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Influence of Thermally-Induced Structural Transformations over 
Magnetic and Luminiscence Properties of Tartrate-based Chiral 
Lanthanide Organic-Frameworks
Uxua Huizi-Rayo,a Andoni Zabala-Lekuona,a Alessio Terenzi,b,c Carlos M. Cruz,d Juan M. Cuerva,d 
Antonio Rodríguez-Diéguez,e Jose Angel García,f José M. Seco,a Eider San Sebastiana and Javier 
Cepedaa,*

This work reports on the synthesis and characterization of five enantiomeric pairs of isostructural 3D metal-organic 
frameworks (MOFs) with the general formula {[Ln2(μ4-tar)2(μ-tar)(H2O)2]·xH2O}n [where Ln(III) = Tb (Tb-L and Tb-D), Dy (Dy-
L and Dy-D), Ho (Ho-L and Ho-D), Er (Er-L and Er-D) and Tm (Tm-L and Tm-D); tar = tartrate (D- or L-) and x = 3 or 4 
depending on the counterpart] that present with interesting luminescence and magnetic properties. These MOFs under-go 
progressive and reversible dehydration processes upon controlled heating yielding three crystalline phases (Ln-L', Ln-L'' 
and Ln-L'''). Alternating current magnetic measurements on Tb, Dy and Er-based compounds exhibit field induced single-
molecule magnet behavior dominated by QTM, which is partially suppressed when diluted on a Y-based matrix. Tartrate 
ligands show poor room temperature sensitization of Tb and Dy centers that is enhanced at low temperature (10 K), even 
enabling weak Tm-based emission. More interestingly, the dehydration modulates both magnetic and photoluminescent 
properties on the basis of both the distortions occurring in the coordination shells and decrease of water molecules acting 
as quenchers, respectively, imbuing these materials with potential humidity sensing capacity. Remarkably, the Tb-based 
MOF shows circularly polarized luminescence (CPL), being one of the examples of this very scarce family of CPL emitters 
reported so far.

Introduction
Metal-organic frameworks (MOFs) have attracted an increasing 
interest of researchers working in the field of multifunctional 
materials due to their structural and topological diversity, as well as 
the properties that arise from their structural features.1 This is a 
result of the endless combinations of metal centers and organic 
ligands, which provides MOFs with the possibility of being 
synthesized with the desired functionalities by following the 
foundations set by the reticular chemistry.2 Though it is true that 
potential porosity has traditionally been the most sought property 

given its implication in processes such as gas adsorption and 
separation,3 drug or biomolecule release,4 heterogeneous 
catalysis,5 ionic conductivity6 and crystallization templates,7 other 
functionalities including magnetism and photoluminescence (PL) 
have also caused an important scientific impact.8 In particular, the 
study of magnetic properties has recently focused on single-
molecule magnets (SMMs) since they are revolutionizing cutting-
edge technologies with applications for magnetic information 
storage, magneto-optics and molecular spintronics.9 Since On the 
other hand, the growth of MOFs showing PL has been launched 
during the last decade owing to their large applicability as enhanced 
solid-state photodevices (OLEDs, LLPs and so on)10 as well as 
molecular sensors.11 In this context, the use of Ln(III) ions as metal 
centers yielding novel MOFs has been multiplied due to not only 
their large and flexible coordination geometry but also to their 
unique magnetic and luminescent properties derived from their 
shielded 4f electron shell.12 As corroborated in 2014 by Mínguez-
Espallargas et al. with the first reported Ln(III)-based MOF showing 
SMM behavior,13 these paramagnetic centers afford a large 
magnetic moment and significant single-ion anisotropy derived 
from spin−orbit coupling,14 which depending on their local 
environment, may lead to large barriers for the reversal of the 
magnetization.15 Regarding their luminescence performance, it 
should be pointed out that lanthanide-organic frameworks (LnOFs) 
present intense, narrow and long-lived emission bands covering the 
near-infrared and visible regions arising from the intraionic f–f 
transitions.16 Despite the low absorption coefficients associated to 
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these transitions, lanthanide coordination to ligands may yield an 
efficient ligand-to-metal energy transfer and bring a bright emission 
by means of the well-known antenna effect.17 Taking into account 
that this effect nurtures from the metal-ligand bond strength, 
ligands containing carboxylate linkers are appropriate given the 
large coordination capacity of those moieties.18

In addition to the previous considerations, the occurrence of a 
chiral crystal structure opens the way to other less explored 
physical phenomena related to the intriguing interaction of these 
solids with electromagnetic fields, where left- and right-handed 
structures tend to manifest opposed effects,19 which are useful and 
applied in non-linear optics and magnetic materials.20 In particular, 
circularly polarized luminescence (CPL) has intriguing applications in 
spintronics,21 quantum computation,22 and optical data storage.23 
Furthermore, it can be also used to induce exotic quantum 
phenomena such as the Floquet topological state,24 as well as in 
other fields such as chirality sensing25 and enhanced image contrast 
for advanced medical imaging technologies.26 In all cases, 
applicability of CPL demands a large value of the dissymmetry factor 
(glum), which is challenging since the mechanisms governing the 
chiroptical response are still somewhat obscure.27 It is interesting to 
note that most of the materials reported so far showing CPL 
properties are based on organic molecules, whereas the examples 
based on hybrid metal-organic materials are scarce28. Still, it seems 
that the latter hybrid materials can undoubtedly boost an enhanced 
performance by incorporating heavy atoms such as 
lanthanides(III).29 Moreover, it is important to underline that 
studies on chiral MOFs showing SMM behavior are rather scarce 
mainly because control of chirality is not an easy task.30 

We herein report the synthesis and structural, optical and 
magnetic characterization of five isostructural enantiomeric pairs 
of 3D microporous MOFs based on Ln(III) ions and either D- or L-
tartrate ligand, namely Tb-L, Tb-D, Dy-L, Dy-D, Ho-L, Ho-D, Er-L, 
Er-D, Tm-L, Tm-D. These MOFs present intriguing chiral 
luminescence and magnetic properties besides tunable by 
thermal activation processes.

Results and discussion

Comments on the synthesis of compounds

Five pairs of enantiomerically pure MOFs of general formula 
[Ln2(L/D-tart)3(H2O)3]·xH2O}n (where Ln = Tb(III), Dy(III), Ho(III), 
Er(III) or Tm(III) and L/D-tart = L- or D-tartrate) have been 
synthesized under hydrothermal conditions following the general 
procedure described in the Experimental Section. The so-generated 
compounds have been obtained as single crystals and all crystal 
structures solved. It must be noticed that no racemization was 

observed during reaction despite what previously observed for 
other previous reports on chiral compounds.31

Structural description of {[Ln2(μ4-tar)2(μ-tar)(H2O)2]·xH2O}n [where 
Ln(III) = Tb, Dy, Ho, Er and Tm; x = 3-4]

The synthesized MOFs crystallize in the non-enantiogenic P1 space 
group in such a way that 3D open framework containing 
microchannels retains the chirality afforded by L-/D-tartate ligands. 
The analysis of the X-ray diffraction data reveals the isostructural 
nature of all five pairs of compound, with some expected slight 
differences (see below). 

