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Abstract: Five new coordination polymers based on Ln3+ and 2,5-diiodoterephthalates (2,5-I-bdc)—
{[La2(2,5-I-bdc)3(DMF)4]}·2DMF (1) and {[Ln2(2,5-I-bdc)3(DMF)4]} (Ln = La (2), Nd (3), Sm (4) and
Eu (5))—were prepared and characterized by single crystal and powder X-ray diffractometry. Lumi-
nescent behavior was examined (the highest quantum yield is 4.5%); thermal stability was examined
using thermogravimetric analysis.
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1. Introduction

Metal-organic frameworks (MOFs) represent a large and rapidly growing class of
compounds which have remained a focus of attention of chemists around the world in
recent decades [1–3]. The interest in MOFs is driven by the fact that they can be utilized in
numerous application areas, such as catalysis [4–6], the deep separation of diverse organic
substrates, including hydrocarbons, [7–10] the design of selective sensors [11–15], etc. It is
very important that the selectivity of these processes is governed predominantly by the
nature of the organic linker ligands connecting the metal centers, since those are mostly
responsible for the system of non-covalent interactions with the substrates.

Usually, the main role is played by hydrogen bonds (this is expected due to the
greater number of C-H fragments in most organic ligands). However, other non-covalent
interactions can participate in the binding of substrates as well. Among them, there
is the halogen bond (XB), a type of supramolecular contact which has been intensively
investigated within the last decade [16–22]. In some the recent works, it was shown that
the XB can play a decisive role in the appearance of certain properties of MOFs [13,23,24].
For this reason, we believe that this area has a great potential for further development.

Within our current research, we focused on the use of iodine-substituted aromatic
polycarboxylic acids as linkers for MOFs. This class of compounds has several important ad-
vantages. Earlier, it was shown [25] that they can indeed form rather strong halogen bonds.
On the other hand, they can be regarded as very suitable linkers—there are hundreds, if not
thousands, of MOFs based on derivatives of terephthalic, isophthalic, biphenyldicarboxylic
and other acids.

The results of our work with 2-iodoterephthalic acid (2-I-bdc) revealed that MOFs
based thereupon feature sorption selectivity strikingly different from one demonstrated by
MOFs based on non-substituted bdc [26]. In further experiments, we decided to focus on a
more iodine-rich bdc derivative, 2,5-diiodoterephthalic acid (2,5-I-bdc), and on lanthanides
as metal centers in order to examine the luminescent properties of the resulting MOFs. Here,
we report five novel Ln3+-based MOFs—{[La2(2,5-I-bdc)(DMF)4}]·2DMF (1) and {[Ln2(2,5-
I-bdc)(DMF)4}] (Ln = La (2), Nd (3), Sm (4) and Eu (5))—and discuss their structures and
luminescent properties.
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2. Materials and Methods

All reagents were obtained from commercial sources and used as purchased. H2(2,5-I-
bdc) was prepared according to the method described in the literature [27].

2.1. Synthesis of 1–5

20 mg (0.056 mmol) of LnCl3·6H2O (Ln = La (1 and 2), Nd (3), Sm (4) and Eu (5)),
35 mg (0.084 mmol) of H2(2,5-I-bdc) and 7 mL of DMF were placed into a glass ampoule,
which was sealed, treated in an ultrasonic bath (10 min) and kept at 120 ◦C for 48 h with
slow cooling, resulting in the formation of crystals (mixture of 1 and 2/3/4/5, respectively).
The yields were: 89% (total for 1 and 2), 87% (3), 85% (4), and 91% (5). The data of element
analysis are given in Supporting Information.

