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ABSTRACT.

Crystal growths in gel medium of lanthanide-based coordination polymers with
2,5-dihydroxyterephthalate (dhbdc®) as ligand lead to two different crystal structures
depending on the lanthanide ion. Lanthanide-based coordination polymers that crystallize in
these two structural type have respective chemical formulas [Lnz(dhbdc)s(H20)12-6H20]. with
Ln = La-Nd, and [Ln2(dhbdc)s(H20)s-6H20]. with Ln = Sm-Yb plus Y. Only the Nd-based and
the Yb-based coordination polymers exhibit luminescence properties in the near-infrared

region.



INTRODUCTION.

For more than twenty years, lanthanide-based coordination polymers have been widely
studied because of their remarkable structural diversity® as well as because of their unique
magnetic and optical properties.?® Lanthanide ions are typical hard Pearson's acids® and present
almost no structuring effect because of their shielded valence orbitals.'® Therefore, derivatives
of benzene-poly-carboxylate have been widely used as ligand.'**? Indeed, their carboxylate
functions have good affinity for lanthanide ions and they can act as structuring ligands because
of their rigidity and because they can promote n-stacking and H-bond interactions. Among these
ligands, benzene-1,4-dicarboxylate (bdc?) has led to numerous lanthanide-based coordination
polymers®*14 and some of them exhibit interesting physical properties with actual applicative
potential.’®> Our group is concerned for more than twenty years by the quest of new
lanthanide-based coordination polymers with interesting structural or physical properties.¢-18
In the frame of this study we have investigated the
2,5-di-hydroxy-terephthalate/lanthanide/H,O system (Scheme 1).

OH

HOOC COOH

Scheme 1. 2,5-di-hydroxy-benze:2-1,4-di-carboxylic acid (Hs-dhbdc) or
2,5-di-hydroxy-terephthalic acid.

Indeed, the addition of two hydroxy groups, that can be involved in hydrogen-bonds, is
expected to play a significant role in the crystal packing. Moreover, this ligand presents two
sets of donor oxygen atoms: the two carboxylate functions that can be easily deprotonated
(leading to H2-dhbdc?) and the two hydroxyl groups that can be also deprotonated in more
severe conditions (leading to the tetra-anionic dbdc*). Actually, this versatile ligand has been
extensively used in combination with 3d transition metal ions as well as alkaline earth metal
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In association with lanthanide ions, this ligand has previously led to several crystalline
phases.?’-% All of them have been obtained by solvothermal synthesis and consequently both
the di-anionic and the tetra-anionic forms of the ligand are present in the chemical formulas.
Because the target of our work is to identify compounds suitable for technological transfer only

compounds obtained in water are reported in Table 1.

Table 1. Reported structural properties of lanthanide-based coordination polymers with
2,5-di-hydroxy-benzene-1,4-di-carboxylate.

Chemical formula

Involved Ln3* System
Reference Space group Projection view
ccbCne Cell parameters

Framework dimension

Monoclinic
[Lnz(dhbdc)(Hz-dhbdc)(H20)s-2H20]. P2/c (n°13)
Ln=Gd a=8.9065(2) A
Reference 28 b = 15.0925(3) A
CCDC n° 748734 ¢ =8.5028(2) A
2D B=96260(1)°

V = 1136.14(4) A3

Monoclinic

[Ln2(H2-dhbdc)s(Hz0)a]. C2/c (n°15)
Ln=La, Pr a=29.844(7) A
Reference 27 b=13.113(3) A
CCDC n° 879608 ¢ = 6.7951(16) A
3D = 101.574(3)°

V = 2605.1(11) A3

Triclinic
P1 (n°2)
[Ln2(H2-dhbdc)s(H20)s-2H20].. a =8.1061(15) A
Ln=Nd b = 9.9258(18) A
Reference 27 ¢ =10.6687(19) A
CCDC n° 879609 a=76.061(2)°
2D B =T74.789(2)°

y=T74.686(2)°
V =785.2(2) A3




[Ln(H2-dhbdc)(NO3)(H20)4-2H20]
Ln=Eu
Reference 27
CCDC n° 879610
1D

[Ln2(H2-dhbdc)(dhbdc)(H20)3.4H20].
Ln = Gd, Dy
Reference 27
CCDC n° 879612
3D

[an(Hz-dhde)s(HzO)lz'GHzo]oo
Ln = La-Nd
Reference: This work
CCDC n° 1913155
2D

[Lnz2(H2-dhbdc)s(H20)s-6H20].
Ln=Sm-Yb plus Y
Reference: This work (Er) and 29
(Th)

