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ABSTRACT: Trivalent lanthanide ions (Ln3+) are used to prepare a plethora of coordination compounds; metal-organic 
frameworks (MOFs) being amongst the most sought-after in recent years. The porosity of Ln-MOFs is often complemented by the 
luminescence imparted by the metal centers, making them attractive multifunctional materials. Here, we report a class of 3D MOFs 
obtained from solvothermal reaction between 2,6-naphtalenedicarboxylic acid (H2NDC) and lanthanide chlorides yielding three 
types of compounds depending on the chosen lanthanide: [LnCl(NDC)(DMF)] for Ln3+ = La3+, Ce3+, Pr3+, Nd3+, Sm3+ (type 1), 
[Eu(NDC)1.5(DMF)]·0.5DMF (type 2), and [Ln2(NDC)3(DMF)2] (type 3) for Ln3+ = Tb3+, Dy3+, Y3+, Er3+, Yb3+. Photoluminescent 
properties of selected phases were explored at room temperature. The luminescence thermometry capability of Yb3+-doped Nd-
MOF was fully investigated in the 15-300 K temperature range under 365 and 808 nm excitation. To describe the optical behavior 
of the isolated MOFs, we introduce the total energy transfer balance model. Therein, the sum of energy transfer rates is considered 
along with its dependence upon the temperature: sign, magnitude, and variation of this parameter, permitting to afford a thorough 
interpretation of the observed behavior of the luminescent species of all materials presented here. The combination of novel 
theoretical and experimental studies presented herein to describe energy transfer processes in luminescent materials can pave the 
way towards the design of MOF-based chemical and physical sensors working in an optical range of interest for biomedical 
applications. 

Introduction
Metal-Organic Frameworks (MOFs) are composed of metal 

ions connected by organic ligands, yielding a plethora of open 
structures with unique crystalline architectures.1,2 The 
combination of MOF open porosity with the specific 
electronic or optical properties leads to multifunctional 
materials that have attracted the attention for applications in 
fields such as gas storage,3 photoluminescence,4 heterogeneous 
catalysis,5,6 ion-exchange,7 and drug delivery.8 

Seeking photoluminescence (PL) properties, trivalent 
lanthanide ions (Ln3+) are optimal species for the preparation 
of MOFs, since they can impart tailored emission properties 
spanning a broad wavelength range: from ultraviolet to visible 
and near-infrared (NIR). Importantly, variations of the PL 
spectral profile induced by environmental changes can be 
harnessed for sensing purposes or sensitizing. Indeed, the 
intrinsic porosity accompanied by the large surface area of 
MOFs offer great opportunities for exploiting the 
intermolecular interaction between the framework and guest 
molecules, which can dramatically vary the coordination 
environment and harnessing energy transfer processes, thus 

modulating the luminescent properties of MOFs.9 Besides, the 
structure of MOFs can be further modified post-synthesis, thus 
enabling fine-tuning of a specific luminescence response.10 In 
comparison to traditional luminescent organic molecules and 
coordination compounds, MOFs also have the advantage to 
feature a periodic disposition of the luminescent centers; this 
enables long-range interactions, thus favoring the development 
of new functionalities, such as waveguide effects.11,12,13

Therefore, the design of optically active MOFs is pivotal for 
sensor development.14,15,16,17  Indeed, there are plenty of 
examples of structures suitable for the selective detection of 
toxic species in aqueous environments,18 explosives,19 metallic 
ions20 and many more molecules.21

In this vein, the possibility to accurately measure 
temperature through optical signals is crucial for 
understanding biological, chemical, and physical processes. 
Optical temperature measurement is a valid alternative to 
traditional contact thermometry methods such as those 
employing bimetallic thermometers, liquid-filled glass 
thermometers, thermistors and thermocouples.22 Optical 
thermometers offer the possibility of non-contact 
measurement, and measurement at the submicron scale, an 
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exciting opportunity for intracellular applications. 
Conveniently, luminescent thermometers offer the possibility 
to work in a non-invasive and accurate way.23

Pioneering work by Qian24 and some of us25,26 have 
promoted intense research around mixed-lanthanide MOFs 
capable of acting as luminescent thermometers over different 
temperature ranges.27,28,29,30,31,32,33 Those mixed Eu3+/Tb3+ MOF 
thermometers are limited by their luminescence in the visible 
region,34,35 but NIR luminescent MOFs can be also designed 
for temperature sensing. Such NIR luminescent MOFs are 
useful for biological applications, due to the existence of so-
called “optical transparency windows” – NIR wavelength 
ranges where tissue-induced light extinction is minimized.36 
Surprisingly, there are fewer studies focusing on MOF-
thermometers with NIR operation capabilities and extended 
temperature working range.37,38,39 There is an enormous 
potential for NIR-luminescence thermometry in early 
detection of diverse diseases, such as stroke, inflammation 
processes or even cancer, one of whose incipient symptoms is 
the appearance of temperature singularities localized in the 
affected tissues.40 In all those instances, NIR-operating MOFs 
with temperature-sensitive emission could be foreseeably 
employed to garner indirect information about the health of 
biological systems.

