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6 ABSTRACT: This work challenges the conventional approach of
7 using NdIII 4F3/2 lifetime changes for evaluating the experimental NdIII
8 → YbIII energy transfer rate and efficiency. Using near-infrared (NIR)
9 emitting Nd:Yb mixed-metal coordination polymers (CPs), synthe-
10 sized via solvent-free thermal grinding, we demonstrate that the NdIII
11 [2H11/2 → 4I15/2] → YbIII [2F7/2 → 2F5/2] pathway, previously
12 overlooked, dominates energy transfer due to superior energy
13 resonance and J-level selection rule compatibility. This finding upends
14 the conventional focus on the NdIII [4F3/2 → 4I11/2] → YbIII [2F7/2 →
15

2F5/2] transition pathway. We characterized Nd0.890Yb0.110(BTC)-
16 (H2O)6 as a promising cryogenic NIR thermometry system and
17 employed our novel energy transfer understanding to perform
18 simulations, yielding theoretical thermometric parameters and
19 sensitivities for diverse Nd:Yb ratios. Strikingly, experimental thermometric data closely matched the theoretical predictions,
20 validating our revised model. This novel perspective on NdIII → YbIII energy transfer holds general applicability for the NdIII/YbIII
21 pair, unveiling an important spectroscopic feature with broad implications for energy transfer-driven materials design.

22 ■ INTRODUCTION

23 Temperature is a critical physical parameter and its accurate
24 detection is of paramount importance in many research fields
25 ranging from climate, metrology, aerospace, nanomedicine,
26 production plants, and food storage.1,2 During the past decade,
27 novel temperature sensors have emerged that have the
28 potential to substitute resistance thermometry.3 All examples
29 are based on temperature-induced changes in the material’s
30 chemical and physical properties, such as volume, electrical
31 conductivity, or photoluminescence.
32 Among these is luminescence thermometry, which was
33 developed as a remote temperature sensing technique that
34 relies on the temperature dependency of luminescence features
35 (e.g., band shape, peak energy or intensity, and excited state
36 lifetimes and risetimes) of a phosphor to measure temper-
37 ature.4−8 This technique provides precise thermal readouts
38 with superior spatial resolution in short acquisition times.
39 Noticeably, luminescent thermometers can operate in distinct
40 temperature regions, from cryogenic temperatures (<100 K),
41 of interest in cryobiology, aerospace, nuclear fusion, and the
42 development of superconducting magnets,9−13 to high temper-
43 atures (>400 K) with potential applications in heavy
44 industry,14 covering also the so-called physiological temper-
45 ature range (298−323 K), of interest in biomedicine.15

46Up to now, a plethora of luminescent materials, such as
47quantum dots, organic dyes, lanthanide-doped nanoparticles,
48and lanthanide complexes have been largely investigated for
49luminescence thermometry.5 Among them, trivalent lanthanide
50(LnIII) ions, including chelate complexes,16,17 polymers,18,19

51metal−organic frameworks (MOFs),20,21 and organic−inor-
52ganic hybrids molecular probes,22,23 are promising materials for
53thermal sensing, given their typical long lifetimes (10−3 s
54range), characteristic sharp emission, and high emission
55quantum yields, emitting in the ultraviolet, visible, and near-
56infrared spectral regions.17,24,25

57It is well-known that LnIII centers cannot efficiently absorb
58light due to forbidden 4f−4f transitions.26 To overcome this, a
59challenging strategy for the fabrication of highly performant
60Ln-based materials, including luminescent thermometers, lies
61in the incorporation of luminescent linkers as a suitable
62antenna, thereby being able to absorb and transfer energy to
63the LnIII centers.27 Lanthanide-based coordination polymers
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64 (CPs) and MOFs are excellent candidates for optical sensors
65 due to their ability to show both ligand-centered and metal-
66 centered luminescence. The proper choice of the luminescent
67 building blocks, both LnIII ions (metallic nodes) and functional
68 organic linkers, is crucial to designing new CPs for thermal
69 sensing applications showing different pathways of energy
70 exchange, including intensity-based and ratiometric thermom-
71 eters.28

72 Recently, mixed Ln’Ln”-MOFs thermometers have been
73 developed where the intensity ratio of two emissions from
74 different lanthanide ions, commonly TbIII and EuIII, is used as
75 the thermometric parameter,20,21,29,30 based on emissions in
76 the visible spectral range. Cui et al. reported on the first
77 example of a luminescent thermometer, based on mixed-EuIII/
78 TbIII MOF and Eu0.0069Tb0.9931-DMBDC (DMBDC = 2,5-
79 dimethoxy-1,4-benzene-dicarboxylate), showing a significant
80 temperature-dependent photoluminescence in the 10−300 K
81 range.20 Besides the EuIII/TbIII pair, the NdIII and YbIII ions
82 have been receiving growing interest given their harmless
83 emission wavelength and deep penetration length in biological
84 tissues.31−38 However, all of the works reported so far rely on
85 an unpredictable serendipitous approach, lacking a compre-
86 hensive elucidation of the thermometric performance rooted in
87 donor-to-acceptor energy transfer mechanisms between LnIII
88 ions. This absence of understanding hinders the rational
89 optimization of these materials.
90 Therefore, in this study, we employ a novel class of NIR-
91 emitting Yb/Nd CPs based on the 1,3,5-benzentricarboxylic
92 acid (H3BTC) organic linker to deeply investigate the Nd−Yb
93 energy transfer process and quantitatively illustrate its
94 influence on the thermometric properties of the materials.
95 Then, the objective of the manuscript is to fully understand the
96 underlying energy transfer mechanisms, and their crucial
97 implications for optimizing energy transfer-driven ratiometric
98 luminescent thermometers, rather than looking for a higher
99 thermometric performance. Two different classes have been
100 synthesized through a solvent-free thermal grinding method,
101 formulated as NdxYb(1−x)(BTC)(H2O)6 (x = 1 (1); x = 0.943
102 (2); x = 0.953 (3); x = 0.890 (4)) and NdxYb(1−x)(BTC) (x =
103 0.017 (5), x = 0 (6)). Single lanthanide Nd-CPs and Yb-CPs
104 have also been prepared as reference samples. The obtained
105 materials have been morphologically, structurally, and
106 thermally characterized and their photophysical processes
107 (10−300 K) have been studied to determine the temperature
108 dependence of the NdIII-to-YbIII energy transfer processes in a
109 representative sample, Nd0.890Yb0.110(BTC)(H2O)6 (4) using
110 the Nd-BTC (1) as a reference.
111 We demonstrate, both from experimental measurements and
112 theoretical calculations, that the experimental Ln-to-Ln energy
113 transfer rate (Wexp)

