A linear Lippert—-Mataga correlation (Figure S2c
and Table S1)**1 confirms this dependence arises from a significant increase in the
excited-state dipole moment, consistent with an ICT process.*®! The weaker emission
at 4 =495 nm is attributed to a locally excited (LE) state, consistent with the emission
of the naphthalimide unit in the unsubstituted analogue!'® and supported by theoretical
calculations (Figure S3 and Figure S4).

Upon cooling, the two emission bands exhibit opposite intensity trends (Figure
S5b), with the LE band increasing and the ICT band decreasing (Figure S6, Figure S7,
Table S2) indicating a clear thermal coupling behavior between the two excited states.
The Stevens—Ban plot of In(@ict/®Le) vs 1000/ B in Figure S5a reveals a linear

relationship, consistent with the low-temperature limit described (section S2.1 in



detailed). From the slope of the linear fit, the activation energy for the LE — ICT
transition, governed by the forward rate constant gLe (Figure S8), is determined to be
AE/k=116 K (see Table S3 and insert of Figure 1b). In contrast, the absence of a high-

temperature limit®?! up to 300 K indicates that the reverse process (ICT — LE) is

negligible (i.e. gict K kIOCT as shown in eq. S17 and insert of Figure 1b). It is thereby

deduced that LIR = ¢ / k. exhibits relatively weak intrinsic temperature

dependence (eq. S18 and Figure 1c); nevertheless, this provides a stable baseline onto
which SCO thermochromism can be externally integrated to modulate the fluorescence
ratio (vide infra). Time-resolved fluorescence decays for both LE and ICT channels

exhibit complete overlap (Figure S9a), indicating that their exponential decay rates are
identical. This condition corresponds to ¢, +k; =kp; (q.S23). Therefore, the
analytical solution for kict(?) allows direct estimation of the kinetic parameters in the
scheme of Figure 1b: kicr =0.16 ns™!, &'x =0.04 ns™' and Y, =0.12ns™" (Table S3;

see S2.2 in detailed).

The SCO precursor was synthesized following the reported method for
[Fe(abpt)2(NCS),] (abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole) (Figure 1d).1*"
We initially focused on its thermochromic behavior in solution (Figure 1e). The relative
sensitivity near (712) was found to be less than 0.5%/K (Figure 1f), indicating limited
performance when used as a direct colorimetric temperature sensor. Nevertheless, as
will be demonstrated later, when integrated as an external dual emission system based
on L1, ratiometric fluorescent probes significantly amplifies the SCO response,

highlighting its utility in hybrid thermometer responsive designs.



Structure and SCO of 1

Complex 1 was synthesized by a liquid—liquid diffusion method, in which a MeOH
solution of Fe(CF3S03)2-6H>0 and NH4SCN was carefully layered over a DCE solution
of ligand L1 (see section S1.1). Red-brown single crystals were obtained after slow
diffusion. Single-crystal X-ray diffraction analysis at 100 K reveals that 1 is
isostructural with its precursor complex!!®)(Table S4), with the molecular formula
Fe(L1)2(NCS),-2DCE (Figure 2a, space group P—1). The Fe(Il) atom at inversion
center, is coordinated by four nitrogen from two L1 ligands (N4 and N5) and two
nitrogen of terminal NCS™ anions (N7), arranged in a trans-dithiocyanato configuration
(Figure S10). The six Fe-N bond distances range from 1.973(4) to 2.045(3) A, and
indicate a LS Fe(II) center (Table S5).

Due to the fragile nature and easy decomposition at elevated temperatures, its
crystal structure in the HS state could not be determined by Single-crystal X-ray
diffraction. However, magnetic susceptibility measurements (Figure S12a) revealed a
ymT value of 3.124 cm?-K-mol™ at 300 K, as a fully HS state. Upon cooling, the ymT
value gradually decreased to 0.763 at 100K before dropping to 0.286 at 5 K, indicating
a typical one-step SCO with T1,=120(1) K.