Clearly, more investigations around NIR-luminescent MOFs 
operating in that spectral range are needed, in order to lay the 
foundations for the development multifunctional materials. In 
the biomedical context, for instance, those systems could 
simultaneously afford optical imaging and report on the 
thermal state of the site of interest, as well as deliver drugs 
loaded in their pores. This powerful combination makes NIR-

luminescent MOFs credible candidates for theranostic 
applications41,42,43,44,45,46 (i.e., combining therapy and 
diagnosis). 

From the design point of view, 2,6-naphtalenedicarboxylate 
(H2NDC) has been employed as suitable ligand for preparing 
MOFs based on lanthanides47,48,49,50,51,52 or d-block elements. 53 

In this work, we showcase a new set of 3D-frameworks 
based on H2NDC and Ln3+ ions–from La3+ to Yb3+ (save Pm3+, 
Gd3+, Ho3+ and Tm3+) yielding three sets of structures. These 
were classified in type 1 [Ln(NDC)Cl(DMF)] (Ln3+ = La3+, 
Ce3+, Pr3+, Nd3+, Sm3+), type 2 [Eu(NDC)1.5(DMF)]·0.5DMF, 
and type 3 [Ln2(NDC)3(DMF)2] (Ln3+ = Tb3+, Dy3+, Y3+, Er3+, 
Yb3+) phases. An in-depth photophysical characterization 
highlighted the aptness of NDC2- to act as antenna, i.e., to 
absorb and funnel the excitation energy to the emitting levels 
of Ln3+ ion such as Eu3+, Sm3+ and Nd3+. Mixed Nd-Yb MOFs 
were synthesized and their behavior as ratiometric NIR-
emitting luminescent thermometers was ascertained. Upon 
choosing the convenient integration intervals, the results 
indicated an extended temperature working range (15-300 K) 
under both UV and NIR excitation. This versatility suggests 
the possibility of performing temperature sensing using the 
presented system depending on the boundaries given by 
temperature of interest and most convenient excitation source. 
To model the optical behavior of the synthesized MOFs, the 
concept of total energy transfer balance  was 𝑊 ∗ (𝑇)
introduced. These results drive the perspectives to develop 
temperature sensors for biological media, which in turn has 
great impact as the last generation of diagnostics and 
therapeutic strategies. 

Figure 1. “Ball and stick” representation of the asymmetric unit of the three type of compounds and the corresponding projections of each 
structure along the b axis. 

Results and discussion
Three types of Ln-MOF were synthesized and isolated upon 

solvothermal synthesis (Figure 1). A description of the 
structural features is presented as follows. 

Type 1 compounds. Type 1 (La – Sm) compounds present 
the general formula [Ln(NDC)Cl(DMF)]. The structural 
description will be made based on compound Pr-MOF (Pr) 
meanwhile specific information about Ce will be given when 

necessary. The compounds crystallize in the monoclinic P21/c 
space group; the cell parameters for both compounds are 
shown in Table S1. In the asymmetric unit there are two 
crystallographically non-equivalent Ln3+ ions, both nona-
coordinated, and one independent NDC2- anion (see Figure 2, 
S1, S3). Pr1 and Pr2 are surrounded by six oxygen atoms 
coming from carboxylate groups, one oxygen atom from a 
DMF molecule and two chloride atoms. The coordination 
geometry of both metal centers is consistent with a 
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monocapped square antiprism. The Pr1-O bond lengths fall in 
the range 2.438(3) - 2.689(2) Å whereas the Pr2-O ones are in 
the range 2.426(3) - 2.645(2) Å. Meanwhile Pr-Cl distances 
fall into the range 2.870(1) - 2.894(1) Å. In the case of Ce, the 
corresponding distances are between 2.455(3) - 2.703(3) Å for 
[Ce1-O] polyhedron and between 2.442(3) - 2.663(3) Å for the 
[Ce2-O] one. Both set of distances are in agreement with Ln-O 
distances in MOFs based on “early” lanthanide ions (Pr, 
Sm).54

The ligand links two metal ions by each carboxylate group 
in a chelate-bridge fashion (Figure S3). Besides, the 
Secondary Building Unit (SBU) runs along the b direction and 
consists of chains of [PrO7Cl] edge-sharing coordination 
polyhedra (Figure 1). The chains are connected along the c 
direction by one NDC2- ligand (Figure S4). 