The asymmetric unit is comprised by two crystallographically 
independent Ln(III) ions [Ln(1) and Ln(2)], three tartrate ligands, 
two coordination water molecules and four/five lattice water 
molecules. Both Ln(III) atoms (Tb, Dy, Ho, Er) are nine coordinated 
species, with eight oxygen donor atoms from three tartrate 
dianionic ligands (six carboxylate and two hydroxyl oxygen atoms) 
and one additional oxygen donor atom provided by a coordinated 
water molecule [Ln(Ocarb)6(Ohid)2(Ow)1] (see Figure 1). The crystal 
structure subtly adapts bond distances and coordination modes to 
the progressive decrease of the Ln(III) ion size, as previously 
observed for other lanthanide based families.32 Remarkably, the 
decrease of the Ln(III) ion size brings clear-cut change for 
thulium(III), where Tm2 atoms are forced to drop their coordination 
number to eight in order to overcome the steric hindrance in the 
sphere (see Figure 1 and ESI for further details). 

Continuous shape measurements (CShMs)33 revealed that despite 
their equivalent coordination, Ln1 and Ln2 atoms build different 
polyhedra, resembling capped square antiprisms (CSAPR) and 
muffins (MFF), respectively, in Tb, Dy, Ho and Er-based compounds 
(see Figure 1 and Tables S11–13 for other reported compounds), 
whereas Tm2 builds an 8-vertices biaugmented trigonal prism 
(BTPR). It is worth noticing that moving from Tb(III) to Er(III), 
coordination polyhedra around Ln1 become progressively less 
distorted and more similar to CSAPR whereas the opposed trend is 
observed for Ln2 environments (but Tm2). 
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Figure 1. Excerpt of the crystal structure of compound Dy-L showing the 
coordination polyhedra for Dy1 and Dy2, as well as the particular case of the 
coordination mode and polyhedron for Tm2. Symmetries: (i) x, 1 + y, z; (ii) – 1 + 
x, 1 + y, z; (iii) – 1 + x, – 1 + y, – 1 + z; (iv) x, – 1 + y, z; (v) 1 + x, y, z; (vi) x, – 1 + y, 
z.

Coordination bond lengths vary in the 2.29–2.80 Å range (Tables 
S3–5 in ESI, shorter for Tm2), in agreement with data reported for 
other LnOFs,2b,39,52b where both limit distances correspond to the 
shell of Ln2 atoms in agreement with their aforementioned large 
distortion. In most of structures (compounds Tb–Er), tartrate 
ligands show two different coordination modes. One of the tartrate 
ligands (A ligand in Figure 1) displays the bis(bidentate) μ-
κ2O,O':κ2O'',O''' mode, whereas two tartrate ligands (B and C) 
display a hexadentate μ4-κO:κ2O',O'':κ2O''',O'''':κO''''' mode that 
exerts two five-member chelating rings involving a carboxylate and 
a hydroxyl oxygen atom. Instead, in Tm compounds, the A tartrate 
ligand is forced to acquire the bridging μ-κ2O,O':κO'' mode owing to 
the reduced coordination index shown by Tm2 atom. The porous 
nature of these flexible MOFs allows them to acquire a variable 
number of lattice water molecules, which brings small changes in 
the hydrogen bonding scheme. All the bridges imposed by tartrate 
ligands among neighboring Ln(III) atoms yields a 3D framework that 
may be described with the fsx topology since it possesses the 
(42·64)(42·67·8) point symbol, taking into account that Ln(III) and μ4-
tar ligands act as 5- and 4-connected nodes (Figure 2).34 The growth 
of this structure leaves narrow microchannels along the 
crystallographic [001] direction that correspond to the ca. 13.5% of 
the unit cell volume and are occupied by crystallization water 

molecules.35 The latter are involved in a very intricate hydrogen 
bonding scheme in which they form infinite supramolecular chains 
that get anchored to the framework through hydrogen bonding 
interactions with hydroxyl groups and coordination water 
molecules (see Tables S6–10 in ESI). In those cases where the 
content of lattice water molecules is lower (three water molecules 
per formula unit in Ho-D and Er-D) the hydrogen bonding pattern is 
slightly modified (see Figure S3 in ESI).

Figure 2. Packing of the 3D framework of Dy-L MOF showing the voids and the 
hydrogen bonding network (including donor atoms names) of the lattice water 
molecules enclosed in within. 

On another level, it must be mentioned that, as expected from the 
enantiomeric nature of these compounds, D-tartrate based MOFs 
show an equivalent arrangement which results from the application 
of an inversion center (see Figure S2 in ESI).

Thermal evolution of the MOFs

The thermal behavior of these MOFs entails an interesting feature 
because it involves several phase transitions accompanying the 
dehydration of the crystal structure which may be relevant for their 
properties. Considering that all compounds show a very similar 
temperature dependent behavior (see Figures S4-S8 in ESI), 
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compound Tb-L was selected as a representative sample to conduct 
a thermodiffractometric study in order to follow plausible structural 
changes derived from sample heating. Starting from room 
temperature, the TG curve of the compound describes a small 
plateau up to 70 °C, which brings no remarkable change in the PXRD 
data but for a very slight expansion of the unit cell (which increases 
1% in volume). Heating the Tb-L phase above 90 °C causes shifts in 
most diffraction maxima (Figure 3) derived from a large shortening 
of the crystallographic c parameter (Table 1, see also Figures S19–
21), compatible with a crushing of the microchannels upon 
dehydration, and accompanied by a significant cell volume drop 
(from 556 to 485 Å3). This plausible loss of water molecules from 
the pores of this thermally activated phase (Tb-L' hereafter) was 
confirmed by single crystal X-ray diffraction of a single crystal of Tb-
L', obtained upon heating a single crystal of the Tb-L phase in the 
diffractometer at 110 °C and cooled down again to 100 K (to 
improve data collection quality, see Experimental Section). The 
latter, revealed not only the loss of three water molecules from the 
channels to yield Tb-L', a compound of {[Tb2(μ4-tar)2(μ-
tar)(H2O)]·H2O}n formula, but also that such dehydration provokes a 
subtle rearrangement of A tartrate ligands that force the loss of one 
coordination water molecule of Tb1 too.