The removal of two lattice DCE molecules, denoted as complex 1-d (Figure S11
and S12b) induces cooperative spin transition at 71, = 140(1) K with nAH = 18.8(4)
kJ/mol, fitting by Domain model (Figure S12a). Cooperativity n =~ 3 was further
estimated based on AH = 5.98(1) kJ/mol from differential scanning calorimetry (DSC)
(Figure S12¢).1'%! This enhancement is attributed to the lattice contraction and tighter
molecular packing caused by solvent loss, which strengthens intermolecular
interactions and facilitates a more collective and cooperative spin-state switching.[53->4
Thermochromism and ratiometric fluorescence performance in complex 1

The spin state of 1 in solution was evaluated using the Evans method™! (eq. S1),
which involves measuring the chemical shift change (Af) of THF as the solvent in
relation to the molar concentration of paramagnetic species (Figure S13, see section
S1.4). A solution of Fe(CF3S03),-6H>O was used as a HS Fe(Il) reference with linear

dependence of Af'vs c (Figure 3a). Notably, complex 1 align closely with this calibration



line, indicating that it predominantly adopts a HS in THF solution at room temperature.
To further investigate the thermal responsiveness of the spin state, temperature-
dependent UV—vis absorption spectra were recorded (Figure 3b). Upon cooling to
180 K, a clear intensity redistribution between two absorption bands is observed on
either side of the isosbestic point at A = 528 nm, corresponding to the thermochromic
shift in solution color (Inset of Figure 3b). This clear isosbestic point indicates a clean
interconversion between two distinct species with a thermally driven two-state SCO
process.

DFT and Time-Dependent DFT (TD-DFT) calculations assigned in both HS and

LS configurations, the most intense absorption band centered at 4 ~ 402 nm

corresponds to a localized #—n* transition within the naphthalimide group (So—S1)

(Figure S14a). In the LS state, an additional absorption band appears at 4 = 534 nm,
which is assigned to a metal-to-ligand charge transfer (MLCT) transition from d(Fe) +
(SCN) — w*(abpt) (Figure S14b). In contrast, the HS state exhibits a broader MLCT
band centered around A = 565 nm ("MLCT), arising primarily from d(Fe) — n*(abpt)
transitions and extending from A = 389 to A = 565 nm (Figure S14c,d). The thermal
interconversion between these MLCT transitions underlies the reversible color change
observed in solution. Similar phenomena have been reported in Fe(Il) SCO systems
containing 1,2,4-triazole-bipyridine ligands.!®!

Using eq.1, the thermodynamic parameters of the Fe(II) SCO process in solution
were extracted (Figure 3c) with T12 = AH/AS= 250 K (AH = 15.5(2) k] mol ™!, AS=
61.9(4) J mol ' K115
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Figure 2. (a) Molecular structure of 1 at 100 K showing 20% probability of ellipsoids; hydrogen atoms
are omitted for clarity. Symmetry code*: 2-x, 3-y, 2-z; (b) Jabtonski diagram summarizing the excitation
processes (straight upward arrows), ETs (dashed arrows), nonradiative multiphonon relaxation

(undulating arrows), and radiative emission processes (straight downward arrows) operating in LS-
[Fe(L1):] and HS-[Fe(L1),].
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Figure 3. (a) '"H NMR chemical shifts measured by the Evans method for Fe(CF3SO3),:6H,O (blue dots)
and complex 1 (pink dots) in THF solution; (b) Variable-temperature UV-Vis absorption spectra of 1
in THF (1.0x10** M, 180-300 K), (Inset: optical micrograph of 1 under ambient light at corresponding
temperatures, Absorption Contrast: Abs49sam = 32.09%; Absssonm = 26.20%); (c) Temperature-dependent
absorbance of 1 at the characteristic wavelength A = 441 nm (purple shaded area represents the
confidence region of the fit, blue shaded area indicates the prediction region); (d) Variable-temperature
fluorescence emission spectra of 1 in THF (1.0 x 10 M, 180-300 K), (Inset: fluorescence micrograph
of 1 under UV irradiation at varying temperatures. Emission Contrast: PL495um = 65.92%; PLss0nm =
38.48%).

Complex 1 retains the intrinsic dual-emission characteristics of the free ligand,
exhibiting two emission bands centered at A = 495 nm and A = 550 nm (Figure 3d,
Figure S15, S16 and Table S6). Consistent with the ligand L1, complex 1 also exhibits
ICT behavior (Figure S17, S18 and Table S7). However, in contrast to the ligand,
complex 1 demonstrates a pronounced temperature-dependent evolution of these
emission bands (Figure 4c) with a visible fluorescence color change ( Figure 3d and
S19). Such ratiometric fluorescence thermochromism is absent in the ligand alone,
suggesting that strong thermal coupling is introduced upon coordination with Fe(II).

Although the incorporation of the Fe(Il) center does not significantly perturb the
ground-state electronic configuration of ligand L1 (Figure S14a and Figure S3 left
panel), it introduces new excited-state pathways—namely, spin-state-dependent
'MLCT and *MLCT transitions—as well as additional metal-centered (MC) energy
levels (Figure 2b) (The relevant energy level calculation diagram is shown in Figure
S20). These MLCT states differ substantially between the LS and HS configurations.

