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Ratiometric optical thermometers have attracted significant interest due to their high accuracy, self-
referencing capability and strong resistance to environmental fluctuations. However, most reported
systems rely on doped materials, where random donor—acceptor distributions and batch-to-batch
variability hinder reproducibility and restrict practical deployment for high-precision temperature sensing.
Molecular ratiometric thermometers with precisely controlled donor—acceptor distances and fixed
stoichiometry serve as promising candidates, yet remain largely unexplored. This work reports a dual-
center emissive 3d—4f binuclear complex [ZnLSm(OAc)(NO3),] (ZnSm), constructed using a Schiff base
ligand (L). ZnSm exhibits two well-correlated emission bands at 485 nm (ZnL) and 644 nm (Sm®"),
enabling quantitative temperature readout over a broad temperature range of 233-333 K with excellent
reversibility and a high maximum relative sensitivity of 3.4% K. Spectroscopic analyses and theoretical
calculations reveal efficient ZnL-to-Sm*" energy transfer mediated by the bridging Schiff base ligand,
accounting for the temperature-dependent dual emission. Moreover, ZnSm can be readily processed
into a transparent and flexible poly(methyl methacrylate) (PMMA) film (ZnSm@PMMA) while retaining its
ratiometric thermometric performance, thus greatly enhancing its applicability for practical thermal
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developing high-performance, dual-center emissive ratiometric optical thermometers. Furthermore, the
DOI 10.1035/d55c09574¢ readily distinguishable color change in the visible range for both ZnSm and its film highlights their

rsc.li/chemical-science potential for advanced optical anti-counterfeiting and information encryption applications.

and control complex systems. Despite the availability of
conventional thermometers such as thermocouples and resis-
tance temperature detectors, they remain inadequate for
emerging applications that require spatially resolved or time-
resolved temperature mapping.'** Also, their physical contact
with targets limits usability in corrosive environments or living

Introduction

High-precision temperature sensing plays a crucial role across
various scientific and technological domains," spanning
chemical reaction regulation,” thermal management in
microdevices,*® and biological process monitoring.™ Even

subtle local temperature fluctuations, as small as 1-2 °C, can
profoundly influence critical phenomena such as phase tran-
sitions and cellular metabolic activities.**> Consequently,
developing techniques capable of rapid, accurate, and non-
contact temperature detection that can meet the challenges
posed by increasingly miniaturized scales and fast dynamic
processes is essential for advancing our ability to understand
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organisms.

To address these challenges, optical thermometry,**~*° which
harnesses the temperature-dependent photophysical response
of a probe, has emerged as a leading approach due to its remote,
non-contact nature, high sensitivity, and high-resolution
imaging capabilities. It principally employs two main strate-
gies: tracking temperature-induced changes in either lumines-
cence lifetimes or emission intensities.”® Early optical
thermometers primarily relied on the absolute change of
emission intensity with temperature. However, such single-
intensity-based methods suffer from poor reliability due to
fluctuations in excitation power, probe concentration and
optical path. Alternatively, lifetime-based methods can offer
high sensitivity,">*"** but their implementation is highly tech-
nically demanding. More importantly, this technique is inher-
ently limited for dynamic measurements that fall within or
below the probe's lifetime,* making it ineffective for rapid
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thermal mapping. In this context, ratiometric intensity-based
thermometry presents a compelling alternative by correlating
temperature with the intensity ratio of two distinct emission
bands.** This ratiometric approach inherently eliminates the
necessity of additional intensity calibration and mitigates
signal interference from both environmental changes and
instrumental fluctuations, ultimately leading to enhanced
accuracy and high stability.