Figure 3. Analysis of the thermal behavior of compound Tb-L. Note: 
diffractograms shown in black correspond to temperatures at which phase 
transition takes place.

Table 1. Unit cell parameters of the room and high temperature crystalline phases of 
compound Tb-L.[a]

Phase a b c α β γ V

Tb-L 5.99 7.44 13.28 102.88 101.53 90.95 556

Tb-L' 5.92 7.41 11.97 107.83 103.32 89.94 485

Tb-L'' 5.87 7.40 11.91 72.21 76.32 90.15 477

Tb-L''' 5.85 7.49 11.19 79.53 84.22 90.51 479

[a] Unit cell parameters correspond to fitting PXRD data. a, b, and c, ,  and , 
and V, are given in Å, degrees and Å3, respectively.

The latter tartrate ligand passes from the carboxylate mediated and 
symmetric μ-κ2O,O':κ2O'',O''' bridge to an asymmetric μ-
κ3O,O',O'':κ2O''',O'''' mode in which carboxylate and hydroxyl 
oxygen atoms take part in the chelating moieties, respectively, for 
the coordination to Tb1 and Tb2 atoms (Figure 4). Consequently, 
Tb2 atom moves to a (Ocarb)5(Ohid)3(Ow)1 environment in which one 
of the originally coordinated carboxylate oxygen atoms (O42A) is 
now replaced by the hydroxyl O31A atom, in such a way that the 
CSAPR gets more idealized (SCSAPR passes from 1.159 in Tb-L to 0.973 
in Tb-L'). On its part, Tb1(Ocarb)6(Ohid)3 chromophore is best 
described as a CSAPR once the coordination water molecule is lost. 
Such a reorganization of the tartrate A ligand brings a remarkable 
shortening of the Tb···Tb bridge (from 9.13 to 6.66 Å) and the 
crystallographic c parameter. In any case, this transformation brings 
no change in the framework topology, since Ln(III) atoms’ 
connectivity is preserved. On another level, the crystallization water 
molecule remaining in the isolated pores is reoriented so as to get 
anchored to the framework through strong hydrogen bonding 
interactions, a fact that allows the resulting framework to maintain 
some potential porosity (5.4% of the unit cell volume).

Figure 4. 3D framework of Tb-L’ displaying the isolated voids. Evolution of the 
coordination mode of A ligand according to the first dehydration-induced solid 
state transformation is shown in the upper part. Tb polyhedra of Tb-L’ are shown 
in the lower part.
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This first dehydration process is completed at ca. 120 °C and the 
obtained Tb-L' phase is thermally stable up to 150 °C, as derived 
from the plateau in the TG curve (Figure 3). Interestingly, above 150 
°C Tb-L' undergoes a new phase transition associated with the loss 
of a lattice water molecule as confirmed by SCXR data collection on 
a single crystal of Tb-L heated at 200 °C. This new thermally 
activated phase consists of a compound of {[Tb2(μ4-tar)2(μ-
tar)(H2O)]}n formula (Tb-L'' hereafter), where the loss of the lattice 
water molecule promotes a subtle compression of the flexible 
framework, as derived from the narrowed α and β angles of the unit 
cell (see Table 1). Such transformations bring no changes in the 
connectivity of the framework, or its porosity (the geometrical 
porosity remains at 5.5% of the actual unit cell volume, Figure 5). 
Despite this latter fact, tartrate A ligand, which exhibits the μ-
κ3O,O',O'':κ2O''',O'''' mode by joining to Tb1 and Tb2 atoms, is found 
to be disordered into two equivalent dispositions (each of which is 
refined with 50% of occupation) that involve the alternation of 
different oxygen atoms (carboxylate/hydroxyl and 
carboxylate/water) occupying two positions of the O9 donor set. 

Figure 5. Top: Detail of the disordered tartrate A ligand in the coordination to 
terbium(III) atoms in Tb-L’’. Bottom: 3D framework of Tb-L’’ showing the isolated 
voids. 

At this point, it is worth mentioning that the calculated PXRD 
diffractogram for Tb-L'' fits well with those acquired in the 150–170 
°C but it differs from those taken at the 210–290 °C range. Taking 

into account this fact and that the mass loss finishes at ca. 200 °C 
according to the TG curve, we can assume that this last crystalline 
phase (stable in the 210–290 °C range) corresponds to the 
anhydrous [Tb2(tar)3]n (Tb-L''') product, whose structure could not 
be determined due to the instability of single crystals at 
temperatures higher than 200 °C. The PXRD data acquired at 230 °C 
revealed that Tb-L''' phase´s pattern fits well with a triclinic cell that 
is closely related to that of Tb-L'' phase, thus suggesting the 
occurrence of a dense framework with no porosity in Tb-L'''. Finally, 
above 290 °C, two main exothermic processes provoke the 
decomposition of tartrate ligands into the final Tb2O3 residue. 

On another level, the reversibility of the process could be confirmed 
by PXRD (Figure S22). Following the activation of a sample of Tb-L at 
210 °C, it was found that Tb-L''' phase is transformed back to Tb-L' 
phase after some hours from the thermal activation. In this 
sequence, Tb-L'' is not identified during the spontaneous 
rehydration (probably because it is less stable at standard 
conditions) although it should be formed in between. Finally, Tb-L' 
remains stable for at least five days until it reverts back to Tb-L 
when exposed to water saturated environments (see ESI for further 
details).

Static magnetic properties of hydrated phases

The temperature dependent magnetic susceptibility data were 
measured for polycrystalline samples of L-tartrate based 
enantiomeric MOFs (compounds Tb-L to Tm-L) in the 5–300 K range 
under an applied magnetic field of 1000 Oe. The experimental χMT 
values at room temperature are close to those expected for the 
ground states with all Stark levels equally populated.36 Cooling 
down the samples cause a progressive drop in the χMT product, as 
expected for the selective depopulation of the excited Stark 
sublevels (see S9 section in ESI), although a significant contribution 
of antiferromagnetic exchange interactions could be also involved 
given the short ligand mediated Ln···Ln pathways present in the 
structure.37 The χM

−1 vs. T curves for these compounds followed the 
Curie–Weiss law almost in the whole temperature range, finding 
only small deviations for Ho-L and Er-L below 30 K (see Figure S24 in 
ESI). Given that there is no available expression to determine the 
magnetic susceptibilities of 3D systems with large anisotropy, χMT 
vs. T curves were fitted in the high temperature range (50–300 K) 
with expressions (Eq. 1, 2 and 3, see ESI) that assume only a 
splitting of the mj energy levels (H = ΔJz2) in an axial crystal field 
(Table 2).38 

Table 2. Best least-squares fits of the experimental magnetic data.[a]

Compound g Δ (cm–1)

Tb-L 1.44 0.15

Dy-L 1.32 0.31
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Ho-L 1.25 0.28

Er-L 1.23 0.49

Tm-L 1.15 0.53

[a] g is the gyromagnetic factor and Δ is the zero-field splitting parameter.