Type 2 compound. Under same synthetic conditions but 
employing Eu metal source, a mixture of unknown phases is 
obtained (see Experimental Section) By a slight increment of 
the ligand concentration with respect to the synthesis of type 1 
series, single crystals of [Eu(NDC)1.5(DMF)]·0.5DMF were 
obtained (Eu). The compound is structurally similar to the 
previously obtained Ce-phase,47 
[Ce(NDC)1.5(DMF)(H2O)0.5]·0.5DMF (Ce-FJU6). The 
asymmetric unit is composed by one crystallographic 
independent europium center surrounded by seven oxygen 
atoms from NDC ligands and one from the DMF (Figure 1 and 
S5). The Eu-O bond distances in each [EuO8] polyhedra 
central fall in the 2.261(2)-2.498(7) Å, regularly seen in Eu-
based carboxylates.8 The SBU is consisting on chains of 
dimmers of [EuO8] polyhedral running along c direction, 
which are connected by NDC2- ligands in two directions 
(Figure S6). Moreover, there are two ligand types that 
coordinate four metal ions. One of them coordinates two 
europium ions by each carboxylate group in a chelate-bridge 
fashion; meanwhile the other linker exhibits a bidentate-bridge 
coordination by its two carboxylates extremes (Figure S3). 
Besides, it is remarkable that another difference between Eu 
and the previously reported Ce-FJU6, is the way in which the 
dimmers are connected being only carboxylates bridges. For 
the case of the later phase, the dimmers are connected between 
them by carboxylates and water molecules (Figure S7). The 
fact of having water-bridges reinforcing the chains dimmers is 
due to the lower temperature synthesis (95 ºC) and the use of 
water in the corresponding synthesis,47 respect to that of Eu.

Type 3 compounds. Type 3 (Tb – Yb) compounds are 
described as follows. In this case, [Yb2(NDC)3(DMF)2] (Yb) is 
used for structural description as representative of this sets of 
MOFs. It crystallizes in the monoclinic P21/c space group; the 
asymmetric unit contains two non-equivalent Yb3+ ions, and 
also three NDC ligands exhibiting a bridge-bidentate fashion 
(Figure 1 and S8). The coordination environment around Yb1 
and Yb2 ions involves six oxygen atoms coming from 
carboxylate groups and one oxygen from the carbonyl group 
of one DMF molecule. The isolated polyhedra are linked 
together by carboxylate groups, forming 1D chains along c 
direction (SBU), and are further connected through the organic 
linkers giving rise to 3D structure (see Figure S9). The Yb1-O 
bond lengths fall into the 2.221(7)-2.301(6) Å meanwhile 
Yb2-O ones are in the 2.195(5)-2.358(7) Å, which are 
consistent with that of previously reported succinate-
containing ytterbium MOF.55 Basing on the organic-inorganic 
connectivities in type 1 and type 2 compounds can be 
classified as I1O2, where I1 means that the inorganic 

connectivity is 1D and O2 implies that the organic one is 2D, 
which involves organic linkers connecting the SBUs in two 
crystallographic directions; the sum of the exponents gives the 
overall dimensionality of the structure. Meanwhile, type 3 
compounds exhibit I0O3 connectivity, since the inorganic 
connectivity is 0D due the presence 

Figure 2. Projection of the simplified nets in the three type of 
MOFs.

of isolated polyhedral, which are connected in all the space by 
organic linkers.

The porosity of two representative compounds, Nd and Yb, 
were further investigated. Using a probe radius of 1.2 Å in 
Mercury, solvent accessible voids were calculated to be 
970.03 and 789.29 Å3, accounting for 30.2 and 20.6% of the 
crystal volume, for Nd- and Yb-MOFs, respectively.56 Gas 
adsorption measurements were also performed (details in ESI). 
Upon activation at 360 ºC, Nd changed color (Figure S10) and 
displayed low N2 uptake (3.347 cm3/g - type-II profile with 
type H3 hysteresis loops associated with multilayer systems) 
and small BET surface area 1.992 m²/g (Figure S11). Given 
the thermal stability of Nd at that temperature (Figure S14) we 
ascribe this behavior to a phase transition. Activated Yb-MOF 
exhibited instead an N2 uptake of 70.268 cm3/g (Figure S11), 
with BET and Langmuir surface areas of 201.95 and 292.659 
m²/g, respectively. The N2 adsorption isotherm showed a type-
I(b) profile indicative of the microporous nature of the 
framework.57 Indeed, Yb-MOF featured an average pore size 
of 3.87 Å (Figure S12 - calculated using the Horvath-Kawazoe 
method), in agreement the value of 3.93 Å calculated using the 
Non-Local Density Functional Theory (NL-DFT) method.

Topological analysis
The compounds here reported, belonging to three different 
structural types, have been analyzed from a topological 
viewpoint by using the TOPOSPRO program.58 As we 
described recently,59 this code allows for obtaining the 
underlying net of a metal-organic framework structure or 
organic molecular crystals with hydrogen-bonded networks by 
carrying out two types of structural simplifications, i.e., the 
standard or cluster simplification procedures. 
The first one takes into account the connectivity of each ligand 
and metal center and is more suitable to be applied when the 
inorganic SBU is composed of isolated polyhedra. The second 
one considers the SBU as a node and the structure is described 
in terms of the connectivity among these nodes and the 
organic linkers.60,61 Four deconstruction methods to obtain the 
underlying net were recently described by Bonneau et al.62 
being Method 4 here applied as follows. 
Different dimensions of the condensation of polyhedra are 
identified; i.e., 1D chains in type 1, dimeric units in type 2 and 
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isolated polyhedra in type 3; however, in all structural types 
there is a crystallographic direction in which the inorganic 
polyhedra are closer than in the other two ones forming 1D-
tertiary building units (TBUs)63 or supramolecular building 
blocks (SBBs)64. In type 1 this fact occurs because the 
polyhedra link together by sharing faces forming 1D chains; in 
type 2, the binding between polyhedra is achieved by sharing 
edges and alternatively by COO- groups, forming 1D chains of 
dimeric units (1D TBU), and in type 3, the inorganic chain is 
built through COO- groups only forming also a 1D TBU (see 
Figure S13).