39

W
1 1
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DA D

=
114 (1)

115 and the energy transfer efficiency ( ET)
40,41

1ET
DA

D
=

116 (2)

117 ( D and DA are the lifetimes of the emitting level of the
118 donor in the absence and presence of acceptors, respectively)
119 are not valid for the specific case of NdIII−YbIII energy transfer
120 when NdIII 4F3/2 → 4I11/2 emission lifetimes are monitored for
121 Nd(BTC)(H2O)6 ( D) and NdxYb(1−x)(BTC)(H2O)6 ( DA)

122CPs. We can anticipate that the reason behind this is that the
123

4F3/2 → 4I11/2 is not an effective pathway in the NdIII−YbIII
124energy transfer process as other NdIII transitions (e.g., 2H11/2
125→ 4I15/2) are responsible for the energy transfer process. Thus,
126a new point of view regarding the NdIII−YbIII energy transfer
127for excitation energies not being resonant with the 4F3/2 energy
128level is herein pointed out, contrary to what is reported in the
129literature.40,42−47

130Experimental Results and Discussion. Synthesis. NIR
131emitter-based Ln′Ln″-CPs-CPs were synthesized through a
132solvent-free grinding method. Ln(NO3)3·6(H2O) (LnIII = Yb,
133Nd) and 1,3,5-benzenetricarboxylic acid (H3BTC, trimesic
134acid) were mixed in a 1:1 ratio and ground for 5 min, and then
135thermally treated at 120 °C for 24 h, exploiting both
136 s1mechanical and thermal energies (Scheme 1). This method,

137as reported by Liu et al.,48 offers a valid alternative for rapid,
138eco-friendly, and large-scale preparation of luminescent Ln-
139CPs/MOFs, avoiding the production of a large amount of
140solvent waste.
141By adding to the precursor mixture a second LnIII ion, with
142molar ratio in the 5 to 20%, compounds formulated as
143NdxYb(1−x)(BTC)(H2O)6 (x = 1 (1); x = 0.943 (2); x = 0.953
144(3); x = 0.890 (4)) and NdxYb(1−x)BTC (x = 0.017 (5), x = 0
145(6)) are obtained in the form of microcrystalline powder.
146The materials have been fully characterized by powder X-ray
147diffractometry (PXRD) and Fourier transform infrared spec-
148troscopy (FT-IR), induced coupled plasma mass spectrometry
149(ICP-MS), scanning electron Mmcroscopy−energy dispersive
150X-ray (SEM-EDX) and thermal gravimetric analysis (TGA).
151The synthetic process was monitored by PXRD, as shown in
152Figure S1 for the formation of Yb(BTC). When the precursors
153of 6 [H3BTC acid and Yb(NO3)3·6(H2O)] are mixed and
154milled for 30 s in an agate mortar, no formation of new
155compounds was detected. However, just after 1 min of milling,
156most of the precursor’s diffraction peaks disappeared, and a few
157barely visible peaks, attributed to residual trimesic acid,
158remained. For longer milling times (3 to 5 min), a sort of
159amorphization process occurred, confirming the hypothesis
160originally provided by Liu et al.;48 diffraction peaks
161progressively disappear, and the background level increases
162and becomes nonmonotonic. At this stage, the milled powders
163turned into a slurry. Treating this slurry at 120 °C led, after
164water elimination, to the formation of the desired Yb(BTC)
165CP. To verify if the grinding step had a direct role in the
166formation of Yb(BTC), the pristine mixture was also thermally
167treated, skipping the milling step. The PXRD analysis (see

Scheme 1. Schematic Representation of the Thermal
Grinding Process
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168 Figure S1) showed the obtainment of unknown crystal phases
169 together with some residual reactants. Thus, the residual water
170 present in the slurry could favor the reaction, as liquid-assisted
171 grinding is used to facilitate mechanochemical reactions in
172 disparate fields.49−51 Finally, the addition of a washing step by
173 water and then ethanol allowed for purification of the product
174 in the case of residues of the precursor mixture.
175 Crystal Structures. Compounds 1−6 are obtained as
176 microcrystalline powders only, hence, to determine their
177 crystal structure, we resorted to PXRD (performed on 1 and
178 6 samples only), due to the isomorphous character of species 1
179 to 4 and, separately, 5 and 6. Compound 1 crystallizes in the
180 monoclinic space group Cc, as a neutral polymeric framework,
181 isostructural with a previously reported GdIII-based species.52