Inclusion of a zJ' parameter based on the molecular field 
approximation to account for the magnetic interaction between 
Ln(III) ions did not improve the fitting and brought almost negligible 
values (ca. –0.01 cm–1). Additionally, DFT calculations were 
conducted on suitable gadolinium based dimeric models (which 
possess a spin-only 8S7/2 ground state that allow a quantitative 
analysis of magnetic interactions)39 to consider all the possible 
superexchange pathways: (i) Gd1···Gd2 through the carboxylate 
syn-anti and double chelating tartrate double bridge; (ii) Gd1···Gd1 
through the double carboxylate chelating ligand; (iii) Gd1···Gd2 
through the chelating-monodentate tartrate ligand. These 
calculations support the existence of negligible exchange 
interactions of ferromagnetic nature (J ≈ 0.003 cm–1, see Figure S25 
in ESI), meaning that the 3D framework can be considered as an 
interconnected network of isolated Ln(III) centers from a magnetic 
point of view. 

Dynamic magnetic properties of hydrated and dehydrated phases

As inferred from the crystal structure description (see CShMs in 
Table S11–13), the ligand field appears to be quite distorted and 
not especially suitable to stabilize high mJ ground states either for 
oblate or prolate ions. However, sample dehydration may tune the 
magnetic properties of these dehydrated phases derived from the 
reorganization of particularly the first but also the second 
coordination sphere of the metal. Due to the aforementioned 
distorted crystal field, only the most promising analogues (Tb-L, Dy-
L and Er-L) were studied. Alternating current (ac) magnetic 
measurements revealed a lack of χ’’M signals under zero applied dc 
field (Figures S26–28 in ESI) for all compounds. This could be 
attributed to the existence of quantum tunneling of the 
magnetization (QTM) and to the relatively short Ln···Ln distances 
(ca. 5.8 Å), which could provoke weak dipolar interactions that 
facilitate the fast relaxation of the magnetization hiding the SMM 
behavior.40 It is well known that this effect might be partially or 
totally quenched by applying an external magnetic field (Hdc), and 
accordingly, under an Hdc = 1 kOe the three compounds show non-
zero χ’’M signals. Tb-L displays maxima at the highest frequencies 
(), whereas at lower frequencies only a small shoulder can be 
identified, confirming that QTM is still operating (Figure 6a). In the 
case of Dy-L, a small maximum could be identified only at the 
highest frequency and at the temperature limit of the device, 
suggesting a very small energy barrier for the reversal of the 
magnetization (Figure 6b). In contrast, Er-L shows quite well-

defined maxima below 4 K although QTM is shown to be still 
operative (Figure 6c). For Tb-L and Er-L the temperature 
dependence at each frequency was fitted to the generalized Debye 
model obtaining relaxation times for each temperature (Figures S30 
and S34 in ESI). The noisy signals of the former allow to a poor fit of 
the data (inferred by the shape of χ’’M vs T curves), the high α 
values (around 0.5) obtained from the Cole-Cole plots suggest the 
presence of simultaneous relaxation processes. However, a reliable 
linear fit to the Orbach process affords an effective energy barrier 
of Ueff = 6.5 K and a pre-exponential factor 0 = 2.04·10-6 s (Figure 
6a). The presence of SMM behavior in the Tb(III) analogue is worth 
mentioning. Actually, for non-Kramers ions a rigorous axial 
symmetry should be maintained in order to have a bi-stable ground 
state,41 and this is not the case. In fact, apart from the CShMs 
measurements, the thermal evolution of the χMT product is 
indicative of a relatively weak crystal field effects. Compounds with 
a well-defined axial ligand field usually display characteristic profiles 
where a very smooth decrease is observed in the whole 
temperature range with a sudden abrupt decrease at the lowest 
temperature (exhibiting magnetic blocking).15,42 However, the 
presence of field induced SMM behavior is not novel for low 
symmetry systems, as in compound Tb-L (see Table S11 in ESI). In 
fact, this kind of systems can show quasi-degenerate ground states 
and consequently display slow relaxation of the magnetization.43 In 
the case of Er-L, at the lowest temperatures, nearly temperature 
independent relaxation times were obtained (indicative of QTM), 
whereas at the highest temperatures the linear portion suggests 
the presence of the Orbach process. This is in good agreement with 
the high α values (0.49 at 2.0 K and 0.42 at 3.3 K) achieved from the 
Cole-Cole plots. Hence, the relaxation times were fitted to the 
simultaneous presence of Orbach and QTM processes (Equation 1) 
with the following set of parameters: Ueff = 33.8 K, 0 = 6.45·10–10 s 
and QTM = 6.54·10–4 s. The dashed lines (Figure 6c, inset) indicate 
the contribution of each process at different temperatures.

τ-1 = τQTM
–1 + 0

–1exp(-Ueff/kBT) (Eq. 1)
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Figure 6. Temperature dependence of the out-of-phase ac susceptibility under 
Hdc = 1 kOe for the pure a) Tb-L, b) Dy-L and c) Er-L samples and diluted d) TbY-L, 
e) DyY-L and f) ErY-L samples. Insets: Temperature dependence for the 
relaxation times and the best fits of the data to different relaxation processes.

In view of the residual unquenched QTM occurring in the pure 
samples, the magnetic properties of equivalent but magnetically 
diluted samples (TbY-L, DyY-L and ErY-L hereafter) were analyzed, 
in which the contribution of possible weak dipolar interactions is 
avoided. The diluted samples were prepared by co-crystallizing the 
diamagnetic Y(III) counterpart along with the paramagnetic ions in a 
9:1 Y(III):Ln(III) ratio. Similarly to what occurs with the non-diluted 
samples, under zero dc field no out-of-phase response was 
detected for TbY-L and ErY-L. Interestingly, DyY-L displays a weak 
χ’’M signal at low temperature, though no maximum is observed 
(Figure S37). Once again, the measurements were repeated with Hdc 
=1 kOe and substantial differences were obtained. First of all, the 
peaks for TbY-L are better defined and shifted to higher 
temperatures (Figure 6d). However, as observed for Er-L, the curves 
of TbY-L still display the characteristic tail attributed to QTM below 
the maxima. Fitting of the χ’’M vs  to obtain the relaxation times 
(Figure S40) turned to be more reliable in agreement with the 
better defined of χ’’M vs T maxima. The relaxation times present the 
typical curvature suggesting the simultaneous presence of multiple 
relaxation pathways (Figure 6d, inset), in good agreement with the 
high α values extracted from the Cole-Cole plots (0.40 at 2.0 K and 
0.11 at 4.4 K). The best fitting of the data was achieved with 
equation 2, which accounts for Orbach, Raman and QTM relaxation 
processes (Table 3). 