Rare-earth-based thermometry'” is highly appealing due to
the unique luminescent properties of the shielded 4f
orbitals,*** including long luminescence lifetimes,* as well as
narrow emission peaks at well-defined positions that can be
easily distinguished from background fluorescence.*® Multiple
rare-earth luminescent materials have been developed for
temperature detection,'”**** primarily based on the doping
method. However, achieving identical concentration and
quality across different batches of doped materials is chal-
lenging. Furthermore, the efficiency of energy transfer critically
depends on the donor-acceptor distance, which is inherently
random in doped systems and can only be treated statistically.*®
These limitations reduce the accuracy of the resulting ther-
mometers and greatly constrain their practical application as
high-precision temperature sensors. In contrast, molecular
complexes offer a highly promising strategy due to their precise
synthesis, ease of modulation and suitability for large-scale
production. Among them, molecular complexes featuring dual
emission centers have emerged as a particularly compelling yet
largely unexplored strategy. In particular, heterometallic archi-
tectures provide precisely defined spatial arrangements of the
ligand antenna and rare-earth emitter, together with fixed
stoichiometric ratios, enabling controllable and reproducible
energy transfer efficiencies® that are highly advantageous for
constructing ratiometric optical thermometers. Moreover, the
structural and photophysical tunability of these complexes
provides a versatile platform for tailoring their emission
characteristics.

Here, we present such a class of dual-center emissive complex
[ZnLSm(OAc)(NO;3),] (ZnSm, 1R,2R-H,L = [6,6'-((1E,1'E)-(((1R,2R)-
1,2-diphenylethane-1,2-diyl)bis(azaneylylidene))bis(-methaneyly
lidene))bis(2-methoxyphenol)]), constructed using a Schiff base
ligand as the bridging unit. ZnSm exhibits characteristic narrow
emissions of Sm*" (560, 599 and 644 nm), along with a broad
emission centered at 485 nm originating from the ZnL moiety.
Notably, the intensity ratio between the red emission at 644 nm
and the blue emission at 485 nm shows pronounced temperature
dependence over a wide range of 233-333 K, with a maximum
relative sensitivity of 3.4% K ', making it suitable for con-
structing high-performance ratiometric optical thermometers
with excellent stability and reversibility. To the best of our
knowledge, such a high relative sensitivity ranks among the
highest reported to date for ratiometric luminescent thermom-
eters. Importantly, this temperature range covers the physiolog-
ical window, rendering ZnSm particularly attractive to bio-related
thermal monitoring,"™*® such as cell or tissue temperature
tracking, and thermal control in microfluidic bioreaction
systems. Additionally, its temperature-responsive emission color
change can be utilized as a trigger for optical anti-counterfeiting
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and information encryption.**** Combined experimental and
theoretical investigations indicate that the triplet state of the
bridging Schiff base ligand plays a crucial role in the energy
transfer process, with its energy level well-matched to the Sm*”
excited state, thereby facilitating well-correlated dual-emission
response. Furthermore, ZnSm can be readily processed into
a transparent and flexible poly(methyl methacrylate) (PMMA)
film while retaining its ratiometric thermometric performance,
greatly enhancing its practicality for device integration.** By
constructing such a dinuclear complex, this work successfully
achieves  temperature-dependent  dual-center  emission.
Compared with single-center molecular ratiometric optical ther-
mometers and doped materials, such dual-center emissive
systems provide greater structural tunability, enhanced oppor-
tunities for performance optimization and higher measurement
reliability, shedding light on the design of high-performance
ratiometric optical thermometers.

Results and discussion
Synthesis and crystal structures

Schiff base ligand 1R,2R-H,L (SI Scheme S1), zinc(u) acetate
[Zn(OAc),-2H,0] and samarium(ur) nitrate [Sm(NO;);-5H,0]
were dissolved in methanol and heated to 75 °C overnight,
yielding ZnSm crystals suitable for X-ray crystallography on the
inner walls of the sealed vessel. Single-crystal X-ray analysis
performed at 150 K reveals that ZnSm crystallizes in the polar
space group P2; with two crystallographically independent
heteronuclear complexes (Zn1Sm1 and Zn2Sm2) within an
asymmetric unit (Fig. 1a, Tables S1 and S2). In the complex, the
phenolate ions from the Schiff base ligand together with the
acetate ligand bridge the Zn>* and Sm®" ions, giving Zn1-Sm1
and Zn2-Sm2 distances of 3.365(14) A and 3.373(14) A, respec-
tively. The Zn*" center is embedded within the inner N,O,
coordination pocket of the Schiff base ligand, whereas the Sm**
ion is bound by the external phenoxo/methoxy 0,0, donors and
two additional nitrate ions. The Sm-O bonds range from
2.329(10) to 2.632(10) A, while the Zn-O bonds are significantly
shorter, in the range of 1.971(9)-2.014(8) A. The large steric
hindrance of the chelating Schiff base ligand effectively sepa-
rates the molecules in the crystal lattice. The shortest inter-
molecular metal-metal distance is the Zn1---Zn2 separation of
7.2600(19) A, while the shortest Sm---Sm and Zn---Sm distances