For this reason, all structures were simplified preserving the 
inorganic SBU or TBU entity, analyzing their packing as 
construction modules. To this end, occasionally a ghost atom 
has been introduced into these SBUs, as it is depicted in 
Figure S13, and simplified uninodal nets were obtained in all 
cases. By this procedure, type 1 frameworks can be described 
as a 4-connected uninodal net dia type (Point Schläfli symbol 
for the net 44), type 2 frameworks as 6-connected net of the 
rob type topology (Point Schläfli symbol for the net 48.66.8), 
and type 3 as a 5-connected net xbj; svh-5-I41/amd, being the 
Point Schläfli symbol for this net 44.55.6.
Optical properties

Single-lanthanide MOFs. The PL emission of selected 
systems was first probed under UV excitation (Figure 3A). 
Most of the MOFs present a broad-band feature spanning the 
400-600 nm range. This feature stemmed from *→ 
transitions taking place in NDC2-, as confirmed by the 
comparison with the emission of the pristine ligand under the 
same excitation. The characteristic visible emission lines of 
Eu3+, Sm3+ and, less intensely, Tb3+ were observable. 
Similarly, Dy showed very dim Dy3+ emission lines 
superimposed to broad ligand-centered photoluminescence 
(Figure S17). Nd did not show any Nd3+ visible emission, its 
spectrum resembling that of the MOF based on non-emitting 
La3+ (Figure 3B). Nonetheless, Nd3+ NIR emission, originating 
from 4F3/2→4I11/2 and 4F3/2→4I13/2 transitions, was observed 
(Figure 3C). The sensitization of Eu3+ and Sm3+ luminescence, 
along with the inefficient population of Tb3+ 5D4 state, 
suggested that the NDC2- triplet state lied just above the 
emitting level of this latter Ln3+ ion (Figure 3D). This 
assumption was confirmed by theoretical calculations, which 
returned a triplet state (T1) energy of approximately 22500 cm-

1 (see ESI). 
In order to gain full knowledge on the energy transfer (ET) 

mechanism between the lanthanide ions and the ligand, we 
developed and herein propose the total energy transfer 
balance (W*) model. This model is based on the theory given 
in Refs.65,66,67,68,69,70,71,72 and it considers the summation over all 
possible ET rates both in the case of positive and negative 
energy difference between metal and ligand singlet and triplet 
states (see details in ESI). Remarkably, this model easily 
explains why Tb MOF presents a sizeable ligand emission 
(Figure 3E). In particular, this can be ascribed to the fact that 
pathway 3 in Tb MOF has a high backward ET rate to the S1 
ligand state, while in Eu and Sm systems the ligand-to-metal 
ETs are dominant (see also Tables S3-S8).

Heterometallic MOFs. Given that Eu3+ salts are substantially 
more expensive (50-100 times) compared to optically inactive 
La3+, we showed that bright red emission is preserved in 
mixed La-Eu MOFs (Figure S18). This approach also allowed 

producing a unique phase structure (type 1), while in Eu (type 
2) two structures co-existed. The presence of a single-phase 
makes the system better suited for applications requiring a full 
understanding and interpretation of the emission spectrum. 
Following the same rationale, La MOFs doped with an 
increasing amount of Nd3+ as the luminescent center was 
synthesized (Figure 4). Both La and Nd belong to type 1 
compounds, ensuring compositional tuning over the whole 0-
100% Nd3+ content (Figure S19). This study was conducted in 
an attempt to maximize the NIR emission intensity under 808 
nm excitation.73,74,75,76,77,78 In general, it is desirable to 
maximize the Nd3+ content, so to improve the light absorption 
capability of the system–which is not necessary in case of 
ligand-sensitized PL. However, an excessive concentration of 
Nd3+ ions in close proximity usually results in concentration 
quenching due to cross relaxation and energy migration 
phenomena.79,80 

From the absorption spectra recorded on the series of 
synthesized samples (Nd3+ content = 0, 3, 5, 10, 20, 40, 
100%), the enhancement of the absorption properties in the 
NIR range due to the direct Ln3+ light absorption is evident. 
Surprisingly enough, it was found that Nd3+ emission intensity 
increased linearly with the metal ion content in the MOF, 
showing no sign of concentration quenching under 808 nm 
excitation (Figure 4B).