As a consequence, the broad absorption bands spanning A = 450—650 nm in both LS



and HS states (Figure 4a and Figure S21) show significant spectral overlap with the LE
and ICT emission bands of the ligand, providing the basis for Forster resonance energy
transfer (FRET) (Table S8). The corresponding FRET rates can be calculated using the

3[57-58

Forster theory according to eq. 2- I'where #? is an orientation factor (Figure S22,

S23 and Table S9. See section S1.6 in detail), Na is the Avogadro constant in mmol ',

n is the refractive index of the medium, k]o) is the radiative rate constant of the donor

(Table S3), and Jp., is the normalized Forster spectral overlap integral in the

wavenumber scale based on the definition of eq. 21!

Jon = [ F(De (D)Ad(A) )
9-In(10) K’
T 080 N -ns-n“'k’g'(F]'JDA ©
A

We first inspected the Jp.a between the donor (either LE or ICT states) and the
acceptor (either "MLCT for HS or MLCT for LS), which can be deduced four
contributions of Jig1s Jig-ns Jictrs and Jictrps, (Figure 4b and FigureS19). For the
LE emission channel, spectral overlap with Fe(II) absorption is stronger in the LS state
due to the 'MLCT band, leading to a larger Jig1s than Jigys (top panels of Figure
4a). In contrast, for ICT emission, the broad SMLCT absorption band of the HS state
exhibits nearly perfect spectral overlap with the ICT emission maximum (A ~550 nm),
resulting in a significantly enhanced Jjcrps value compared to Jicrus (Jictis
<Jictus 1n bottom panels, Figure 4a). Therefore, as shown in Figure 4b, the overall
overlap integral between the ICT emission and Fe(II) absorption (J ) increases with
temperature, whereas that of the LE channel (J P#*) decreases, both evolving within the
bounds defined by four asymptotic Jp-a lines. This opposing trend directly correlates
with the temperature-dependent fluorescence intensity changes shown in Figure 4c,
reflecting an inverse relationship: the larger the spectral overlap, the weaker the

emission, and vice versa.
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Figure 4. Normalized dual-emission fluorescence spectra of ligand L1 overlapped with the UV-vis
absorption spectra of complex 1; (b) Temperature dependence of the spectral overlap integral areas
derived from (a), (where JP*and JR:¢ are affected by the proportion of high spin in the SCO state. The
temperature-dependent overall overlap integrals were calculated using a weighted average of HS and LS
contributions: J P (T)=y,s(NJ Plistr (D Peks and  J R (D=y,s(DJ tnstr s (DY s » 7D and oy (D
represent the fractional population of high-spin and low-spin states at a given temperature, derived from
UV-vis measurements). (c¢) Integrated intensities of photoluminescence at I g and [ict of 1. Solid line was

fitted by eq. 4, respectively, based on the parameters listed in Table 1 and S3.

11



To quantitatively describe the temperature-dependent fluorescence behavior of
complex 1, we constructed a steady-state emission model based on the energy level
diagram shown in Figure 2b. In this diagram, the LE and ICT states undergo radiative
decay as well as FRET to Fe(Il)-centered MLCT in either LS or HS configurations
(k FREL e TREL K IRETC K IREL ) (Table S8 and Figure S24a,b). Assuming that SCO
transitions are significantly slower than both radiative and FRET decay channels (10
65-1)160-62] 'the LS and HS states are treated as thermally fixed subpopulations during the
fluorescence lifetime (Figure S25). The total fluorescence intensities from the LE and

ICT states at a given temperature are expressed as follows (section S2.3 in detail):

k' k!
ILE = Z kLE N kexc’ IcT Z ZLE ’ k[CT .}/iNOkexc (4)
i=HS,LS ML E; i=HS,LS "LE; ICTi
Here, ki g;= kLE+kEI]§;ET+qLE,kICT, kICTJrkIF(I;{qE, ; yrefers eq. 1(Figure S8b) and KRET

refers eq. 2-3. In this modeling process, the donor—acceptor geometric factor x> /R® in

eq. 3 was treated as the only adjustable fitting parameter. All other physical quantities,
JpA(T) (Figure 4b), kOD and ¢, (T) (Table S3 and Figure S8a), were independently

determined from experimental data. Finally, the integrated emission intensities I e(7)
and Iict(7) (obtained from Gaussian deconvolution, Figure S15) was performed using
nonlinear least-squares fitting, and excellent agreement with the experimental data was
achieved (Figure 4c). The full set of fitting parameters is compiled in Table 1.