Zn1...5m1:3.365 A
®sm . Zn2...5m2:3.373 A
5 ©sn o Sm1...Sm2:9.086 A

Fig.1 Molecular structure of ZnSm. (a) One of the crystallographically
independent heteronuclear units. (b) View of the packing arrangement
along the crystallographic a axis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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are 9.0876(8) and 9.0820(14) A (Fig. 1b), respectively. No
significant intermolecular interactions such as hydrogen
bonding or -7 stacking are observed in the crystal packing.
Additionally, an isostructural complex, [ZnLGd(OAc)(NO3),]
(ZnGd, Fig. S10), was prepared following similar synthetic
procedures as a reference to help elucidate the temperature-
dependent dual-emission behavior in ZnSm.

Photophysical properties

The powder X-ray diffraction (PXRD) patterns of ZnSm are well
indexed and in excellent agreement with simulations based on
single-crystal data, confirming its phase purity (Fig. S1). Ther-
mogravimetric analysis (TGA) demonstrates the thermal
stability of ZnSm, which remains stable up to 573 K. As shown
in Fig. S2, the absence of significant mass loss prior to
decomposition confirms the solvent-free nature of the lattice.
Furthermore, differential scanning calorimetry (DSC)
measurements conducted between 293 and 573 K reveal no
evidence of structural phase transitions before the compound
decomposes (Fig. S3). The excitation and emission spectra of
ZnSm were first collected at room temperature in both solution
and solid states (Fig. S4-S7). Upon excitation at 365 nm, four
distinct emission peaks are clearly observed for ZnSm in both
solution (485, 560, 599, and 644 nm) and the solid state (468,
560, 599, and 644 nm). The overall spectral profiles are highly
similar, with three emission peaks appearing at identical
wavelengths and only a slight red shift of the high-energy band
in solution, which indicates that the overall coordination envi-
ronment of ZnSm is largely retained in solution and that no
significant metal scrambling occurs. The narrow emission
peaks at 560, 599, and 644 nm are assigned to characteristic
transitions (*Gs;, — °Hy, J = 5/2, 7/2, 9/2) of Sm®",** while the
much broader blue emission at 485 nm is tentatively attributed
to the luminescence of the ZnL moiety.*® Given that the elec-
tronic excited states of Gd*" are very high and that it is typically
emission-silent, the spectra of ZnGd were collected to aid the
assignment of the 485 nm emission peak in ZnSm. Notably, the
broad blue emission is still observed in ZnGd (Fig. S11), con-
firming that it originates from the ZnL moiety rather than the
rare-earth ion.

Motivated by the above dual-center emission behavior
observed at room temperature, we then investigated the
temperature-dependent photoluminescent (PL) properties of
ZnSm to evaluate its potential as a ratiometric optical ther-
mometer. As shown in Fig. 2a, the emission intensity at 485 nm
of ZnL decreases substantially due to the thermal activation of
nonradiative decay pathways, whereas the intensity of
sm*" Gy, — °H,,, transition at 644 nm increases with rising
temperature in the range of 233-333 K. This temperature-
dependent PL behavior may arise from the energy transfer
from ZnL to Sm*' ions via the bridging ligands, and the
underlying mechanism is explored (vide infra). Strikingly, the
luminescent color of ZnSm gradually changes from green to
orange-red and finally to red when it is irradiated with UV light
as the temperature is raised from 233 to 333 K, as shown in
Fig. 2b. This reversible and visually distinguishable
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Fig. 2 Temperature dependence of emission properties for ZnSm. (a)
Emission spectra in toluene (1.0 x 107> M) between 233 and 333 K
under 365 nm excitation. (b) The luminescent color change at different
temperatures (233-333 K, toluene solution). (c) Relative energy levels
and possible energy transfer (ET) pathway.