With this knowledge in hand, we selected the pure Nd MOF 
as a basis to prepare mixed MOFs containing both this 
lanthanide ion and Yb3+. In fact, the energy transfer (ET) 
among this pair of ions is known to afford luminescence 
thermometry over different temperature ranges.81 Attempts to 
dope Yb3+ in the lattice at increasing concentrations showed 
that 5% was the maximum value achievable (powder X-ray 
diffraction patterns in Figure S20). This threshold was 
imposed by the limited solubility of the latter ion in the Nd 
lattice (type 1), since Yb crystallized in a different crystal 
phase (type 3). Therefore, when doping with higher Yb3+ 
content was attempted, mixed-phase samples were obtained 
(not shown). The three synthesized Yb3+-doped Nd MOFs (1, 
2.5 and 5%) displayed the characteristic NIR Yb3+ and Nd3+ 
emission both under UV (365 nm) and NIR (808 nm) 
excitation (Figure S21). This two-fold means to foster NIR 
emission from the two Ln3+ ions simultaneously is guaranteed 
by the energy transfer mechanisms taking place between the 
two luminescent centers.82 The use of Nd3+ as a NIR energy 
harvester (sensitizer) is a common approach in the field of 
lanthanide-based luminescent materials, owing to its large 
light absorption cross-section. Nd-to-Yb ET takes place also 
when Nd3+ excited states are populated following ligand 
excitation, rather than through direct Ln3+ excitation. The 
result is the appearance of three emission bands in the NIR 
originating from Yb3+: 2F5/2→2F7/2, Nd3+: 4F3/2→4I11/2, and 
Nd3+: 4F3/2→4I13/2 transitions centered respectively at 980, 1050 
and 1350 nm (Figure S21).

The emission of the mixed MOFs was investigated in the 15-
300 K temperature range both under 365 and 808 nm 
excitation (Figures 5A, 5C, S22, and S23). A clear difference 
in the relative emission intensity was observed between Nd3+ 
and Yb3+ emission when the MOF was irradiated with the two 
wavelengths. Under 808-nm excitation, the energy transfer 
from Nd3+ to Yb3+ is the only responsible for the population of 
the emitting state of the latter ion. Instead, under UV 
excitation, Yb3+: 2F5/2 level is fed directly from the ligand 
(NDC2-) and from the indirectly excited Nd3+ ion (Figure 5E). 
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It is also important to mention that the energy transfer between 
the Yb3+-Nd3+ ion pair entails thermally activated forward 
(Nd-to-Yb) and back transfer (Yb-to-Nd) processes. They 
depend on the phonon energy of the system and the 

temperature range explored.78 Moreover, intensity changes in 
the fine structure of individual transitions generally take place 
due to the electron population re-distribution between Stark 
sub-levels of the lanthanide emitting state (Figure 5F).83,84,85

Figure 3. A: Visible emission properties under UV excitation (exc = 390 nm) of selected MOFs prepared in this study. Orange and red 
arrows in Tb spectrum indicate emission stemming from Sm3+ and Eu3+ impurities, respectively. B: La crystals under white and UV 
illumination as observed under a microscope. C: NIR emission of Nd under the same UV excitation. D: Partial energy level scheme of the 
ligand and selected lanthanide ions as derived from the comparison of the obtained emission spectra reported in A. E: Values of ET rates 
(Wi ) for the more relevant pathways in each MOF investigated in this work (Ln = Nd, Tb, Sm and Eu). All the pathways and individual 
rates can be found in Tables S4-S7. The temperature was considered constant (T = 300 K). Squares and circles represent ET rates involving 
the S1 and T1 states, respectively. Negative values (points below the dashed grey lines) indicate that the ET occurs from the Ln3+ ion to the 
ligand (backward ET). The transitions highlighted in bold are those more decisively contributing to the overall ET rate.
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Figure 4. A: Absorption spectra of a series of La MOFs doped with increasing percentage of Nd3+, up to 100% (i.e., pure Nd MOF). B: 
emission spectra of the same series of samples under 808 nm excitation. In the inset the linear trend of the 4F3/2→4I11/2 band integrated 
intensity is reported. C: partial energy level scheme of Nd3+, where the absorption (yellow) and emission (blue) lines observed in A and B 
respectively are indicated.

The total energy transfer balance model affords an accurate 
explanation of the optical behavior of the system (Figure 5G). 
The trend of Yb/Nd emission intensity ratio is analogous both 
under 365 and 808 nm excitation (Figures 5H and S24). Yb/Nd 
intensity ratio stays approximately constant below 100 K, to 
then increase throughout the 100-300 K temperature interval. 
This trend can be explained considering only ET processes 
from Nd3+: 4F3/2 level. This assumption is supported by the 
calculated fast multiphonon relaxation rates found from higher 
energy levels of Nd3+ to lower lying ones, which quickly leads 
to Nd3+: 4F3/2 level population. For instance, the relaxation rate 
from 4F5/2 to 4F3/2 (approx. 3·105 s-1) is 15 times higher than the 
Nd3+: 4F3/2 → Yb3+: 2F5/2 ET rates (the sum of pathways 1 and 
16 is approx. 2·104 s-1, Figure 5G and Table S8). Moreover, 
the lack in the recorded spectra of Nd3+: 4F5/2→4I11/2 emission 
(normally found around 950 nm)86 further corroborates the 
efficient depopulation of higher energy levels. All this 
considered, as seen in Figure 5H, to model the emission of 
mixed MOFs it is sufficient to consider transitions 4F3/2→4I9/2 
(pathway 1) and 4F3/2→4I11/2 (pathway 16) of Nd3+ as donors. 