Finally, four temperature-dependent FRET rate constants A™RET(T) were
quantitatively extracted as shown in Figure S24a,b and Table 1. It is evident that o
is significantly higher in LS state than in the HS state, whereas kfgf‘ T exhibits the
opposite trend. In particular, this phenomenon is clearly reflected in the transient
fluorescence experiments: a more than elevenfold difference between kIF(IﬁEiHS and

kIF(I;{FELS is manifested in the ICT emission lifetime, which markedly increases upon

cooling (Figure S25)—an effect that is absent in the free ligand system (Figure S9c,d).
Collectively, these results indicate that the LE and ICT emission channels are more

susceptible to FRET quenching at low and high temperatures, respectively. The

12



opposing temperature dependencies of the two channels constitute the fundamental
driving force for the temperature-responsive ratiometric fluorescence.

Based on DFT-optimized geometries (Figure S23) and fitted x*/R¢ values in eq. 3
(Table 1), the estimated FRET distance is approximately 9.6 A (Figure S22c), which
matches the spatial separation between the Fe(Il) center and the naphthalimide
fluorophore (Figure S22c¢ illustration). This spatially rationalized, relative low-
efficiency FRET pathway not only enabling a sensitive and quantitative optical readout
of the SCO process, but also, conversely, offering functional advantages for using SCO
behavior to achieve enhanced performance in RFT. The moderate FRET-induced
quenching efficiency observed in 1 (33%—-5% for LE and 4.2%—-34% for ICT,
see Figure S24c¢,d and Table 1) indicates a more favorable trade-off between
fluorescence retention and spin-state sensitivity, allowing for efficient ratiometric
readout without complete signal loss. As a result, the complex maintains a high
fluorescence quantum yield between 51% (LS) and 47% (HS) and sufficient emission

intensity for reliable detection.

Table 1. Fitting data of fluorescence intensity of 1

LS (180 K) HS (300 K)

/R (A0 2.93(3)-10° 4.63(4) 107

Ker/R* (A) 7.18(1) 10* 443(1) 107
kg (DFT) 1.92 1.08
Kicr (DFT) 0.24 0.47

R/ A 9.64

JERET ) st 0.068(7) 0.008(5)
JERET) g1 a 0.007(6) 0.081(7)
ng /%" 32.7(1) 4.8(2)
Mep 1% 4.2(1) 33.6(1)

13



Dy, 1% ¢ 51.3(2) 46.7(1)

@y g/ Doy 0.36 0.52

. . o FRET
“ The non-radiative transition rate of a LE ICT state. ” n EE:W{ET%%“OO%’ 7l =
LE LET4LE

1CT EFT e

FRET
kict

x100%. “The

relative yield obtained based on the area ratio of L1 to 1.

TIK gt %
a) 08 = C) 0321 e smﬁ“
Tl 2;_ ;
0 e ¥ : 280F
i e © " L 5 g 8 io
£ off / aael” s I ] 260F
5. SO -
a2 / . . . I 445
L 0318 L
E: 0.6 ! ‘g a . iy - * o 240
i s 2 a (] ) ]
i: oEl / aMTE & a2 ) i - = azok A0
4 # A
= - @ 'l . iy
= ,z LR WE &
¢ . o . . # 200F
e 235
LA RO o ; ; : 3 ; : __;._-...__..EI.-..'_....Q..ﬁ;_.:. PPN
- [ 10 z:' . 0 an 50 TIK el %
mber
b) it d) v.0035 i f) 300gmTs
1z /, ) S =1-36% 280
] / / o
gl b A / 260
el J: 45
F /
= & Lo0ES i 240
o DB i /
/ 30
> p" 220
0E|
/ \ 10020 » ol
o4l ¢ o e =0.0017
i " dom it o L Tl ! " 1 L 0.0015 e —_—al - 180
180 200 20 240 280 280 300 10 04 02 03 04 0B OF 07 04 [t e S
TiK o 0 f/ min 30

Figure 5. (a, b) LIR of complex 1 and its corresponding relative temperature sensitivity Sy; (c)
Distribution of the high-spin state fraction (yus) extracted from sequentially recorded spectra (n =
50) at selected temperatures; (d) Experimentally determined uncertainty in the spin state fraction
(0y) derived from the data in (c) (red dots); the blue line represents the theoretically calculated
uncertainty using eq. S10 without any fitting parameters; (¢) SCO process under dynamic thermal
conduction within an NMR tube. Upper segment: 300 K (hot end); Lower segment: 210 K (cold
end). After removal of the cold end, heat conducts from the room-temperature end (300 K) towards
the center (as indicated by arrows); (f) Simulation of the temporal evolution of the temperature
profile for the thermal conduction process depicted in (e), performed using COMSOL Multiphysics
software.