τ-1 = τQTM
–1 + BTn + 0

–1exp(-Ueff/kBT) (Eq. 2)

The following set of parameters was obtained: Ueff = 52.0 K, 0 = 
3.42·10-10 s, B = 177.9, n = 3.135 and τQTM = 8.33·10-4 s. Regarding 
the n parameter, values between 1 and 6 can be considered 
reasonable.44

The Dy(III) analogue shows typical SMM behavior below 5 K with 
two sets of out-of-phase peaks in the 2.0-2.5 K and 3.5-4.5 K 
temperature ranges, attributed to fast (FR) and slow relaxation (SR), 
respectively (Figure 6e). In spite of the fact that they are clearly 
identified in the χ’’M vs T plot, FR and SR appear to be somehow 
mixed complicating the analysis. Certainly, the Cole-Cole and χ’’M vs 
 plots exhibit slightly mixed semicircles and broad maxima, 
respectively, despite of which the analysis with a simple Debye 
model gave quite reasonable results. In any case, in χ’’M vs  plots 
(Figure S43) the broad maximum observed at 2.0 K at around 1000 
Hz is moved to higher frequencies as the temperature is increased, 
completely disappearing at 2.6 K. This is attributed to the FR. On 
the other hand, the maximum at high frequencies (around 10000 
Hz) appears again at higher temperatures (4.0 K) but it rapidly 
disappears (at 4.4 K). The latter one corresponds to the SR, which 
was hidden by the larger intensity of the FR. This effect may be well 
illustrated by plotting the relaxation times extracted from the fit 
(Figure S44). The first low temperature points (2.0-2.8 K) display a 
quite linear trend that corresponds to the effective energy barrier 
associated to the FR. As the temperature is increased, the 
relaxation times become slower as the SR starts contributing, while 
another linear portion related to the barrier of SR is observed at the 
highest temperatures (4.0-4.4 K). The occurrence of two relaxation 
processes demands a fitting with the sum of two modified Debye 
functions to consider each relaxation independently, which was 
performed with the CCFIT Software45 to obtain two sets of 
relaxation times. Thus, Arrhenius plots constructed for both 
relaxation processes (see inset of Figure 6e) afford effective energy 
barriers for the reversal of the magnetization and 0 values of 17.7 K 
with 1.78·10-8 s and 32.3 K with 1.83·10-8 s for FR and SR, 
respectively. 

For ErY-L, the combination of the external magnetic field along with 
the dilution process is appropriate to completely quench the fast 
QTM, given the trend to zero observed for the χ’’M signals below 
the maxima as well as their well definition for the entire set of 
frequencies. Accordingly, the fitting of the relaxation times follows 
a linear trend in the whole temperature range, giving an effective 
energy barrier of Ueff = 33.9 K and 0 = 1.52·10-9 s, which are very 
similar values to the non-diluted samples.

Table 3. Fitting parameters of the magnetic ac measurements.

Compound Ueff (K) 0 (s)
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Tb-L 6.5 2.04·10–6

Dy-L – –

Er-L[a] 33.8 6.45·10–10

TbY-L[a] 52.0 3.42·10–10

DyY-L[b] 17.7 / 32.3 1.78·10–8 / 1.83·10–8

ErY-L 33.9 1.52·10–9

[a] These values are estimated from a fitting in which Raman and/or QTM relaxation 
mechanisms are considered. [b] The two values correspond to FR/SR processes.

The hydrothermal synthesis of these MOFs, based on, allows the 
coordination of water molecules to the oxophilic Ln(III) ions. As 
afore mentioned, the dynamic magnetic properties of SMMs are 
known to be directly correlated to the coordination environment, 
meaning that changes in the number of relaxation processes or the 
height of the effective energy barrier may be expected. Hence, we 
have studied three out of the four existing diluted dysprosium 
phases (as synthesized DyY-L and thermally activated DyY-L' and 
DyY-L''') to analyze how the loss of lattice/coordination water 
molecules modulate the dynamic magnetic properties of these 
materials. The Dy-based analogue was chosen due to two main 
reasons: a) the non-activated (DyY-L) phase shows two thermally 
activated relaxation processes in such a way that more significant 
differences in the data could be expected and b) the Dy(III) ion is, 
probably, the most promising Ln(III) ion when designing high 
performance SMMs. 

Under an external zero dc field, DyY-L' does not show any maximum 
in the χ’’M vs T plot (Figure S50) as it occurs for DyY-L. When 
applying a magnetic field of 1 kOe, the highest frequency curves 
(4000-10000 Hz) display well defined maxima in the 2.0-3.0 K range 
(Figure 7a). Interestingly, the second set of maxima in DyY-L 
associated to the SR process has disappeared for the activated DyY-
L' analogue, suggesting that the reorganization of the tartrate 
ligands (which could affect the molecular vibrations and, possibly, 
the relaxation modes) as well as the loss of the coordinated and 
lattice water molecules have a considerable impact in the relaxation 
process. Note that this first dehydration involves a complete 
rearrangement of one of the Dy(III) centers in DyY-L' (Dy1 loses the 
coordination water molecule) so no direct association can be 
established between Dy centers and relaxations (FR and SR) for 
different phases. The Cole-Cole plots of DyY-L' suggest a wide 
distribution of relaxation mechanisms, showing α values in the 
range of 0.31-0.52 (for 2.0 and 3.0 K, respectively). Thus, the 
relaxation times were fitted using equation 1 giving the following 
set of parameters: Ueff = 16.7 K, 0 = 6.87·10-8 s and QTM = 1.91·10-4 
s.

DyY sample

D
yY

-L
'

D
yY

-L
'''

Re
ve

rs
iv

ili
ty

a)

b)

c)

Figure 7. Temperature dependence of the out-of-phase ac susceptibility under 
an external magnetic field of 1 kOe for a) DyY-L' and b) DyY-L''' samples. Insets: 
temperature dependence for the relaxation times and best fits. c) ac curves at 
10000 Hz for the non-activated and fully dehydrated/rehydrated sample.