f1 182 The asymmetric unit of 1, shown in Figure 1A, consists of one

183NdIII ion, one fully deprotonated BTC unit, and six water
184molecules, all bound to the rare earth cation. Each metal ion is
185ennea-coordinated, surrounded by nine oxygen atoms, three
186from (three different) BTC linkers and six from water
187molecules, leading to the Nd(BTC)(H2O)6 formulation. The
188NdIII ions, linked through BTC ligands, form parallel 1D
189ribbons running along the b ́áxis, as reported in Figure 1B. The
190stacking of these ribbons interconnected through a bevy of
191hydrogen bonds involving the H atoms of the coordinating
192water molecules, leads to a dense 3D framework (Figure 1C).
193Figure 1D,E depicts the ennea-coordinated Nd atoms as
194green polyhedra and dashed red contacts indicate the rich 3D
195framework of hydrogen bonding, interlinking the different
196coordination spheres: the Nd−O bond distances are reported
197in Table S1. Note that, as restraints were introduced in the
198final Rietveld refinement cycles to stabilize the otherwise
199untreatable refinement diverging to an unphysical model, the
200obtained values mostly mirrored the numerical limits imposed
201of the Nd−O distances rather than their true similarity, or their
202dispersion.
203Thermogravimetric analysis showed that all six coordinated
204water molecules can be completely removed by heating 1, the
205hexahydrate Nd(BTC)(H2O)6 phase, at 130 °C (vide inf ra),
206leading to an amorphous material. The anhydrous Yb(BTC)
207(6) crystallizes as a complex 3D framework in the trigonal R3̅c
208space group. Its asymmetric unit consists of (a fraction of) one
209YbIII ion and 1/6 of the fully deprotonated BTC ligand (both
210lying on special positions of -3-point symmetry). The
211coordination sphere of each metal ion is composed of six
212oxygen atoms belonging to six distinct BTC linkers with a Yb−
213O bond distance of 2.259(3) Å, which, in turn, coordinate six
214YbIII ions in the μ6 bridging coordination mode (Figure 1F).
215This generates a 3D CP, where BTC aromatic rings, orderly
216stacked along c (Figure 1G), show intercalated YbIII ions
217located midway at a distance of 1.56 Å (c/12) from the virtual
218plane containing the neighboring (and coordinating) BTC
219moieties. Indeed, when 6 is observed in the ac plane, as shown
220in Figure 1H, it is evident how all the YbIII ions lay on a
221different, but parallel, plane than BTC linkers, forming a dense
222structure with no accessible cavities, with nonbonding
223YbIII⋯YbIII distances of 6.00 (out of plane) and 8.88 Å (in
224plane), heavily minimizing Coulombic repulsion.
225In line with the structural model presented here,
226thermogravimetric analysis confirmed the anhydrous character
227 f2of 6 (vide inf ra). The PXRD analysis (Figure 2) confirmed the
228obtainment of two different structures (vide supra), depending
229on the x content: the Nd-rich samples (2−4) feature the
230structure of the hydrated Nd(BTC)(H2O)6−CP (1), whereas
231the Yb-rich samples 5 and 6 are anhydrous and isostructural.
232Other intermediate substitution ratios (Nd:Yb 50:50 and
23330:70) were also tested (Figure S2), but PXRD revealed the
234formation of polyphasic mixtures where hydrated and
235anhydrous phases coexist. Thus, it appears that NdIII and
236YbIII act as structure-directing agents for the hydrated and
237anhydrous phases, respectively, if they dominate in the
238precursor’s mixture.
239The results from our complete PXRD analysis also include
240an estimate of the specific surface areas (SSA) of our materials.
241As derived by the numerical analysis described in Text S1, SSA
242values fall well below 100 m2·g−1 (in line with the experimental
243BET values reported in the Experimental section). Note that
244porous materials possess much larger SSA values (in m2·g−1,
245300−5000 for activated carbons, 1000 for zeolites, and up to

Figure 1. View of (A) the asymmetric unit of 1, (B) 1D ribbons
running parallel to the b-axis, and (C) stacked ribbons in the ab plane
[001 view]. Sketch of the rich 3D hydrogen-bond framework (dashed
red contacts) viewed along the (D) c- and (E) b-axis. View of (F) one
BTC linker coordinating six YbIII ions, (G) 3D CP in the ab plane,
showing YbIII ions stacked along the same c axis of aromatic BTC ring,
(H) 3D CP in the ac plane, evidencing YbIII and BTC lying in
different planes. The black, red, and pastel (green) spheres represent
the C, O, and Nd (Yb) atoms, respectively, while H atoms are
omitted for clarity.
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246 10000 for MOFs). Thus, as anticipated, our materials are
247 nonporous and, accordingly, cannot be classified as MOFs.53,54

248 FT-IR spectra of 1−6 CPs show the typical bands assigned
249 to the symmetric and antisymmetric stretching vibrations of
250 carboxylic groups of trimesic acid55 (near 1700 cm−1 and in
251 the 1650−1550 and 1450−1350 cm−1 ranges, Figure S4).
252 Since carboxylates can coordinate in different modes
253 (monodentate, bidentate, bridging, etc.), the frequency
254 separation between the carboxylate antisymmetric and
255 symmetric stretching vibrations (Δva‑s) can be related to the
256 different coordination modes.56 In fact, in 1−6, Δva‑s (falling in
257 the 170−180 cm−1 range) can be assigned, in agreement with
258 the aforementioned crystal structures, to the bridging
259 coordination mode. All 1−6 CPs show Ln−O stretching
260 vibrational bands in the 600−400 cm−1 region.57

261 Thermogravimetric Analysis. TGA thermograms of 1 and 6
262 were measured to study the thermal stability and confirm the
263 water content of the two representative structures. 1 shows
264 four weight losses: a first one (below 70 °C) of about 1.5%,
265 related to residual moisture; a second one of about 20% at 106
266 °C, and a third one of 4% at 298 °C, consistent with the
267 elimination of the six water molecules. At higher temperatures,
268 500−700 °C, probably the three carboxylate groups are lost, as
269 previously reported for metal-BTC MOFs,58,59 and a 40%
270 weight loss is attributed to the decomposition to Nd2O3
271 (Figure S5a). The thermogram of 6 confirms the absence of
272 water in the structure and its thermal stability up to 400 °C. A
273 6% sharp loss at about 420 °C is due to a small amount of
274 trimesic acid impurity (see Figure 2, PXRD peak at about 11°).
275 A further increase in the temperature led to a >40% weight
276 loss, with the formation of Yb2O3 above 500 °C (Figure S5b).
277 Variable temperature X-ray diffraction analyses, described in
278 detail in Text S2, enabled structural variations and quantitative
279 measurement of anisotropic thermal expansion effects,
280 demonstrating, inter alia, the stability range of these materials
281 when heated in air.
282 Photophysical Properties. To further probe the presence of
283 both metals in the same CPs, diffuse reflectance (DR) spectra

284were performed in the 200−2000 nm range. DR spectra of 1−
2856 show absorption bands at ∼1970, 1660, and 290 nm, due to
286the BTC linker. In 1−4 compounds (reported in Figure S7a),
287the absorption bands of NdIII ions are observed at 872 nm
288(4I9/2 → 4F3/2), 798 nm (4I9/2 → 4F5/2), 740 nm (4I9/2 →
289

4F7/2), 680 nm (4I9/2 → 4F9/2), 578 nm (4I9/2 → 2G7/2), 524
290nm (4I9/2 → 4G7/2 + 4G9/2), 513 nm (4I9/2 → 4G9/2), and 355
291nm (4I9/2 → 4D5/2 + 4D3/2). In 2−4, a further band at 980 nm
292is observed, confirming the presence of YbIII (2F7/2 → 2F5/2) in
293the CPs.60−62 Compound 5 shows the absorption bands of
294both NdIII and YbIII ions when compared to 6, which exhibits
295only the YbIII absorption band, as shown in Figure S7.
296 f3Figure 3A shows the emission spectra of 1, 4, and 5.
297Compounds 1 and 4 show the typical NdIII emission bands
298related to the 4F3/2 → 4I11/2 transition.