luminescent color change within a practical temperature range
enables potential applications in advanced optical anti-
counterfeiting and information encryption.**

Theoretical calculations were performed to elucidate the elec-
tronic structures and the origin of the temperature-dependent
dual-emission behavior of ZnSm. The calculated relative energy
levels of the Znl, moiety and Sm** ion (Tables S4-S6), along with
the possible energy-transfer pathway, are illustrated in Fig. 2c. The
triplet excited (T;) state of the ZnL moiety is located at 20
595 cm~ "' (485.6 nm), consistent with the observed broad blue
emission. In contrast, the energy separation between the singlet
excited (S,) and ground state (S,) is 28 418 cm™* (351.9 nm), which
is much larger, indicating that the short-wavelength emission
originates from the transition from the T; to S, state. This
assignment is further supported by the long lifetime (~us) of the
485 nm emission. Electronic structure calculations of Sm*" reveal
that the low-lying multiplet °H; (J = 5/2, 7/2, 9/2) states are located
at 0-324, 1117-1499, and 2459-2808 cm ', respectively, whereas
the excited ‘G, state lies in the range of 18 665-19 607 cm™ .
These calculated energy levels agree well with the experimentally
observed emission bands, corresponding to transitions from the
lowest M; sublevel of the *Gs/, excited state to the respective °Hj (J
= 5/2, 7/2, 9/2) states. Importantly, the small energy gap between
the T, state of the ZnL moiety and the ‘Gs, state of Sm>"
(~2200 cm™') favors thermally assisted ZnL-to-Sm*' energy
transfer, whereas the much larger T;-S; gap (7823 cm™ ") renders
reverse intersystem crossing (rISC) inefficient. Upon heating,
thermal activation enhances the population of the ZnL T, state,
thereby facilitating energy transfer to the Sm*" *Gs, state and
resulting in the intensified 644 nm emission. Furthermore, the T,
spin density is predominantly localized on the bridging Schiff
base ligand (Table S7), mainly distributed around the bridging
oxygen atoms that coordinate directly to Sm*", This proximate
localization, together with the short O-Sm distance (~2.4 A)
imposed by the coordination geometry, provides a favorable
orbital-overlap pathway for efficient intramolecular Dexter-type
energy transfer. Collectively, the thermally enhanced energy
transfer strengthens the long-wavelength Sm®" emission while
suppressing ZnL emission, giving rise to a distinct and reversible
luminescent color evolution.

Chem. Sci., 2026, 17, 6079-6085 | 6081
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Such an energy-transfer process was further verified by
temperature-dependent lifetime measurements (Fig. S8 and
S9). The lifetime of the Sm** *G;,, — °Hy), transition at 644 nm
increases to 50.6 ps at 333 K, representing a 20% enhancement
compared with that at 233 K. In contrast, the emission lifetime
of the ZnL moiety at 485 nm decreases by nearly 5% over the
same temperature range, indicating that the ZnL T, state is
increasingly depopulated through thermally enhanced energy
transfer to Sm>", with nonradiative thermal quenching also
involved. These opposite lifetime changes confirm that the
temperature-dependent dual-center emissive behavior of ZnSm
benefits from the ZnL-to-Sm®* energy transfer process.

Ratiometric thermometry of ZnSm

To evaluate the ratiometric thermometric performance of
ZnSm, the temperature-dependent luminescence intensities
were investigated. As shown in Fig. 3a, the emission band of the
ZnL moiety at 485 nm is significantly quenched, decreasing by
85.3% as the temperature increases from 233 to 333 K. In
contrast, the characteristic Sm®" emission at 644 nm nearly
doubles in intensity over the same temperature range. This
opposite intensity evolution enables temperature readout
through the emission intensity ratio. A good linear correlation
is observed between temperature and the natural logarithm of
the intensity ratio of Sm®" (644 nm) to ZnL (485 nm), In(s44/
I,gs5), as illustrated in Fig. 3b. The correlation can be expressed
using eqn (1):