In order to focus on the most interesting switch of the magnetic 
properties through the thermal activation of the material, the 
completely dehydrated DyY-L''' phase was studied (see S1 section in 
the ESI for further details on sample preparation). Even though 
SCXR structure could not be solved for this compound, TDX and TG 
analysis confirm the absence of water molecules in the framework 
of DyY-L''' (see Figure 3), meaning that a new rearrangement of the 
ligand field must have occurred, which could promote a second 
switch in the magnetic relaxation behavior. Indeed, ac 
measurements on DyY-L''' under Hdc =1 kOe (no maxima were 
observed under zero dc field, see Figure S54) display a non-defined 
but clearly appreciable new set of maxima at temperatures as high 
as 13 K (Figure 7b). This increase in the temperature may be 
originated from a new and more axially defined crystal field around 
Dy(III) ions, which would provoke a bigger splitting between the 
ground and excited states that in turn increases the value of the 
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effective energy barrier. However, the facts related to the 
molecular vibrations of the lost coordination water molecule or 
even the subsequent reorganization of the phonon-structure of the 
material cannot be discarded. The data was then analyzed in the 
10.9-14 K temperature range, obtaining α values indicative of a 
quite wide distribution of relaxation processes (0.35 at 10.9 K and 
0.30 at 14.0 K, Figure S57) although relaxation times extracted from 
the χ’’M vs  curves describe a linear Arrhenius plot (Figure 7b, 
inset). This incoherence might be due to the small shoulder below 
the analyzed temperature (in the 6–8 K range), accordingly 
assuming that another relaxation process, responsible of enlarging 
the α value when lowering the temperature, is taking part. 
However, the tendency clearly indicates that the relaxation 
distribution is becoming narrower and therefore the data was fitted 
to a pure Orbach process with an effective energy barrier of Ueff = 
58.7 K and 0 = 2.82·10-7 s.

Finally, the reversibility of the magnetic properties was also studied 
by collecting a new ac curve at 10000 Hz on a sample after one 
entire activation/deactivation cycle. As depicted in Figure 7c, both 
ac curves at 10000 Hz almost overlap, confirming the reversible 
character of the material, in good agreement with the PXRD 
analysis conducted.

Luminescence properties of hydrated phases

Lanthanide centered emissions in coordination polymers (CPs) are 
known to be useful for developing solid-state photodevices46 given 
their intense emissions in the visible spectra or in the near-infrared 
(NIR) region47. For this reason, photoluminescence measurements 
were carried out on polycrystalline samples of all L-enantiomeric 
compounds (Tb-L to Tm-L) given that the measured luminescent 
properties are enantiomer independent, as observed for the Dy-L 
and Dy-D pair (Figure S58 in ESI). Whereas compounds Ho-L and Er-
L exposure to UV excitation yielded no characteristic Ho(III) and 
Er(III) based emissions these compounds provided an almost 
identical band in the 400–650 nm range (see Figures S59–60) 
attributable to the n ← π* emissions of the metal coordinated 
tartrate ligands. With regard to those compounds containing Ln(III) 
atoms potentially emitting in the visible range, non-radiative 
relaxation tends to be less important since, being more energetic 
than NIR emissions, it is comparatively less quenched by molecular 
vibrations, i.e. thermal deactivation.17 Taking into account that 
these emissions arise from ligand-to-metal charge transfers (LMCT), 
and that they may change according to the temperature, the latter 
parameter was also studied. Such a LMCT in Ln(III)-organic systems 
is known to proceed from the first excited triplet state (T1), so we 
made use of DFT calculations to estimate the energy and shape of 
that state. In T1, the MO shows the lobes spread over the whole 
molecule but especially over the oxygen atoms (Figure S73). 
Moreover, the calculation to estimate the vertical excitation energy 

between T1 and the ground singlet state (S0) with the same 
optimized geometry, which presents an almost identical shape of 
T1, gives a value of 19639 cm–1 which can be considered as the 
energy of T1. No Tm(III) based emissions were observed for 
compound Tm-L, which showed a similar spectrum to Ho-L and Er-L. 
When compounds Tb-L and Dy-L are excited at room temperature 
under monochromatic 325 nm light, they present emission spectra 
composed of a minor wide band assigned to the ligand fluorescence 
(as it peaks at ca. 400 nm and resembles the emission shown by 
compounds Ho-L and Er-L) in addition to intraionic transitions 
associated with Ln(III) ions (Figure 8). 

Figure 8. Emission spectra of compounds Tb-L and Dy-L recorded at room 
temperature under laser λex = 325 nm. 

In particular, compound Tb-L displays four main groups of signals 
sited at 490 nm (7F6 ← 5D4), 544 nm (7F5 ← 5D4), 585 nm (7F4 ← 5D4) 
and 622 nm (7F3 ← 5D4) arising from intraionic transitions of Tb(III) 
ions. A comparatively weaker luminescence is observed for the Dy-
L, since in addition to the characteristic multiplets centered at 481 
nm (6H15/2 ← 4F9/2), 573 nm (6H13/2 ← 4F9/2) and at 662 nm (6H11/2 ← 
4F9/2), the band assigned to tartrate ligand fluorescence (previously 
shown for Ho-L and Er-L) is significantly stronger. It is worth 
noticing the large intensity of the second band, which dominates 
the spectrum, and the fact that the third band is observed, 
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conversely to most of reported lanthanide-organic complexes but 
habitually present on strongly emitting inorganic phosphors.48 
Indeed, these strong emissions are quite surprising considering that 
the tartrate ligand lacks strong absorbing chromophores. An 
inspection of the excitation spectra at the main line (λem = 544 for 
Tb-L and 573 nm for Dy-L) reveals the absence of any significant 
wide band in the spectra, thus indicating the lack of any ligand 
centered excitation. Instead, only narrow bands associated with the 
intraionic f-f transitions of the lanthanide are present, among which 
7F6 → 5L9 and 6H15/2 → 5P3/2,49 one of the most intense bands 
respectively for Tb-L and Dy-L samples, fall within the employed 
excitation wavelength (λex = 325 nm). The obtained results are in 
agreement with the micro-PL images taken on a microscope in 
which some selected excitation lines (λex = 365, 435 and 536 nm) 
have been chosen. Under UV excitation, Tb-L displays intense green 
emission according to the fact that the excitation band 
corresponding to the 5D4 → 6L10 (at 364 nm) fits well with λex = 365 
nm. On the other hand, Dy-L sample is not such effectively excited 
through any intraionic transition (see ESI). 

The overall low energy transfer observed from tartrate ligands to 
Ln(III) centers may be explained according to the lower energy of T1 
state (calculated at ≈ 19639 cm–1 through DFT methodology) than 
those emitting levels of Ln(III) atoms (5D4 level for Tb(III) ≈ 20500 
cm–1, and 4F9/2 level for Dy(III) ≈ 20800 cm–1).50 According to Latva’s 
empirical rule,51 the optimal ligand-to-metal energy transfer 
process for Ln(III) based complexes needs an energy gap in the 
2500–4000 cm–1 range, which is surpassed in all cases. This rule also 
explains why Tm(III) atoms (with the emitting 1G4 level at ca. 21600 
cm–1) do not show the characteristic emission in compound Tm-L.