46,62 In the case of 4,
299YbIII is present and the YbIII 2F5/2 → 2F7/2 emission appears as
300a faint band at 980 nm.46 However, this band is not present in
301compound 5 due to (i) the low concentration of NdIII ions
302once the excitation is at 580 nm and (ii) the presence of a
303center of inversion at the LnIII site (Oh point group symmetry)
304in the NdxYb(1−x)(BTC) structure (Figure S13b). The
305presence of a center of inversion does not affect the magnetic
306dipole transitions but affects the electric dipole interaction.63

307Thus, from selection rules on J quantum number (|J − J′| = 0
308or 1), it is expected that the NdIII 4F3/2 → 4IJ (J = 13/2, 11/2,
3099/2) emissions present very weak intensities with vibronic and
310quadrupole64 as main interactions. This spectroscopic feature
311could also be observed from the poor emission intensity and
312emission quantum yield (Table S5) of 5 regarding the second-
313order emission peak at 1160 nm (Figure S12) while Figure S10
314shows that the second-order peaks are weaker for non-
315centrosymmetric CPs. The emission quantum yields for direct
316excitation in NdIII (808 nm) and YbIII (980 nm) are 0.022 ±
3170.002% and 0.0030 ± 0.0003% (Table S5).
318Among the compounds containing mostly NdIII ions (2−4),
3194 is the most promising system for ratiometric temperature
320measurement because of its higher emission intensity and
321emission quantum yield (Table S5), when compared to those
322of the other samples. Moreover, it presents a larger variation of
323relative intensities with temperature. The temperature-depend-
324ent photoluminescence intensity was studied to establish its
325potential as a new luminescent thermometer. The thermo-
326metric properties of the NdxYb(1−x)(BTC) compounds were
327not investigated due to their low emission intensities, as
328discussed before.
329Compound 4 shows two bands at 980 and 1058 nm (Figure
3303A), attributed to the YbIII 2F5/2 → 2F7/2 and NdIII 4F3/2 →
331

4I11/2 transitions, respectively. The relative intensity of YbIII

332increases when decreasing the temperature and slight changes
333in the relative intensities between YbIII and NdIII emission
334bands at 1000 and 1057 nm, respectively, are observed at
335 f4different temperatures (Figure 4B).
336Additionally, at 300 K, the YbIII and NdIII emission lifetimes
337in 4 are (4)Yb = 7.0 ± 0.3 μs and (4)Nd = 51 ± 1 ns,
338respectively, as reported in Figure 3B,C. The short lifetimes of
339NdIII 4F3/2 can be attributed to a strong electron−phonon
340interaction65−67 and, once it depends on the material, it was
341also detected in 1 ( (1)Nd = 50 ± 1 ns, Figure S11).
342This reflects a misapprehension of the usage of eqs 1and 22
343for estimations of experimental energy transfer and efficiencies.
344Furthermore, with the help of theoretical NdIII → YbIII energy
345transfer calculations, we will show in the next section that eqs

Figure 2. Powder X-ray diffraction patterns in the 5−40° 2θ range.
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346 and 12 using the NdIII 4F3/2 decay lifetimes are no longer valid
347 because the energy transfer pathways involving this level
348 represent less than 1% of the whole NdIII → YbIII energy
349 transfer process. Consequently, this aspect enables the
350 extraction of YbIII 2F5/2 → 2F7/2 integrated intensity (IYb) by
351 simple subtraction of the whole integrated area from 950 to
352 1100 nm by NdIII 4F3/2 → 4I11/2 in 1 (Figure 4A), as it will be
353 presented in the Luminescence thermometry subsection.

354NdIII-to-YbII Energy Transfer. The energy transfer (ET)
355rates between a pair of lanthanide ions were calculated
356considering the Kushida−Malta model,68,69 which considers
357dipole−dipole (Wd d), dipole−quadrupole (Wd q), quadru-

358pole−quadrupole (Wq q), exchange (W )ex , and magnetic
359dipole−magnetic dipole (Wmd md) mechanisms, as defined by
360eqs S9−S13), respectively.39,69 The ET pathways were selected
361according to energy mismatch conditions (donor−acceptor
362energy difference, δ, in Table S7) and selection rules on the J
363quantum numbers:
364• Electric dipole interactions follows the traditional Judd−
365Ofelt70,71 selection rule: J J J J| | + (with =
3662, 4, and 6);
367• Electric quadrupole interactions: J J 2| | ;
368• Magnetic dipole interaction: J J 0or1| | = (except the
369case of J J 0= = ).
370There are no defined selection rules for the isotropic
371contribution of the exchange mechanism (Wex).

69

372For an illustration of how the above selection rules work,
373consider pathway 17 in Tables S8−S11, which involves the
374donor transition 4F3/2 → 4I11/2 (NdIII) transferring energy to
375the acceptor transition 2F7/2 → 2F5/2 (YbIII) (Figure 3D). We
376can expect contributions from the Wd d mechanism because
377both transitions obey the electric dipole selection rule. The
378squared reduced matrix elements ⟨4I11/2∥U(λ)∥4F3/2⟩2 are
379nonzero for = 4 and 6 (see Table S12) since 4 7
380(for this NdIII transition). Similarly, the YbIII transition has
381contributions from all ⟨2F5/2∥U(λ)∥2F7/2⟩2 because 1 6.