2.2. X-ray Diffractometry

Crystallographic data and refinement details for 1 and 2 are given in Table S1 (Sup-
porting Information). The diffraction data were collected: (a) for 1, on a Rigaku XtaLAB
Synergy-S (Agilent Technologies) diffractometer with CuKα radiation (λ = 1.54184) by con-
ducting ϕ scans of narrow (0.5◦) frames at 100 K. Absorption correction was completed
empirically using SCALE3 ABSPACK, and (b) for 2, on a Bruker D8 Venture diffractometer
with a CMOS PHOTON III detector and IµS 3.0 source (Mo Kα radiation, λ = 0.71073 Å) at
150 K. The ϕ- andω-scan techniques were employed. Absorption correction was applied
using SADABS (Bruker Apex3 software suite: Apex3, SADABS-2016/2 and SAINT, version
2018.7-2; Bruker AXS Inc.: Madison, WI, 2017). Structures were solved by SHELXT [28] and
refined by full-matrix least-squares treatment against |F|2 in anisotropic approximation
with SHELX 2014/7 [29] in the ShelXle program. [30] H-atoms were refined in geometrically
calculated positions. The main geometrical parameters are summarized in Table S2 (SI).

The disordering of DMF molecules over two closed positions in the crystal structure
of 1 is a cause for the refinement of all participating atoms in isotropic approximation. In
the case of 1 and 2, there is some residual electronic density around I-atoms without any
chemical sense, reflecting A- and B-type alerts during PLATON checks. In all cases, the
residual electronic density does not exceed 10% over the electronic count of I.

The crystallographic data have been deposited in the Cambridge Crystallographic
Data Centre under the deposition codes CCDC 2217191-2217192.

2.3. Powder X-ray Diffractometry

XRD analysis of polycrystals was performed on a Shimadzu XRD-7000 diffractometer
(CuK-alpha radiation, Ni–filter, linear One Sight detector, 0.0143◦ 2θ step, 2s per step). The
plotting of PXRD patterns and data treatment was performed using X’Pert Plus software
(see Supporting Information).

2.4. Luminescence Measurements and Thermogravimetric Analysis (TGA)

See Supporting Information.

3. Results and Discussion

For the preparation of 1–5, we used the solvothermal approach, which is widely
applied in MOF chemistry [31–36]. The crystals of 1 and 2 were isolated from the same
sample; as follows from the PXRD data (see Supporting Information), it contains 1, 2
and some other unidentified phase. The data of the element analysis agree well with the
composition corresponding to 1 and 2, so it can be assumed that the by-product has a
similar composition. MOFs 3–5 were isolated as single phases.

It must be noted that all crystals in the 1–5 series were initially isolated in experiments
where different N-linkers (such as 1,2-bis(4-pyridyl)ethane, 1,2-bis(4-pyridyl)ethylene and
4,4′-bipyridine) were added to the mixture. We aimed for the preparation of heteroleptic
MOFs but this strategy did not work, clearly due to higher oxophilicity of Ln.
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The main difference between 1 and isostructural series 2–5 is the absence/presence of
solvate DMF molecules. In the crystal structure of 1, binuclear [La2(C6H2I2(COO)2)6(DMF)4]
building blocks (Figure 1; main bond distances are summarized in Table S2 of the support-
ing Information) combine into layers via bridging with dicarboxylate ligands. Such layers
are oriented in the [110] crystal direction and stack together in an AAA . . . motif along
the [001] crystal direction. Solvate DMF molecules fill the space between the layers. All
[La2(C6H2I2(COO)2)6(DMF)4] dimeric units are symmetrically equal. Carboxylate ligands
of the dimer connect each building block with its four neighbors (Figures 2 and 3).
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In the crystal structure of 2, the binuclear geometry of [La2(2,5-I-bdc)6(DMF)4] bin-
uclear units is significantly different due to the absence of solvate DMF molecules. A
comparison of the geometry of such dimers in the crystal structures of 1 and 2 is presented
in Figure 4.
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The reorientation of dicarboxylic ligands (Figure 5) leads to a change in the topol-
ogy of the coordination polymer from 2D to 3D. In the crystal structure of 2, each dimer
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is connected with six neighboring ones (Figure 6). The crystal packing of 2 (Figure 7)
demonstrates the presence of 1D channels in the [001] crystal direction. These chan-
nels are decorated by I-atoms potentially accessible for non-covalent interactions with
different substrates.
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Luminescence of Ln3+ carboxylate complexes has been widely studied in recent
years [37–42], so we decided to study these features for the 1/2 mixture as well as the pure
3, 4 and 5 phases. The excitation and emission spectra of the complexes (λex = 340 nm) are
shown in Figure 8 (see also Figures 9 and 10 for details). The emission spectra of the solid
containing 1 and 2 exhibits only the band at 445 nm. Because La3+ is a non-luminescent ion,
these spectra show the optical properties of the ligand luminescence [43]. The measured
lifetime of the luminescence is τ = 5 ns. The blue emission has the colorimetric coordinates
(0.150, 0.128).