CCDC n° 1913156 and 1503699
1D

Orthorombic

Pnma (n°62)
a=15.5221(1) A % Y.
b = 15.5219(6) A Op O’?J
c=6.4783(2) A

V = 1560.81(8) A3

Triclinic

P1 (n°2)
a=7.3494(4) A
b =11.4750(6) A
c=16.1852(8) A
a = 78.7990(10)°
B = 82.4830(10)°
7= 79.9550(10)°

V =1311.79(12) A3

Triclinic
P1 (n°2)
a=6.9079(8) A
b=11.8793(12) A
c=13.1925(14) A
a=70.602(3)°
B =T78.415(3)°
y=T78.737(3)°
V =990.60(19) A3

Triclinic
P1 (n°2)
a=9.6236(12) A
b =10.1882(13) A
c=11.6786(13) A
a=113.728(4)°
B =100.914(4)°
y=105.642(4)°
V = 950.08(21) A3

In bold, the lanthanide ion involved in the solved crystal structure

In the following, the syntheses and the crystal structures of two series of

lanthanide-based coordination polymers are described as well as the luminescence properties

of the Nd- and Yb-derivatives.



EXPERIMENTAL SECTION.

Lanthanide oxydes (4N) were purchased from Ampere and their chloride salts were
prepared according to established procedures.®! 2,5-di-hydroxy-benzene-1,4-di-carboxylic acid
(Hs-dhbdc) (>98%) was purchased from TCI and used without further purification.
Tetramethylorthosilicate (TMOS) was purchased from Accros and jellified according to

previously published procedures.323

Synthesis of Naz(H2-dhbdc)-0.5H20

To a suspension in water of Hs-dhbdc, a stoichiometric amount of sodium hydroxide
was added leading to a clear solution that was evaporated to dryness. The obtained solid was
then dissolved in ethanol and refluxed for one hour. Addition of ethoxyethane provokes
precipitation. The obtained brown precipitate was filtered, washed with ethoxyethane and dry
in air. The yield was about 90%. CsHsNazOs5 (MW = 251 g.mol™) Analysis: (calc.) found: C
(38.2%) 38.5%; H (2.0%) 2.2%; O (41.4%) 41.3%; Na (8.3%) 8.0 %. Thermogravimetric
analysis confirms that this salt is hemi-hydrated. Its X-ray powder diffraction diagram is
reported in figure S1.

Despite great efforts, we did not succeed in obtaining single crystals suitable for X-ray
crystal structure determination. However, it can be noticed that during these attempts we
obtained single crystals of a mono-deprotonated phase with chemical formula
[Na(Hs-dhbdc)(H20)2]-. It crystallizes in the monoclinic system, space group P21/n (n°14) with
the following cell parameters: a=8.8788(6) A, b=6.8920(5) A, c=16.2174(12) A,
B =96.259(3)°, V = 986.47(12) A% and Z = 4. This crystal structure is described in Supporting

Information (Figures S2 and S3 and Table S1).



Crystal growth of the lanthanide-based coordination polymers.

Single crystals suitable for X-ray diffraction crystal structure determination were
obtained by slow diffusion of the reactants (a lanthanide chloride aqueous solution in one hand
and a Naz(H2-dhbc)-0.5H20 aqueous solution in the other hand) through a TMOS gel (7.5% in
weight) in U-shaped tubes.®* After some weeks, brown rod-like single crystals were collected.
Coordination polymers present two different crystal structures depending on the involved
lanthanide ion: For lanthanide ions comprised between lanthanum and neodymium, they have
general chemical formula [Ln2(H2-dhbdc)3(H20)12:6H20] and

[Ln2(H2-dhbdc)3(H20)s-6H20]for heavier lanthanide ions and yttrium.

Synthesis of the lanthanide-based coordination polymers as microcrystalline
powders.