Figure 3. (A) Room temperature emission spectra of 1, 4, and 5 upon
580 nm excitation. Temporal dynamics decay traces of 4 upon 801
nm laser excitation monitoring the NdIII and YbIII emitting levels at
(B) 1058 nm (4F3/2) and (C) 975 nm (2F5/2). (D) Jablonski-type
energy level diagram depicting the Nd−Yb energy transfer process. ϕ
is the pumping rate 4I9/2 → [4G5/2,2G7/2] when NdIII is excited at 580
nm. τNd and τYb are the decay lifetimes of the NdIII and YbIII emitting
levels, respectively. W f and W b are the average NdIII-to-YbIII

forward and backward energy transfer rates, respectively. The dashed
straight lines on the NdIII side (involving the green levels) are the
main energy transfer pathways that have more contributions to W .
These rates consider the amount of each ion and their distribution in
the compound.

Figure 4. Emission spectra of (A) 1 and (B) 4 recorded in the 12−
300 K range under 580 nm excitation. (C) Temperature dependence
of IYb (in gray) and INd (in red) integrate intensities. (D)
Thermometric parameter Δ = IYb/INd. (E) Relative sensitivity Sr
and (F) temperature uncertainty T for 4.
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382 However, the dipole−quadrupole mechanism for the same
383 pathway only has the contribution of the first term of eq S10
384 (donor by electric dipole and acceptor by electric quadrupole)
385 because ⟨4I11/2∥U(2)∥4F3/2⟩2 = 0, annulling the second term
386 (donor by quadrupole and acceptor by dipole). Similarly, the
387 ET rate for the quadrupole−quadrupole mechanism (Wq q, eq
388 S11) for this pathway is zero since the selection rule on J for
389 the donor transition is not fulfilled (11/2 3/2 2| | > does
390 not satisfy the condition J J 2| | ).
391 The sum of all mechanisms for a given pathway p (e.g., NdIII

392 [4F3/2 → 4I9/2] YbIII [2F7/2 → 2F5/2]) is expressed as p( ),
393 while the sum of all pathways is defined as the total pairwise
394 energy transfer rate W = . Tables S8−S11 show the
395 pairwise energy transfer rates for the Nd−Yb distances of 5.85,
396 7.03, 7.26, and 8.66 Å, respectively. In these tables, each iT
397 pathway ″p″ (i.e., a calculated ET rate consisting of one donor
398 transition and one acceptor transition) is labeled as p( )i

l ,
399 where the superscript letter ″l″ represents the energy transfer
400 direction ( f and b stand for forward and backward) and the
401 subscript ″i″ represents the NdIII−YbIII distances order from
402 the crystallographic structure (i= 1, 2, 3, and 4 for respective of
403 R i( )= 5.85, 7.03, 7.26, and 8.66 Å). Wi

l is the sum of all 64 ET

404 pathways. Thus, as an example, W f
1 is the forward NdIII → YbIII

405 energy transfer when NdIII−YbIII distance is 5.85 Å.
406 Concerning the ET pathways with contributions from the
407 NdIII 4F3/2 level (i.e., 4F3/2 → 4IJ, pathways p= 1, 17, 33, and
408 49 in Tables S8−S11), the sum of them together for each Nd−
409 Yb distance are 410, 95, 75, and 19 s−1 which represents 0.7%,
410 1.0%, 1.0%, and 1.4% of the total ET rate, respectively. This
411 result implies that transitions from NdIII 4F3/2 level are not
412 important for the case of the NdIII−YbIII ET process and, as a
413 result, the usage of eqs 1 and 2) considering the lifetimes of
414 this level is not enough to estimate the experimental rate and
415 efficiency. On the other hand, the most relevant ET pathways
416 are from [2H11/2 → 4I15/2], [4F9/2 → 4I13/2], and [2H9/2/4F5/2
417 → 4I11/2] transitions (see pathways 55, 38, and 18/19 in Tables
418 S8−S11), representing respectively around 85%, 7%, and 7% of
419 the total Nd−Yb ET rate. It is worth mentioning that eqs 1, 2)
420 are still valid for other lanthanide pairs in which the main
421 donor level is the emitting one, such as the case of Tb−Eu,
422 where the TbIII 5D4 level has an important contribution to the
423 energy transfer process.39,41 The dominant mechanism
424 governing the energy transfer process is the Wq q, with
425 pairwise forward (NdIII-to-YbIII) ET rates for pathway 55
426 (NdIII [2H11/2 → 4I15/2] YbIII [2F7/2 → 2F5/2] in Tables S8−
427 S11) of 1.8 × 105, 2.8 × 104, and 2.0 × 104 s−1 corresponding
428 to NdIII−YbIII distances of 5.85, 7.03, 7.26 Å, respectively. The
429 Wq q mechanism is also responsible for the backward ET
430 (YbIII-to-NdIII) process.
431 Once the pairwise NdIII−YbIII ET rates are calculated
432 (Tables S8−S11), we can simulate a Monte Carlo type
433 distribution of the coordinates of NdIII and YbIII ions in the
434 host matrix by a homemade program written in C language (it
435 can be provided upon request). From the crystallographic data
436 of 1 (Nd(BTC)(H2O)6 sample), the unit cell (1 × 1 × 1) was
437 expanded to a large one (20 × 20 × 20, Figure S14) with a
438 volume of ≈10378 nm3 containing 32000 NdIII host sites,
439 which can be replaced randomly by YbIII until reaching the
440 dopant amount desired (in %). Consequently, the occurrence
441 of Nd−Yb pair as a function of distance n and concentration

442x1 of YbIII throughout the matrix can be obtained and,
443consequently, the average forward W f and backward W b

444energy transfer rates:41,72

W W x x O x W(1 ) (1 )
i

i
i

i i
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445(3)
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i i
b b b= = ·

i
k
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447where, as mentioned before, Wi
f stands for the forward and W b

i
448for the backward energy transfer for the ith Nd−Yb distance
449(Tables S8−S11). The acceptor YbIII and the donor/host NdIII
450stoichiometric fractions are represented by x1 and x,
451respectively. The occurrence coefficients Oi are related to the
452formation of a Nd−Yb pair at distance R i( ), regarding the
453acceptor (for forward energy transfer W f ) or donor (for
454backward energy transfer W b) amount obtained from
455hundreds of Monte Carlo simulations for each YbIII
456amount:41,72