Figure 8. Emission spectra of complexes after excitation at 340 nm.
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Figure 9. Excitation spectra of complexes registered for most intensive emission line ((1/2)-λem =
445 nm, (3)-λem = 1060 nm, (4)-λem = 601 nm, (5)-λem = 615 nm).

Figure 10. CIE chromaticity diagram for (1/2) (x = 0.150, y = 0.128), (4) (x = 0.238, y = 0.175),
(5) (x = 0.627, y = 0.342).

The photoluminescence spectra of the (3) complex have pronounced peaks correspond-
ing to 4F3/2 → 4I9/2 (880 nm) and 4F3/2 → 4I11/2 (1060 nm) transitions in Nd3+. The most
intensive emission band observed at 1060 nm corresponds to the 4F3/2 → 4I11/2 transition.
The excitation spectra obtained by monitoring the luminescence at λ = 1060 nm showed
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some narrow excitation bands (λ = 500–850 nm region) and a large band (λ < 400 nm),
which were attributed to the absorption of the Nd3+ central ion and ligand moieties, re-
spectively. The luminescence spectrum of compound (4) in the visible region exhibited
the characteristic emission bands for Sm3+ (4G5/2 → 6H5/2, 4G5/2 → 6H7/2, 4G5/2 → 6H9/2
and 4G5/2 → 6H11/2). The most intense emission line corresponded to the hypertensive
4G5/2 → 6H7/2 (601 nm) transition and a ligand-centered emission at 445 nm induces a
purple light emission with the colorimetric coordinates (0.238, 0.175). The luminescent
lifetime for complex (4) is 50 µs and the quantum yield is < 1%. The excitation spectrum of
(4) has a broad band in the region of 290–370 nm, which is ascribed to the π–π* electronic
transition of the ligand, and narrow bands in the region of 400–500 nm, which are attributed
to the intraconfigurational f−f transitions of the Sm3+ ion.

For compound (5), the following transitions are observed: 5D0 → 7F1, 5D0 → 7F2,
5D0 → 7F3, and 5D0 → 7F4. The intensity of the emission of the forced electric dipole
transition of Eu3+ 5D0 → 7F2 (615 nm) of compound (5) dominated the spectrum. The rest
of the emission bands were small compared with the latter. It has been previously reported
that these characteristics are indicative of low-symmetry Eu3+ coordination compounds [44].
Additionally, the emission peak centered at 615 nm is the strongest one, which results in
a red emission with the colorimetric coordinates (0.627, 0.342). The luminescent lifetime
for complex (5) is 1.1 ms and the quantum yield is 4.5%. The excitation spectrum of (3)
contains a broad band ranging from 290 to 360 nm, which is ascribed to the π–π* electronic
transition of the ligand. The narrow bands in the region of 360–600 nm are attributed to the
intraconfigurational f−f transitions of the Eu3+ ion.

TGA data for 4 and 5 are given in SI (Figure S5 and Figure S6, respectively). Those are
almost identical: there is a clear stage of DMF elimination (≈16% of total mass) occurring
within the T range up to ≈120 ◦C.

4. Conclusions

To conclude, we demonstrated that 2,5-diiodoterephthalate is an efficient linker for
the design of lanthanide-based MOFs. However, in the absence of auxiliary O-containing
linkers, additional coordination sites are occupied by DMF molecules so that they can form
either 2D or 3D polymers. Most likely, this series can be expanded to other Ln3+ -based
MOFs, potentially resulting in complexes with greater emission properties. Corresponding
experiments are underway.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics10120262/s1. XRD, PXRD, luminescence and TGA details.
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