In(Zgaa/l4s5) = 0.031867 — 10.4888 6))]

where Ig4, and I,g5 represent the emission intensities of Sm*"
and ZnL at 644 and 485 nm, respectively, and 7 is the absolute
temperature in Kelvin. The excellent linearity, evidenced by
a correlation coefficient R = 0.9966 (253-333 K), confirms the
reliability of the ratiometric calibration. The reversibility of

a g b)os
(@) 485 mm == | (b)
3x10° 00
> x10° >, D .05
c a
% 2x10° 8 10
= PRISISS 3
i I Das
o
o c
1x10° = 20
3x10°
25] @0
240 260 280 300 320 220 240 260 280 300 320 340
T/K T/K
(c) 333K (d) 35
12{ o & 9 ° ° =
30
09 =
- <25
2 .55
~ 08 £
<
3 ~ 15
= (2]
0.3 10
05
00 233K
00
1 2 3 4 5 6 240 260 280 300 320
Number of cycles T/K

Fig. 3 Ratiometric thermometric performance of ZnSm. (a) Temper-
ature-dependent emission intensities of the ZnlL band (485 nm) and
Sm>* band (644 nm). (b) Temperature-dependence of the intensity
ratio (lg44/148s). The red line represents the fitting results using egn (1).
(c) Reversibility of lg44/1485 Over six heating—cooling cycles between
233 and 333 K. (d) Temperature-dependent relative sensitivity (S,). The
solid line serves as a guide for the eye.
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ZnSm was further evaluated by repeatedly cycling the temper-
ature between 233 and 333 K over six consecutive runs (Fig. 3c).
The intensity ratios recorded at the same temperature across
different cycles remain almost unchanged, demonstrating the
excellent thermal stability and reversibility of the sensing
performance. These results highlight ZnSm as a promising self-
referencing molecular optical thermometer.

Sensitivity is a key figure of merit for temperature sensors, and
a proper sensitivity metric is essential for evaluating and
comparing different thermometric systems. To enable quantita-
tive comparison across thermometers operating via different
mechanisms, the relative sensitivity (S;) is commonly
employed.”~*° For ZnSm, S, can be calculated according to eqn (2):

SH(T) = (0(LoaalL4gs) O T) (Igaal Lags) (2)

As shown in Fig. 3d, ZnSm retains high sensitivity (S, > 1%
K ') within the broad temperature range of 253-333 K when
measured at a concentration of 1.0 x 10> M, reaching
a maximum value of 3.4% K ' at 333 K when measured at
a concentration of 1.0 x 10~ M, which ranks among the highest
so far for ratiometric luminescent thermometers (Table S8).
Such a wide operating range combined with outstanding
sensitivity meets the criteria of good-performance thermometry.

Beyond conventional doped luminescent thermometers,
ZnSm integrates two emissive centers, ZnL and Sm’*, within
a single, well-defined molecular framework through deliberate
molecular design. This binuclear architecture enables stable,
highly sensitive, and reproducible temperature-dependent dual-
emission behavior. Owing to the shielded nature of 4f orbitals,
the f-f emission of Sm*" exhibits fixed positions, narrow line-
widths, and long-wavelength characteristics, whereas the ligand-
centered ZnL emission is located in the short-wavelength region.
Such intrinsic differences in emission origin and spectral posi-
tion effectively minimize spectral overlap between the two
emissive bands, allowing clear peak discrimination and accurate
determination of emission intensity ratios, which is critical for
achieving high relative thermal sensitivity. In addition, many
ratiometric thermometers are constructed based on a single
emissive center, particularly those exploiting the fine structure of
excited- and/or ground-state multiplets of rare-earth ions to
generate so-called “hot” and “cold” emission bands.*”** In these
systems, the operational temperature range and sensitivity are
largely dictated by crystal-field splitting and the energy gaps
between Stark sublevels. While this approach has proven effec-
tive, precise modulation of excited states in rare-earth ions
remains challenging due to the inherently rigid nature of the 4f
electronic structure, which can limit further sensitivity
enhancement and flexible tuning of the working temperature
window. In this context, the dual-center molecular strategy
employed in ZnSm provides a versatile alternative. Guided by the
Dieke diagram, the excited-state energetics and emission
behavior of rare-earth ions can be rationally anticipated. By
pairing rare-earth ions with organic ligands possessing appro-
priately matched triplet energy levels and enforcing fixed donor-
acceptor distances through tailored coordination architectures,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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property-tunable dual-center emitters for ratiometric thermom-
eters can be constructed.