O x
i

s x
(1 )

( )
(1 )i =

·

O x
i

s x
( )

( )
i =

· 457(5)

458where i( ) is the counting of Nd−Yb pairs at distance R i( )
459and s is the number of host sites in the undoped matrix (equals
46032000 host sites in the 20 × 20 × 20 expanded cell, Figure
461S14a). Once the backward energy transfer is related to the
462energy coming from the YbIII to the NdIII ions, the ‘acceptor’ in
463this case is NdIII and it justifies the use of the coefficients O x( )i

464instead of O x(1 )i to calculate the W b. All values of Oi

465obtained from simulations as well as W f and W b are
466presented in Table S13.
467Figure S15a shows the total calculated W b with the
468changing of the YbIII and NdIII stoichiometric fractions while
469Figure S15b shows only the contribution of the backward YbIII
470[2F5/2 → 2F7/2] NdIII [4I15/2 → 2H11/2] pathway, which is
471responsible for the quenching of the YbIII emission when
472temperature increases, as observed in Figure 4B. The backward
473W b is very sensitive to the temperature changes due to the
474contribution of about 89% of pathway 55 (NdIII [2H11/2 →
475

4I15/2] YbIII [2F7/2 → 2F5/2], Tables S8−S11), which has a
476close resonant energy mismatch δ (Table S7). Our simulations
477varied the YbIII amount as given by the synthesized samples (1
478− x = 0.047; 0.057; 0.110; representing, respectively, the (3);
479(2); (4); samples) and we also extrapolated until 1 − x = 0.200
480to see the trend of the ET rates. For values of YbIII doped
481above this limit, the NdxYb(1−x)(BTC) structure starts to
482appear (Figure S2), and once this phase has a LnIII placed at a
483centrosymmetric site (Figure S13b), the emission of the LnIII is
484quenched.64 This is the reason we limited the simulations up
485to 1 − x = 0.200.
486Estimation of the emitting level populations (e.g., NdIII 4F3/2
487and YbIII 2F5/2) requires an effort to build and solve a set of
488coupled ordinary differential equations (ODEs) where the
489main rates are included, such as Ln−Ln energy transfer,
490radiative rates, and multiphonon relaxations. The transient of
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491 one level Pk is represented by solving an 11-level system of rate
492 equations (eqs S19−S29). There are many numerical methods
493 for solving a set of coupled ordinary differential equations;73

494 however, we have been using the Radau method74 because it
495 provided fast and accurate results that were in excellent
496 agreement with other Ln-based luminescence processes.75−81

497 Experimental and Theoretical Luminescence Ther-
498 mometry. Considering the thermal dependence of this energy
499 transfer from NdIII to YbIII, such systems can be exploited as
500 ratiometric thermometers. First, emission of 1 was studied at
501 different temperatures, as reported in Figure S10, showing a
502 relatively weak signal at 1058 nm, assigned to the NdIII 4F9/2 →
503

4I11/2 transition, upon 580 nm excitation. The intensity of the
504 signal is weak considering the excitation of the second order
505 around 1160 nm as a reference and, in this case, no significant
506 changes were observed when decreasing the temperature.
507 Figure 4A, B displays the temperature dependence from 12
508 K up to 300 K of 1 and 5 emission spectra upon 580 nm lamp
509 excitation. For both samples, it can be observed that the
510 NdIII 2F3/2 → 4I11/2 intensity has little temperature dependence,
511 remaining almost constant (INd in Figure 4C). Thus, the
512 intensity of the YbIII 2F5/2 → 2F7/2 (IYb) transition in sample 4
513 can be obtained by the subtraction of the integrated intensity
514 INd (highlighted area in Figure 4A) by the integrated intensity
515 ITotal (highlighted area in Figure 4B). This can be assumed
516 because the NdIII 2F3/2 → 4I11/2 transition is not predominant
517 in the NdIII→ YbIII ET process, as indicated by theoretical
518 calculations.
519 The distinct temperature dependence of IYb and INd indicates
520 that the intensity ratio IYb/INd is temperature-sensitive and can
521 be used as the thermometric parameter (Δ) for 4.6 Figure 4D
522 shows the temperature evolution of Δ. As the temperature
523 increases Δ decreases in the 12 to 220 K range, remaining
524 constant at this temperature until 300 K, meaning that 4 is
525 temperature-sensitive in the cryogenic range up to 220 K, and
526 mostly insensitive beyond 220 K. The thermal performance of
527 4 was evaluated through the relative thermal sensitivity (Sr),
528 and the temperature uncertainty ( T), which are the figures of
529 merit to fully characterize the performance of an optical
530 temperature sensor.5,6,24

531 Figure 4E displays Sr decreasing with temperature from a
532 maximum value of 0.8%·K−1 at 12 K, reaching less than 0.1%·
533 K−1 from 250 K and beyond, suggesting the temperature
534 operative range of 4 as optical sensors ranges from 12 K up to
535 220 K, with a minimum T of 0.7 at 12 K (Figure 4F). Despite
536 the scarcity of reports on NdIII−YbIII systems for luminescence
537 thermometry in the cryogenic temperature range, the Sr values
538 presented in this study are comparable to those previously
539 reported (Table S4). Likewise, the main advantage of our
540 approach is the possibility to rationalize this thermometric
541 performance in terms of the underneath energy transfer
542 processes, as discussed in the following section.
543 The theoretical thermometric parameters of NdIII/YbIII
544 mixed CPs were modeled through (i) energy transfer rates
545 between Ln ions,39,41,69,72 (ii) Judd−Ofelt intensity parame-
546 ters,82,83 (iii) Miyakawa−Dexter approach for multiphonon
547 decay rates,84 and (iv) rate equations modeling.78,85−88 These
548 building blocks allow us to estimate the relative emission
549 intensity of YbIII (IYb) and NdIII (INd), resulting in the
550 theoretical thermometric parameter Δ = IYb/INd.
551 Figure S17a is presented for illustrative purposes and shows
552 a comparison between the experimental and theoretical Δ
553 values for sample 4, assuming 50Nd ns and 7.0Yb μs (as