To get deeper insights, the luminescence properties of Tb-L and Dy-
L were measured at 10 K to avoid the vibrational quenching derived 
from the thermal energy of the bond electrons.52 Upon laser 
excitation (λexc = 325 nm), emission spectra of samples revealed a 
significant enhancement of the emitted light, which allowed 
distinguishing many of the individual transitions grouped in each 
manifold (Figure S66).53 It must be noted that the enhancement 
comes from the increased efficient intraionic excitation and not 
from an improved antenna effect given the similar shape of the low 
temperature excitation spectra (see ESI). A common feature to all 
spectra is the occurrence of ligand-based fluorescence, though the 
intensity of these bands is comparatively low with those recorded 
at room temperature. In the spectrum of the Tb(III) compound (Tb-
L) seven multiplets corresponding to the 7FJ (J = 0–6) ← 5D4 
transitions are observed, although the last three multiplets are 
relatively weak. Given the good emission capacity of the Tb-based 
compound, a detailed analysis of its emission was performed as a 
function of the temperature (measuring a spectra each 25 °C). As 
inferred from Figure S67 (see ESI), the emission capacity in terms of 
integrated emission from room temperature to 10 K remains almost 

unchanged (covering the 350–700 nm range). On the other hand, 
the spectrum of Dy-L displays the same three bands centered at 
483, 578 and 664 nm, among which the second one (green 
emission) also exhibits the highest intensity. Nonetheless, it must 
be remarked that there is a change in the relative intensity of the 
bands with the temperature, passing from an intensity ratio of 2.13 
to 1.4. The analysis of the emission lifetimes revealed 
monoexponential decays from both compounds in good agreement 
with the fact that although the crystal structure contains two 
independent Ln(III) centers, they have identical coordination shells 
which makes them equivalent from the spectroscopic viewpoint. 
The fitting of the curves with the exponential function [It = A0 + 
A1·exp(–t/τ)], gives a relatively large lifetime of ca. 1 ms, which is 
completely stable with the temperature. This fact supports, once 
again, that decreasing the temperature brings no enhancement of 
the radiative part but it only implies a decrease of the non-radiative 
losses which translate in an overall improvement of the emission 
capacity. The fitting of the decay curve for Dy-L gives homogenous 
lifetimes for the two main emission maxima, with a value of ca. 30 
μs. On its part, the low temperature also decreases the non-
radiative quenching in Tm-L up to the point that thulium(III) 
centered emissions can be traced in the emission spectrum 
recorded at 10 K (Figure S61).

With the aim of getting deeper insights into the enhancement of 
the PL signal at low temperature, the DFT calculation to estimate 
the energy of the T1 state is conducted by fixing 10 K as the 
temperature. The T1–S0 gap for the tartrate molecule at triplet 
geometry enlarges up to 23398 cm–1, meaning that the energy gap 
regarding lanthanide’s excited emissive levels could fit into the 
efficient region considered by Latva and that the more brilliant 
emissions of Tb-L and Dy-L (in addition to the Tm-based emission 
per se) are due to not only the lower vibrational quenching but also 
to a more efficient ligand-to-lanthanide energy transfer. 

Luminescence properties of dehydrated phases

Considering the exciting transformations taking place when heating 
the synthesized samples, as shown before in the “Thermal 
evolution of the MOFs” section, we decided to explore the 
modulation of the PL signal with the loss of lattice/coordination 
water molecules, and we selected Dy-L as an example. The emission 
spectrum recorded for Dy-L´ at RT (thermally activated at 110 °C) 
displays a clear increase of the absolute emission (21 times) mainly 
due to the tartrate-centered fluorescence band, which gets of 
similar intensity compared to the Dy-based signals (see Figures S68–
70 in the ESI for further details). This impressive rise may be 
attributed to the loss of O–H oscillators of water molecules in the 
coordination and outer spheres, which are known to act as efficient 
quenchers of the luminescence.54 The second and third 
transformations that render Dy-L'' and Dy-L''' phases when heating 
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the sample at 190 and 210 °C, respectively, exhibit an almost 
immediate rehydration back to Dy-L', so their luminescent 
properties had to be performed directly under vacuum to ensure 
that rehydration is prevented. Dy-L'' and Dy-L''' phases exhibit an 
almost indistinguishable spectrum, dominated by the Dy-centered 
bands (peaking at λex = 482 and 573 nm). The RT spectra collected 
for Dy-L' and Dy-L''' phases (after heating them under vacuum to 
110 and 210 °C, respectively) are easily distinguished by the 
position and relative intensity of the tartrate-centered fluorescence 
band, which is dropped redshift from λem = 407 nm for Dy-L' to 517 
nm for Dy-L'''. All these modifications in the PL, though not too 
dramatic, could be enough as to employ these MOFs for sensing 
utilities.

Circular dichroism (CD) experiments on hydrated phases

The chiral character of the prepared MOFs prompted us to 
explore their differential absorption properties of circularly 
polarized light. CD (and the corresponding UV-Vis) spectra 
were acquired for water suspensions of each pair of 
enantiomeric MOFs, as well as for the water solutions of L- and 
D- tartaric acid samples. As observed in Figure 9, CD spectra of 
the MOFs are characterized by two well-defined regions: an 
intense band centered at 195 nm and a less intense one at 221 
nm, with opposite Cotton effects, respectively. Bands at the 
same wavelengths are of course present in the corresponding 
UV-Vis spectra and can be assigned to n → π* transitions 
according to TD-DFT calculations (see ESI). CD spectra of 
enantiomeric samples are mirror images, clearly indicating the 
enantiopurity of the samples. These results are in agreement 
with those reported by Tushari et al. for compounds Er-L and 
Er-D.55 Crucially, CD spectra of water solutions of L- and D-
tartaric acids (free ligands) show two bands at 190 and 214 nm 
which are blue-shifted and inverted (+/- sign) compared to the 
ones observed for the MOFs samples.
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Figure 9. CD spectra recorded for all compounds.