Ratiometric Thermometric Performance and Visualization of Spin-State
Equilibria
The SCO thermochromism induces a pronounced redistribution between LE and

ICT emission intensities, enabling temperature to be optically diagnosed via spin-state-

dependent dual emission. The relative thermal sensitivity S, S, = L AR

==l reaches a

maximum of 1.35% K! near 230 K—just below the T}, with temperature range of
210-260 K for S; > 1.0% K!. The sensitivity markedly outperforms both the ICT-driven
response of free L1 (Figure S26) and the modest thermochromic shift observed in the
SCO precursor [Fe(abpt)>(NCS).] (Figure 1f). This highlights the amplified ratiometric

fluorescence response enabled by the synergistic coupling of the dual-channel
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fluorophore with SCO switching in complex 1. To the best of our knowledge, 1
represents the first single-molecule ratiometric fluorescent thermometer (RFT)
that operates based on a spin state switching. /8!

Owing to the Boltzmann-type dependence of the high-spin mole fraction yus(7) on
temperature as shown in eq.1, the RFT enables a read-out of the spin-state equilibria.
Figure 5c¢ shows the temperatures that we extracted from a series of spectra using the
calibration of Figure 5a. These values are evenly distributed around the mean, which is
a sign of a stable physical temperature during the measurement. Using the method
presented in Figure S27 (For details, see section S1.7), we determine the yus resolution
at various physical temperatures and find The minimum resolution of dy = 0.168 %
(Figure S28) values of at y = 0.323 (227.6 K) (Figure 5d and Figure S29), highlighting
the remarkable precision of complex 1 in differentiating spin-state equilibria. Moreover,
the thermal response of 1 is completely reversible upon temperature cycling, and there
is no thermal hysteresis during heating and cooling cycles, as shown for five cycles
between 180 and 300 K in Figure S30. This low error margin, combined with high
thermal sensitivity and excellent emission contrast, underscores the exceptional
potential of this single-fluorophore ratiometric platform for visualizing dynamic SCO

behavior.

CONCLUSIONS

In summary, we have developed a new Fe(II) complex 1 based on a single-
fluorophore ratiometric ligand. Its thermochromic spin crossover behavior spectrally
matches the dual emission bands of the ligand, enabling spin-state-dependent
modulation of LE and ICT emissions. Notably, the high-spin and low-spin states exhibit
opposite trends in their FRET efficiencies for the LE and ICT channels, endowing
complex 1 with the characteristics of a ratiometric fluorescent thermometer
accompanied by distinct fluorochromism. This opposite-direction ratiometric variation
amplifies the thermometer’s sensitivity, reaching 210-260 K range of S; > 1% K™ near
T2 with St max = 1.35% K" at 232 K. which is also the key to achieving a high-contrast

fluorochromic signal output.
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On the other hand, the relatively long FRET distance of 9.6 A ensures that both
HS and LS Fe(Il) centers exhibit only moderate quenching efficiencies toward the LE
and ICT emissions, which evolve in opposite directions within the ranges of 33%—5%
and 4%-34%, respectively. As a result, the single-fluorophore system maintains a
consistently high fluorescence quantum yield (~50%) throughout the entire spin
crossover process. This bright ratiometric fluorescence enables complex 1 to deliver a
high SNR and low resolution; and robust performance even at low concentrations (10
4 M), significantly outperforming sensing schemes that rely solely on the
thermochromism of the spin crossover core (Figure S31).

It is well known that spincrossover materials, as stimulus-responsive molecular
switches, offer intrinsic advantages for multifunctional sensing.”’] In this work, we
demonstrate however that integrating spin crossover transitions with ratiometric
fluorescence can markedly amplify sensing contrast and sensitivity. The operating
principle of this spin crossover regulated ratiometric fluorescent thermometer (RFT)
parallels that of single-fluorophore RFTs, such as D-n—A fluorophores with
pronounced solvatochromism.*”] Unlike these purely intramolecular systems, complex
1 anchors the spin crossover center directly onto the single-fluorophore ratiometric
ligand L1, thereby establishing an external thermal coupling pathway that enables
efficient spin-state regulation of dual emission. This design provides a new strategy for
high-performance single-fluorophore RFTs. Moreover, through molecular design of a
high-emission spin-state—optical coupling system, this work enables optical read-out of
single-molecule spin states, providing a new pathway to “see” molecular spins.

63-65

Combined with recent related studies,®*%* this finding lays a solid foundation for the

development of optical single-molecule spin—reading technologies.
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