554measured at room temperature, Figure S11) for all temper-
555atures in our simulations. The discrepancies observed at lower
556temperatures, indicated by red arrows (Figure S17a), suggest
557that the lifetimes, particularly Nd, should be longer. This
558observation aligns with the temperature dependence of the
559electron−phonon coupling. To address these discrepancies,
560Figure S17b demonstrates the mitigation achieved in the
561simulations by considering longer lifetimes for both τ
562parameters in the low-temperature range below 150 K.
563Furthermore, utilizing these theoretical curves, we can
564deduce that for temperatures below 150 K, the behavior of
565Δ is primarily governed by the NdIII−YbIII energy transfer,
566specifically the backward rates involving the NdIII 2H11/2 level.
567On the other hand, at high temperatures, the dominant factor
568influencing the thermometric parameter is the shortening of τ.
569This unusual shortening of τNd to the order of 50 ns may
570potentially be attributed to thermally activated phonons
571coupling with NdIII 4F3/2, resulting in a fast depopulation of
572this level.
573 f5Figure 5 shows the simulated surfaces of Δ and Sr as a
574function of Yb3+ content and temperature. Comparing the
575highlighted curve in Figure 5A,B (representing the simulation

Figure 5. Theoretical (A) thermometric parameter Δ and (B) relative
thermal sensitivity Sr as a function of temperature and YbIII amount.
The magenta lines indicate the simulated curves for 4.
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576 for sample 4) with Figure 4D,E, there is a significant agreement
577 between the theoretical and experimental data. This finding
578 supports the earlier discussed point in this article, namely, the
579 limited involvement of the NdIII 4F3/2 level in the energy
580 transfer process. Consequently, eqs 1 and 2 , which typically
581 describe energy transfer rates and efficiencies between Ln ions,
582 do not apply to Nd−Yb interactions unless the excitation
583 occurs directly in the NdIII 4F3/2 level, not involving the NdIII
584 levels above.

585 ■ CONCLUSIONS
586 Two different classes of CPs, formulated, respectively, as
587 NdxYb(1−x)(BTC)(H2O)6 (x = 1 (1); x = 0.943 (2); x = 0.953
588 (3); x = 0.890 (4)) and NdxYb(1−x)(BTC) (x = 0.017 (5), x =
589 0 (6)), were fully characterized by using a multitechnique
590 approach to study their structure, morphology, composition,
591 thermal stability, and optical properties. Particularly, 4 and 5
592 were selected to perform variable temperature photolumines-
593 cence studies in the 10−300 K range, which revealed a
594 decrease of intensity ratio NdIII/YbIII-related emission upon
595 increasing the temperature. This trend is more evident in 4,
596 which is therefore the most promising system within the entire
597 series to be employed as a thermometer. The operative range
598 of the 4 luminescent thermometer ranges from 12 up to 220 K,
599 with a minimum T of 0.69 at 12 K. However, rather than
600 emphasizing the thermometric performance of 4, the objective
601 of the work is to fully understand the underlying energy
602 transfer mechanisms and their crucial implications for
603 optimizing energy transfer-driven ratiometric luminescent
604 thermometers.
605 Then, theoretical calculations suggested that the Nd−Yb
606 nonradiative energy transfer comes from a different and
607 unexpected pathway for both forward (NdIII [2H11/2 → 4I15/2]
608 → YbIII [2F7/2 → 2F5/2]) and backward (YbIII [2F5/2 → 2F7/2]
609 → NdIII [4I15/2 → 2H11/2]) energy transfer. The immediate
610 outcome of these calculations is that eqs 1 and 2 are not always
611 valid to estimate the energy transfer rates and efficiency for
612 Nd−Yb-based materials. Furthermore, the temperature
613 dependency of NdxYb(1−x)(BTC)(H2O)6 CPs is strongly
614 influenced by the backward pathway and this corroborates
615 with the observed quenching of the YbIII emission when
616 temperature increases. This is the first time that a complete ET
617 analysis on the Nd−Yb pair was done where simulations of
618 Ln’-to-Ln″ ET-driven thermometers were in good agreement
619 with the experimental data. Remarkably the present joint
620 experimental/theoretical work has the potential to pave the
621 way to a rationalization of NIR luminescent thermometers
622 based on Nd−Yb energy transfer.

623 ■ EXPERIMENTAL SECTION
624 Materials. Lanthanide nitrates and the 1,3,5-benzenetricarboxylic
625 acid were purchased from Alfa Aesar and Sigma-Aldrich, and then
626 used without further purification.
627 Synthesis. All NdxYb(1−x)BTC(H2O)6 (x = 1 (1); x = 0.943 (2); x
628 = 0.953 (3); x = 0.890 (4)) and NdxYb(1−x)BTC (x = 0.017 (5), x = 0
629 (6)) compounds were prepared according to the previously reported
630 method48 as follows: 0.5 mmol of LnIII precursor (Nd(NO3)3·6H2O
631 for 1 and Yb(NO3)3·6H2O for 6) was mixed with 0.5 mmol of
632 H3BTC (1,3,5-benzenetricarboxylic acid) and ground in an agate
633 mortar for 5 min. Then the mixture was transferred into a 25 mL
634 boron-silicate vial and heated at 130 °C for 24 h. After cooling to
635 room temperature, the powder was collected and washed with
636 distilled water and ethanol two times each and then dried at 60 °C for
637 3 h. For the synthesis of compounds 2−5, the procedure was the same