Circularly polarized luminescence (CPL) experiments

CPL is a well-known property of lanthanide cations.56 It comes from 
magnetic dipole allowed Ln centered f-f transitions, usually 
showing a large degree of circular polarization.57 In this work, 
we were able to measure the circularly polarized emission of the 
Tb-based MOF, resulting, as far as we are aware, in the second 
example of this chiroptical property in chiral MOF.28 The CPL 
spectra centered at the 7F5 ← 5D4 transition of Tb compounds are 
plotted in Figure 10. In a chiral environment, the degeneration of 
the sublevels of the band disappears, showing a complex pattern. 
The complexity derives from the different signs and magnitudes of 
the rotational strengths of the transitions, a fact that has been 
extensively reported.58 In this particular, the spectra reveal the 
presence of two main bands (centered at 540 and 555 nm) while a 
third band sited at 560 nm may be also guessed. Interestingly, the 
two main CPL bands show symmetrically opposed signs with 
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luminescence dissymmetry factor glums values around 4 10–3 and 
1 10–3, respectively. This fact precludes the presence of any artefact 
in our measurements (see also ESI). These values are also in 
agreement with other previously reported data of chiral Tb CPs.59 
Although we could detect the emission of other fluorescent bands 
with low intensity, their weak chiroptical response avoided to 
extract reliable data for such bands. CPL experiments run on the 
rest of the samples did not yield measurable CPL signals.

Figure 10. CPL spectra for the 7F5 ← 5D4 transition for Tb-L and Tb-D compounds. 

Conclusions
A family of five pairs of isostructural and enantiomerically pure 
MOFs have been synthesized, based on Ln(III) cations and either L- 
or D- tartrate ligands. The compounds consist of 3D open 
frameworks built up from the junction of nine-coordinated Ln(III) 
atoms and chiral (L- or D-) tartrate ligands which leave narrow 
microchannels that are filled by lattice water molecules to obey 
{[Ln2(μ4-tar)2(μ-tar)(H2O)2]·xH2O}n formula. The framework is 
somewhat flexible as to admit a variable number of lattice water 
molecules as well as significant rearrangements of the Ln(III) 
centers according to not only the ion size (drop of the coordination 
number with Tm counterpart) but also to the increase of the 
temperature. In fact, several thermally-activated phases that 
present partially (Ln-L' and Ln-L'') or completely (Ln-L''') dehydrated 
crystal structures, some of which have been isolated and their 
magnetic and luminescence properties characterized. 

As-synthesized Dy, Tb and Er based MOFs exhibit field-induced 
single-molecule magnet behavior with moderate barriers for the 
reversal of the magnetization (Ueff) due to a residual unquenched 
quantum tunneling (QTM) occurring, particularly for the Dy 

counterpart. When the materials are magnetically diluted in a Y-
based matrix, QTM is suppressed bringing an enhancement of the 
ac signal and an increase of the Ueff, mainly for the case of the DyY 
material which in turn exhibits a less frequent dual dynamics 
composed of fast (FR) and slow (SR) relaxations. Thermal activation 
on DyY-L effectively modulates the magnetic response of the 
material on the basis of the progressive loss of coordination water 
molecules and subsequent rearrangement of tartrate ligands 
around the Ln-centers. The drop of one water molecule in DyY-L' 
limits the SMM behavior to a unique FR and drops Ueff (from 17.7 / 
32.3 K for DyY-L to 16.7 K for DyY-L') whereas Ueff rises up to 58.7 K 
in the completely anhydrous structure of DyY-L'''.

Tartrate ligands are able to sensitize Tb and Dy centers in these 
materials rendering quite strong characteristic intraionic emissions. 
The absence of significant emissions for the Ho and Er near-infrared 
(NIR) emitters derives from the poor overlap between the tartrate’s 
triplet state and the Ln emitting levels, in good agreement with the 
DFT calculations performed. Measuring the spectra at low 
temperature (10 K) brings stronger emission capacity due to 
decrease of the non-radiative losses. A similar effect is observed for 
the thermally activated Dy-L' phase in agreement with the lower 
amount of coordination water molecules. Further dehydration of 
the MOF under controlled conditions (to prevent spontaneous 
rehydration of Dy-L'' and Dy-L''') brings some slight changes in the 
PL emission, mainly based on a significant shift of 110 nm for the 
tartrate-centered fluorescence band.

The slight changes observed in both the magnetic barrier and the 
emission spectra of the Dy-based material according to its 
reversible dehydration/rehydration opens the way to the potential 
use of this system as humidity sensor. Moreover, interesting CPL 
emission, which is practically unexplored in MOFs, is observed for 
the Tb-based compounds with |glum| values of up to 4 10–3. The 
observed response, yet moderate, paves the way to promising 
analytical/sensing applications in the future. 

Experimental Section

Synthesis of {[Ln2(μ4-tar)2(μ-tar)(H2O)2]·xH2O}n [where Ln(III) = Tb, 
Dy, Ho, Er and Tm]

Single crystals of all compounds were obtained through a previously 
reported60 hydrothermal procedure. Briefly, 5 mL of an aqueous 
solution containing 0.6 mmol of the corresponding Ln(III) nitrate 
were mixed with 5 mL of an aqueous solution of the chiral tartaric 
acid (L- or D-H2tar) (135.1 mg, 0.9 mmol) in 5 mL and sonicated. The 
resulting solution was heated in a Teflon liner at 140 °C for 48 h and 
slowly cooled down to room temperature. Elemental analyses (EA) 
and further details on the synthesis can be found in the ESI.
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Physical Measurements

Details on the methods and equipment used for the 
characterization by means of EA, metal content, FT-infrared 
spectra, thermal analyses (TG/DTA), and magnetic susceptibility 
measurements can be found in S1 section of the ESI.

X-ray Diffraction Data Collection and Structure Determination

X-ray data collections and reductions were acquired on suitable 
single crystals of Ln-L/D and activated Tb-L' and Tb-L'' with Agilent 
Technologies Super-Nova and Bruker VENTURE diffractometers, 
using WINGX crystallographic package61 to refine the crystal 
structures (see section S2 and Tables S1–2 of the ESI for further 
details). The supplementary crystallographic data have been 
deposited with the Cambridge Crystallographic Data Center (CCDC 
numbers 1981571-1981583). Details of X-ray powder diffraction 
(PXRD) patterns and variable-temperature PXRD acquisition are also 
gathered in S2 section of the ESI.

Photophysical and chiroptical properties

Fluorescence excitation and emission spectra were recorded on a 
Varian Cary-Eclipse Fluorescence Spectrofluorimeter (at RT) and 
Edinburgh Instruments FLS920 spectrometer (10 K), whereas an 
Olympus optical microscope was employed acquire the 
photographs (see S3 section in ESI). CD spectra on a Jasco J-815 or 
on an Olis DSM172 equipped with a Hamamatsu 150 W xenon arc 
lamp as light source. Circularly polarized luminescence (CPL) 
measurements were performed on an Olis DSM172 
spectrophotometer (see S4 section in the ESI).

Computational details

DFT optimization, TD-DFT methodology, and broken-symmetry 
calculations were conducted with Gaussian 09 package62 at 
B3LYP/6-311G++(d,p)63,64 theory level (see S5 section in the ESI). 
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