Luminescence thermometry. All above considered, in the 
mixed MOFs under study there are several spectral variations 
occurring simultaneously due to temperature changes. These 
variations can be harnessed to obtain information about the 
thermal state of the system (luminescence thermometry). One 
of the most reliable ways to achieve luminescence 
thermometry is to consider as the thermometric parameter the 
luminescence intensity ratio (LIR) between signals integrated 
over conveniently chosen wavelength ranges. This approach 
allows to overcome the shortcomings related to non-
ratiometric methods (e.g., fluctuations in intensity, 
concentration, and power fluctuations of the excitation 
source). We report here the case of the 5% Yb3+-doped Nd 
MOF. Some other selected examples of thermometry with 
MOFs doped at 1 and 2.5% are reported in the Supporting 
Information (Figure S22 and S23). The stronger luminescence 
under 365 nm excitation allowed the use of measurements 
conditions that made it possible to clearly resolve Stark 
components within the Nd3+: 4F3/2→4I11/2 manifold (Figure 
5A). Hence, LIR (I2/I1) was obtained as the ratio between the 
integrated intensity of the two components centered at 1082 
(I2) and 1066 nm (I1). When 808 nm excitation was employed, 
different integration ranges were selected, with Yb3+ emission 
also being considered (Figure 5C). Both LIR datasets were fit 

linearly and the slope of the line (i.e., its first derivative) was 
used to retrieve the relative thermal sensitivity according to 
the following equation: 87

𝑆𝑟 =
1

𝐿𝐼𝑅
∂𝐿𝐼𝑅

∂𝑇
(1)

The resulting sensitivities (Figure 5B and 5D) varied 
between approximately 0.1 and 0.2 % K-1, being highest 
approaching room temperature. These values are close to those 
reported for systems based on mixed Nd3+-Yb3+ systems79,80 

and other singly doped with or Nd3+.73-77 Importantly, the 
associated temperature uncertainty (see Eq. 1) remained below 
0.2 and 1 K when using 365 or 808 nm excitation routes, 
respectively. Similar performance was displayed by the Nd 
MOFs doped with lower amounts of Yb3+ (Figure S22 and 
S23), the highest relative sensitivity being showcased by the 
1% Yb3+ doped MOF under 808 nm excitation (approx. 0.25 
% K-1 at 300 K).

The possibility to probe the temperature utilizing two 
different thermometric parameters that can be summoned via 
orthogonal excitation (either UV or NIR), is a remarkable 
advantage since it allows using one approach to cross check 
the accuracy of the temperature measured with the other, and 
vice versa.

Conclusions
Three types Metal-Organic Frameworks (MOFs) based on 

lanthanides and 2,6-naphtalenedicarboxylic acid (H2NDC) 
were obtained via a solvothermal method. Depending on the 
lanthanide ion, the compounds have the following chemical 
formulae: [LnCl(NDC)(DMF)] (Ln3+ =La3+, Ce3+, Pr3+, Nd3+, 
Sm3+) (type 1), [Eu(NDC)1.5(DMF)]•0.5DMF (type 2), and 
[Ln2(NDC)3(DMF)2] (type 3) (Ln3+ = Tb3+, Dy3+, Y3+, Er3+ and 
Yb3+). The crystal structure was solved for Pr, Ce, Eu and Yb 
MOFs by means of single-crystal X-ray diffraction: it was 
found that the compounds crystallize in the monoclinic space 
group P21/c (type 1 and 3) or C2/c (type 2). Type 1, 2 and 3 
compounds are 3D frameworks consisting of chains of 
[LnO7Cl] (type 1), [LnO7]/[LnO8] (type 2) or [LnO7] (type 3) 
polyhedra, respectively, linked by dicarboxylate anions. From 
the topological point of view, the 3D frameworks were 
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simplified as dia, rob and svh-5-I41/amd, where 4-, 6- and 5-
connected nets were found for type 1, 2 and 3.

Figure 5. The temperature-dependent emission spectra of the mixed MOF (5% Yb3+-doped Nd MOF) in the 940-1120 nm range under 365 
and 808 nm excitation are reported in A and C, respectively. There, the integration ranges utilized to then obtain the two LIRs (I2/I1) are 
highlighted. In B and D, the dependence of LIR on the temperature (experimental points – grey squares), the corresponding linear fit 
(colored straight lines – r2=0.978 and 0.973, respectively) and the relative thermal sensitivities are reported along with the temperature 
uncertainties. E: Partial energy level scheme of the Yb-doped Nd-MOF. The two excitation routes (UV – 365 nm; NIR – 808 nm) are 
indicated, along with the energy transfer processes responsible for the population of the emitting states of Yb3+ and Nd3+. In F, a zoom/in 
of the transitions between Stark sublevels of Nd3+: 4F3/2 and 4I11/2 states are presented. The red glowing arrow indicates the thermally 
activated electron population redistribution within Stark sublevels. G: behavior of the energy transfer rate Wi as a function of the 
temperature for 4F3/2→4I9/2 (pathway 1) and 4F3/2→4I11/2 (pathway 16) of Nd3+ as donors (see also Table S8). H: comparison between W* as 
a function of temperature (Eq. 4) for the Nd3+-Yb3+ energy transfer considering the sum of the abovementioned pathways (dashed lines) 
and the intensity ratio between Yb3+ 2F5/2 → 2F7/2 and Nd3+ 4F3/2 → 4I11/2 emissions under 365 nm (purple squares) and 808 nm excitation 
(red squares). The model well predicts the behavior of the system, with an increase of the relative Yb3+ emission compared to Nd3+ taking 
place above 100 K.