638but the two LnIII nitrates were mixed in different Nd/Yb
639stoichiometric ratios: from 95/5 to 80/20 (2−4) and 5/95 (5).
640The syntheses here proposed typically provide the final products in
641100−300 mg amounts and are highly reproducible. Therefore, using
642batches from parallel preparations can easily lead to the accumulation
643of gram-sized samples. The conventional pathway to obtain these
644materials involves the use of hydrothermal methods. Although
645ancillary to this work, these recipes are here presented: compounds
6461 and 6 were synthesized via a hydrothermal approach. A mixture of
647Ln(NO3)3·6(H2O) (LnIII = Nd Yb, (0.05 mmol), H3BTC (0.15
648mmol), NaOH (1,5 mmol), and water (25 mL) was heated at 120 °C
649for 24 h in a 50 mL Teflon-lined stainless-steel autoclave reactor. After
650cooling, a white powder, suitable for further characterizations, was
651obtained.
652ICP-MS. Inductively coupled plasma spectroscopy (ICP) was
653performed on an Agilent Technologies ICP-MS 7900 spectrometer.
654The samples were prepared by using microwave digestion in an acid
655solution (5 mg of sample in 500 μL of concentrated HNO3) followed
656by dilution with water (5 mL final volume).
657Infrared Spectroscopy. FT-IR spectra were collected using a
658Bruker Equinox 55 spectrometer, with the samples prepared as KBr
659pellets (Figure S4).
660Brunauer−Emmett−Teller (BET) Analyses. The textural
661properties were studied by nitrogen adsorption−desorption isotherms
662at −196 °C, measured on a Micromeritics ASAP 2020 system. The
663samples were preheated under vacuum at 50 °C (heating rate, 1 °C·
664min−1) for 12 h. BET SSA values found: 37 m2·g−1 for Nd(BTC)-
665(H2O)6 and 20 m2•g−1 for Yb(BTC) (Text S3).
666EDX Microanalysis. SEM images and EDX Microanalysis were
667performed both on a Hitachi S-4800 and ESEM:FEI Quanta 200 field
668emission scanning electron microscopes (Tables S2−S3 and Figure
669S6).
670Thermogravimetric Analysis. Thermogravimetric analysis was
671performed in alumina crucibles with the instrument STA-6000 under
672nitrogen flux (40 mL/min) in the 25−800 °C temperature range at 10
673°C/min.
674Powder X-Ray Diffraction. PXRD patterns for fingerprinting
675purposes were collected by using a θ−θ Bragg−Brentano focalizing
676geometry Seifert X 3000 diffraction system equipped with a Cu Kα
677source (λ = 1.5418 Å), a graphite monochromator on the diffracted
678beam, and a scintillation counter. Step size 0.05°, acquisition time 2 s/
679step. Structural PXRD studies require a more careful sample
680preparation, data collection strategy, and several computational
681steps (indexing, structure solution, and Rietveld refinement)
682collectively presented in the SI file. CSD Codes: 2212923−2212924.
683Dynamic Light Scattering (DLS). The suspensions of Nd/Yb
684CPs in water/DMSO were prepared by suspending 2 mg of
685microcrystalline powder in 2 mL of solvent and ultrasonicating it
686for 15 min. Then they were diluted (200 μL of suspension and 800 μL
687of solvent) to allow DLS performed with the Malvern ZETASIZER
688NANO instrument.
689Photophysical Measurements. Continuous-wave diffuse reflec-
690tance of crystals of coordination compounds was performed with a
691dual-beam spectrophotometer equipped with an integrating sphere
692accessory (Agilent Cary 5000 UV−vis−NIR). Emission and excitation
693spectra were recorded on a modular double grating excitation
694spectrofluorimeter with a TRIAX 320 emission monochromator
695(Fluorolog-3, Horiba Scientific) coupled to an NIR H9170
696Hamamatsu photomultiplier, using the front face acquisition mode.
697The excitation source was a 450 W xenon arc lamp. The excitation
698spectra were corrected for the spectral distribution of the lamp
699intensity by using a photodiode reference detector. Time-resolved
700measurements were carried out with pulsed Xe−Hg lamp excitation in
701front face acquisition mode. The low-temperature measurements (12
702K) were performed using a helium-closed cycle cryostat with a
703vacuum system measuring ca. 5 × 10−6 mbar and a Lakeshore 330
704autotuning temperature controller with a resistance heater.
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705 ■ THEORETICAL SECTION
706 Nd−Yb Energy Transfer. The pairwise energy transfer
707 rates for Nd−Yb are calculated from eqs S9−S13 according to
708 the procedures described in refs.39,69 (see Supporting
709 Information for more details). The distribution of NdIII and
710 YbIII and the average energy transfer rates (from the pairwise
711 Nd−Yb rates) were calculated using the method described in
712 ref.41.
713 Multiphonon Decay Rates. The nonradiative decay rates
714 between adjacent levels of NdIII ion were calculated using the
715 Miyakawa−Dexter model as described in Supporting Informa-
716 tion and refs.84.
717 Rate Equations. A general differential rate equation has
718 the general form:78,85−88

d
dt

P t W P t W P t( ) ( ) ( )k
j k

j k j
j k

k j k=
719 (6)

720 where the summations run the levels of the system. Pk and Pj

721 are the populations of the levels k| and j| , Wj k and Wk j are
722 rates between these states (NdIII−YbIII energy transfer or decay
723 processes). The first summation represents all rates that enter
724 in k| , while the second represents those that depart from k| .
725 The complete set of the rate equation model is given by the
726 coupled equations (eqs S19−S29).
727 Intensity Parameters and Radiative Rates. The Judd−
728 Ofelt intensity parameters were calculated using the Simple
729 Overlap Model (SOM)83 for the odd component of the ligand
730 field and the Bond Overlap Model (BOM)82 for the
731 polarizability-dependent term. The radiative rates are calcu-
732 lated using eqs S31−S33 (see Supporting Information for
733 further details).
734 Thermometric Parameter and Relative Thermal
735 Sensitivity. The experimental Δ was defined as I I/Yb Nd=
736 , where IYb and INd are the integrated intensity of the 2F5/2 →
737

2F7/2 and 4F3/2 → 4I11/2 emissions, respectively. Thus, the
738 theoretical Δ is given by

I
I

A
A

P
P

(Yb)
(Nd)

Yb

Nd

rad

rad

10

4
= = ·

739 (7)

740 where Arad is the radiative component of the 2F5/2 → 2F7/2
741 and 4F3/2 → 4I11/2 transitions. P10 and P4 represent the
742 calculated populations of the YbIII 2F5/2 and NdIII 4F3/2
743 emitting levels in the steady-state regime, respectively. The
744 thermal sensitivity is given by

S
T

1
r =

745 (8)

746 as defined for the experimental one.
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