An aqueous solution of a lanthanide chloride (Ln = La-Yb plus Y) (0.2 mmol in 5 mL
of deionized water) was added to an aqueous solution of the di-sodium salt of
2,5-di-hydroxy-benzene-1,4-di-carboxylic acid (0.3 mmol in 5 mL of deionized water) at room
temperature. The mixture was stirred over 72h in order to insure complete precipitation. Then,
the brown precipitate was filtered, rinsed with water and dried in air. The yield was about 90%.
The obtained lanthanide-based coordination polymers can be shared in two series of
isostructural compounds depending on the lanthanide ion on the basis of their X-ray powder

diffraction diagrams (Figures S4 and S5). Elemental analyses are listed in Table S2.

X-ray diffraction
Powder X-ray diffraction diagrams were collected with a Panalytical X'Pert Pro

diffractometer equipped with a X'Celerator detector. Typical recording conditions were: 45 kV,



40 mA, Cu K, radiation (1 =1.542 A), 6/6 mode. Simulated patterns from crystal structure
were produced with PowderCell and WinPLOTR programs.®>-’

Crystal structures of the two series of coordination polymers have been solved based on
the lanthanum- and erbium-derivatives, respectively. Single crystals were mounted on a Bruker
D8 Venture diffractometer. Crystal data collection were performed at 150 K with Mo Kq
radiation (A = 0.70713 A). Crystal structures were solved, using SIR 97,% by direct methods.
They were refined, using SHELX-2017%%%° with the aid of WINGX program.*2 All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms that have been located were
located at ideal positions. Absorption corrections were performed using the facilities of
WINGX program.*® Selected crystal and final structure refinement data are gathered in Table 2.
It can be noticed that some residual density peaks are present in the vicinity of the Er3* ion in
the second structural family. These peaks are likely due to an imperfect absorption correction.
Despite great efforts, it has not been possible to remove them. Full details of the crystal
structures have been deposited with the Cambridge Crystallographic Data Centers under the
depositary numbers CCDC-1913155 for [Laz(H2-dhbdc)z(H20)12-6H20].. and CCDC-1913156

for [Er2(H2-dhbdc)s(H20)s:6H20]...



Table 2.

Crystallographic

[Erz2(H2-dhbdc)z(H20)s:6H20].

data  for

[La2(H2-dhbdc)3(H20)12:6H20].

and

[Laz(H2-dhbdc)3(H20)12:6H20]

[Er2(H2-dhbdc)s(H20)s:6H20]

Chemical formula C12H24La01s C12H20ErO16
System Triclinic Triclinic
Space group (n°) P1 (n°2) P1 (n°2)
Formula weight (g.mol ™) 595.22 587.54

a (A) 6.9079(8) 9.6236(12)
b (A) 11.8793(12) 10.1882(13)
c(A) 13.1925(14) 11.6786(13)
a (°) 70.602(3) 113.728(4)
B ) 78.415(3) 100.914(4)
7 ©) 78.737(3) 105.642(4)
V (A3 990.60(19) 950.1(2)

Z 2 2

0 range (°) 2.822-27.505 2.258-27.608
Dcalc (g.Cm-S) 1996 2054

R 0.0146 0.0272
Rw 0.0386 0.0669
GoF 1.108 1.216

Ap min/max (e.A%) -0.68/0.39 -1.58/2.10
CCDC number 1913155 1913156

Thermal analyses.

Thermal analyses have been performed using a Perkin Elmer Pyris Diamond

TGA/TDA, between 25°C and 950°C in platinum crucibles under N2 atmosphere.

Optical measurements.

Solid-state emission and excitation spectra have been measured on a Horiba Jobin-Yvon
Fluorolog Il fluorescence spectrometer equipped with a Xe lamp 450 W, an UV-Vis
photomultiplier (Hamamatsu R928, sensitivity 190 - 860 nm) and an IR-photodiode cooled by
liquid nitrogen (InGaAs, sensitivity 800 — 1600 nm). The emission/excitation spectra
recordings were realized on powder samples pasted on copper plates with silver glue. The
emission from Gd-microcrystalline powders has been also measured at variable temperature
(77 K—-293 K): the sample pasted on copper plate was introduced in an OptistatCF liquid

nitrogen cooled cryostat from Oxford Instruments. Appropriate filters were used to remove the



residual excitation laser light, the Rayleigh scattered light and associated harmonics from

spectra. All spectra were corrected for the instrumental response function.