The photoluminescence properties from MOFs based on 
La3+, Nd3+, Sm3+, Tb3+ and Eu3+ were investigated in detail, 
observing different efficiency in the lanthanide emission 
through ligand sensitization. We further prepared near-infrared 
(NIR)-emitting Nd-MOFs doped with different amounts of 
Yb3+ and studied their temperature-dependent NIR emission. 
The energy transfer between the ligands and the two metal 
centers, along with electron population redistribution withing 
Stark sublevels, afforded thermal readouts in the 15-300 K 
range both under UV and NIR excitation. The best thermal 
sensitivity under 365 and 808 nm excitation wavelengths were 
0.19 and 0.25 % K-1, respectively.

The behaviors of both single lanthanide and heterometallic 
Ln-MOFs were modeled introducing the concept of total 
energy transfer balance, W*. Using this model, the 
luminescence of the Ln-based systems can be understood and 
foreseen considering the sum of the energy transfer rates over 
all the energy transfer pathways between energy donors and 
acceptors species.

The introduction of a new and applicable theoretical model 
to describe energy transfer processes in this type of system 
opens a new possibility in the landscape of optically active 

lanthanide materials, in which optical properties can be 
designed in terms of the Ln composition. These results are 
promising for the design of NIR-operating MOFs with thermal 
sensing capabilities – especially interesting for biological 
applications. 

Methodology
Chemicals

All chemicals were purchased from Alfa Aesar, STREM 
Chemicals, Ark Pharm, and Sigma Aldrich and were used as 
received without further purification.
General procedures for the synthesis of Ln-MOFs
All the compounds were prepared under almost identical 
solvothermal synthesis conditions, by dissolving 2,6-
naphtalendicarboxylic acid (0.4 mmol) and the lanthanide 
chlorides (0.4 mmol) in 5 mL of N,N’-dimethylformamide 
(DMF). After stirring for 30 minutes, the resultant mixtures 
were heated at 150 °C in a 23 mL Teflon-lined Parr bomb 
during 48 hours; then, the reactors were immediately cooled to 
room temperature and the crystalline powders were washed 
with 10 mL of DMF, filtered and dried at room temperature. 
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Crystals suitable for single-crystal X-ray diffraction analysis 
could be carefully isolated for Ce, Pr, Eu and Yb. Detailed 
procedure can be found in Supp. Inf.

Purity of the samples was confirmed by comparison of the 
experimental and simulated powder XRD patterns (see Figures 
S30-33).
Following the reaction shown in Scheme 1, crystalline 
samples were obtained as prismatic bulk crystals. This 
morphology, observed by SEM is shown in Figure S34. 

HOOC

COOH

DMF/150 ºC/48 h

[LnCl(NDC)DMF]

LnCl3.nH2O

Ln=La, Ce, Pr, Nd, Sm

Ln=Tb, Dy, Er, Y, Yb

Ln=Eu [Eu(NDC)1.5(DMF)(H2O)0.5·0.5DMF]

[Ln2(NDC)3DMF]

Scheme 1: Synthesis of the Ln-MOFs reported herein.

Characterization methods
Single-crystal X-ray diffraction analysis, the crystals were 

mounted on thin glass fiber, affixed using paraffin oil, and 
cooled to 200.15 K. Subsequently, data were collected on a 
Bruker AXS SMART or KAPPA single-crystal diffractometer 
equipped with a sealed Mo tube source (λ = 0.71073 Å) and 
APEX II CCD detector. The data reduction included multi-
scan absorption correction (SADABS). Raw data collection 
and processing were performed with APEX II software 
package from BRUKER AXS. The crystal structures were 
solved and refined using the SHELXTL program suite (v. 
2012, A. S. S.; Bruker AXS: Madison, W., 2005). Direct 
methods were used yielding all non-hydrogen atoms, which 
were refined with anisotropic thermal parameters. All 
hydrogen atom positions were calculated based on the 
geometry of their respective atoms. Data collection results 
represent the best data sets obtained in several trials for each 
structure. A summary of conditions for data collection and 
structure refinement is given in Table S1.

Powder XRD patterns of all compounds were recorded using 
a Rigaku Ultima IV Diffractometer with Cu-Kα radiation (λ1= 
1.54056 Å, λ2= 1.54439 Å) operating at 40 kV and 40 mA. 
MERCURY 2.056 and CrystalMaker88 programs were used for 
molecular graphics for publication.

Thermogravimetric analysis (TGA), differential thermal 
analysis (DTA), were performed with Shimadzu TGA-51, and 
DTA-50 apparatus under flowing air at 50 mL min−1 and a 
heating rate of 10 °C min−1. TGA/DTA data is depicted in 
Figures S13-15 and Table S2.