Ratiometric thermometry of ZnSm@PMMA

Encouraged by the wide operating temperature range, high
relative sensitivity, and excellent reversibility of ZnSm, we
further explored its applicability in device-compatible formats.
PMMA was selected as a polymer host owing to its high trans-
parency, mechanical flexibility, environmental stability, and
biocompatibility. Incorporation of ZnSm into PMMA was
readily achieved through a simple hybrid fabrication process,
yielding a transparent and ductile ZnSm@PMMA film (Fig. 4a).
To assess its capability as a flexible luminescent thermometer,
the temperature-dependent emission behavior of the
ZnSm@PMMA film was systematically examined (Fig. S12). The
film maintains the characteristic dual-center emission (Fig. S13
and S14) and exhibits temperature-dependent luminescent
evolution similar to that observed in the pristine complex.
Furthermore, a good linear correlation is also observed between
temperature and the natural logarithm of the intensity ratio
In(Zs44/1485) (Fig. 4b), which can be expressed using eqn (3):

111([644/1485) =0.0044T — 1.0986 (3)

with a correlation coefficient of 0.9856. Based on eqn (3), the
maximum relative sensitivity of the ZnSm@PMMA film is
deduced to be 0.57% K" at 333 K (Fig. 4c), which is comparable
to those of the previously reported doped metal-organic
framework (MOF)-based optical thermometers.>"

The macroscopic and reversible luminescent color variation
is conducive to intuitive temperature readout without the need
of specialized instrumentation such as fluorescence spectro-
photometers. The temperature-dependent chromatic evolution
of the ZnSm@PMMA film was quantitatively illustrated using
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Fig. 4 Preparation and ratiometric thermometric performance of
ZnSm@PMMA. (a) Schematic presentation of the preparation process.
(b) Temperature-dependence of the intensity ratio (/g44//485). The red
line represents the fitting results using eqn (3). (c) Temperature-
dependent relative sensitivity (S,). The solid line serves as a guide for
the eye.
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the Commission International de L'Eclairage (CIE) 1931 coor-
dinates (Fig. S15), showing a continuous shift from green
(0.2660, 0.3119) to red (0.2827, 0.2507) upon heating from 233
to 333 K. Thus, the temperature information could also be
directly estimated through naked-eye color observation refer-
enced to the corresponding CIE coordinates, offering a conve-
nient and low-cost visualization strategy similar to commercial
pH strips. Collectively, the reliable ratiometric response and
preserved temperature-sensing performance in flexible film
form highlight the strong potential of ZnSm@PMMA for prac-
tical thermal mapping and on-site temperature diagnostics.

Conclusions

In summatry, a dual-center emissive heterometallic complex ZnSm
was successfully constructed using a Schiff base ligand via a solu-
tion-based synthesis strategy. The temperature-dependent emis-
sion analysis reveals that ZnSm exhibits reliable ratiometric
thermometric behavior over a broad operating range of 233-333 K,
achieving a high maximum relative sensitivity of 3.4% K~ ' with
excellent reversibility. Meanwhile, the conspicuous and reversible
color transition from green to red provides an intuitive means for
visual temperature estimation and offers additional opportunities
for optical anti-counterfeiting and information-encryption appli-
cations. Combined spectroscopic experiments and theoretical
investigations confirm that the favorable Znl-to-Sm®>' energy
transfer mediated by the bridging Schiff base ligand is responsible
for the well-correlated intensity responses of the two emissive
centers. Furthermore, a transparent and flexible ZnSm@PMMA
film was fabricated, in which the temperature-sensing performance
of the pristine complex is preserved, thus greatly enhancing its
applicability in practical thermal mapping and device-integrated
sensing scenarios. Overall, this work presents a versatile molec-
ular design strategy for developing high-performance ratiometric
optical thermometers based on dual-center emissive complexes
and opens new avenues toward functional luminescent devices.
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