The adsorption isotherms for N2 (Ultrahigh purity) were 
conducted using an Accelerated Surface Area & Porosimetry 
System (ASAP) 2020 supplied by Micromeritics Instruments 
Inc. A liquid N2 bath was used for adsorption isotherms at 77 
K.

Visible emission spectra were obtained at room temperature 
with a custom-built hyperspectral microscope (IMA 
UpconversionTM by PhotonEtc) equipped with an inverted 
optical microscope (Nikon Eclipse Ti-U), a Nikon Halogen 
Lamp (IntensiLight 100 W) with a single band DAPI filter 
cube for 390 nm UV excitation, a broadband camera for color 
imaging, a set of galvanometer mirrors, a Princeton 

Instruments SP-2360 monochromator/spectrograph, and a 
Princeton Instruments ProEM EMCCD camera for detection 
of the visible emission. A 400 nm long-pass filter (Thorlabs) 
was inserted at the emission side of the DAPI cube in order to 
allow for the detection of the visible emission, while cutting 
off the excitation wavelength.

The photoluminescence spectra in the NIR spectral range 
were recorded at room temperature with a modular double 
grating excitation spectrofluorimeter with a TRIAX 320 
emission monochromator (Fluorolog-3, Horiba Scientific) 
coupled to a H9170 Hamamatsu photomultiplier, using a front 
face acquisition mode. The excitation source was a 450 W Xe 
arc lamp. The emission spectra were corrected for detection 
and optical spectral response of the spectrofluorimeter and the 
excitation spectra were corrected for the spectral distribution 
of the lamp intensity using a photodiode reference detector.

Data analysis and plotting were performed with the 
instrument’s PHySpecV2 software as well as Origin Pro®.

Energy transfer modeling
Based on all equations regarding the energy transfer rates 

(Eqs. (S4)–(S13), ESI section) and Scheme 2 below, we 
introduce the concept of the balance of the non-radiative 
energy transfer rates for an individual pathway I at the 
temperature T, :𝑊 ∗

𝑖 (𝑇)

𝑊 ∗
𝑖 (𝑇) = 𝑊𝑖 ― 𝑊𝑖𝑒

― ( |Δ|
𝑘𝐵𝑇) if Δ > 0 (2)

𝑊 ∗
𝑖 (𝑇) = 𝑊𝑖𝑒

― ( |Δ|
𝑘𝐵𝑇)

― 𝑊𝑖
if Δ < 0 (3)

where  is the energetic barrier factor (  is the 𝑒
― ( |Δ|

𝑘𝐵𝑇)
𝑘𝐵

Boltzmann constant). Depending on the signal of , the energy Δ
transfer can occur preferably from the donors to the acceptors 
(when , Eq. (2) and Scheme 2A) or the inverse situation Δ > 0
(when , Eq. (3) and Scheme 2B).Δ < 0

Scheme 2. Energetic situations where energy transfer can occur. 
A: Δ>0 and B: Δ<0.

Now, we can define the total balance  as a sum over all 𝑊 ∗

pathways and taking into consideration the  conditions by the Δ
simple form:
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𝑊 ∗ (𝑇) = ∑
𝑖

𝑊 ∗
𝑖 (𝑇) = ∑

𝑖

∆𝑖

|∆𝑖|
𝑊𝑖(1 ― 𝑒

― (|∆𝑖|
𝑘𝐵𝑇)) (4)

where the ratio  is the factor that satisfies the ∆𝑖 |∆𝑖| =± 1
conditions illustrated in Figure 1 and Eqs. (2) and (3).  is 𝑊𝑖
the sum of all mechanisms in the i-th pathway.

This theoretical model considers all possible energy transfer 
pathways between ligand and metal (or between metal 
centers). The sign, magnitude and thermal dependence of the 
total energy transfer rate resulting from the sum over each 
pathway afford an accurate description of the spectroscopic 
behavior of the luminescent systems under study.
Temperature uncertainty calculation

Temperature uncertainty (T) associated to the thermal 
readouts was obtained considering the uncertainty associated 
with the thermometric parameter as:

𝛿𝐿𝐼𝑅 = ( ― 𝐼2

𝐼1
2 𝛿𝐼1)2

+ ( 1
𝐼1

𝛿𝐼2)2

(5)

where 𝛿𝐼1 and 𝛿𝐼2 are the uncertainties associated to of 𝐼1 
and 𝐼2, respectively. 𝛿𝐼1 and 𝛿𝐼2 were determined considering 
the standard error (SE) of the mean value of the noise signal of 
the spectrum (measured in the 1150-1250 nm range):

𝑆𝐸 =
𝜎
𝑁

(6)

where 𝜎 is the standard derivation and 𝑁 is the number of 
points. 𝑁 is 201 for Nd-MOF doped with 5% Yb3+ and 101 for 
Nd MOFs doped with 1 and 2.5% Yb3+.

Finally, temperature uncertainty (𝛿𝑇) was derived as 
follows:

𝛿𝑇 =
1
𝑆𝑟

|𝛿𝐿𝐼𝑅
𝐿𝐼𝑅 | (7)
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SYNOPSIS ToC: Novel heterometallic MOFs for solid state-lighting and near-infrared thermometry over a broad 
temperature range
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