RESULTS AND DISCUSSION

Reaction in water of lanthanide chloride with the di-sodium salt of
2,5-di-hydroxy-benzene-1,4-di-carboxylic acid lead to two series of iso-strutural coordination
polymers. The first family gathers the compounds obtained with one of the lightest lanthanide
ion (Ln = La-Nd) and have general chemical formula [Lnz(H2-dhbdc)s(H20)12-6H20].. The
second family gathers the compounds that have been obtained with one of the heavier
lanthanide ions (Ln=Sm-Yb) plus yttrium and have general chemical formula

[Er2(H2-dhbdc)3(H20)s-6H20] .

Crystal structure of [Lnz2(H2-dhbdc)s3(H20)12-6H20]» with Ln = La-Nd.

These compounds crystallize in the triclinic system, space group P1 (n°2). Their crystal
structure has been solved on the basis of the lanthanum derivative. Isostructurality of the others
members of the family has been assumed on the basis of their powder X-ray diffraction patterns
(Figure S4). There is only one independent La®* ion in this crystal structure. It is
nine-coordinated by nine oxygen atoms that form a slightly distorted capped square antiprism.
Six out of the nine oxygen atoms belong to six coordination water molecules and the remaining

three arise from three different ligands (Figure 1).
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Figure 1. Binding modes of the ligands (left) and lanthanum ion neighborhood in
[Laz(H2-dhbdc)3(H20)12:6H20]..

There are two crystallographycally independent ligands. Both are twice deprotonated
(dhbdc?) and both connect two La®* ions (Figure 1 Left). The first one is centered on an
inversion center. It binds two La%* ions in unidentate way via two oxygen atoms of one of its
carboxylate function, which leads to dimeric units (Figure 1). The inter-metallic distance in
these dimeric units is 5.5742(7) A. The second carboxylate function is non-bonding. The second
ligand connects these dimeric units to each other via its two carboxylate functions leading to a
molecular chain-like motif (Figure 2). The shortest intermetallic distance between La®* ions

that belong to neighboring dimeric units is 12.3613(10) A.
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1

Figure 2. Projection views of the molecular chain like motif of
[Laz(H2-dhbdc)z(H20)12:6H20].

In addition to the twelve coordination water molecules, there are six crystallization
water molecules per formula unit as confirmed by the thermal analyses (Figure S6). The

stability of the crystal packing is insured by a complex network of hydrogen bonds as well as

by n-stacking interactions (Figure 3).

12



Figure 3. Projection view, along the a-axis of [Laz(H2-dhbdc)z(H20)12:6H20].. Green
broken-lines stand for H-bonds and blue ones for r-stacking interactions.

Crystal structure of [Ln2(H2-dhbdc)s3(H20)s:6H20] with Ln = Sm-Yb plus Y.

These compounds are all iso-structural (Figure S5). The crystal structure has been
solved on the basis of the Er-derivative. It crystallizes in the triclinic system, space group P1
(n°2). It can be noticed that the crystal structure of the Th-derivative has previously been
reported by Anderson et al. in 2017.%° In this study, the Th-derivative was obtained as a
metastable Kinetic phase by post-synthetic solvent exchange from
[Tb2(H2-dhbdc)3(DMF)s-2DMF]..%°

There is only one crystallographically independent Er®* ion in the asymmetric unit. It is
eight coordinated by four oxygen atoms from coordination water molecules, three monodentate

oxygen atoms from three carboxylate functions from three different ligands and one oxygen

13



atom that belongs to a hydroxo group (Figure 4). Its coordination polyhedron is best described

as a bi-augmented trigonal prism.

Figure 4. Er®* neighborhood (left) and ligands coordination modes (right) in
[Er2(H2-dhbdc)s(H20)s-6H20]..

There are two different ligands in the crystal structure. Two ligands of the first type
strongly connect two Er®* ions to each other: one Er®* ion is bounds by a monodentate oxygen
of a carboxylate function while the second Er®* ion is bound by the second oxygen atom of this
carboxylate function and by an oxygen atom of a hydroxo group that belongs to the same ligand.
The intermetallic distance in these dimeric units is 5.0104(5) A. The second ligand connects
these dimeric units via monodentate oxygen atoms of its carboxylate functions. This leads to
molecular chain-like motifs (Figure 5). The shortest distance between Er®* ions that belong to
adjacent dimeric units in the same chain-like molecular motif is 11.1490(11) A. The shortest
intermetallic distance between lanthanide ions that belong to adjacent chain-like molecular
motifs is 7.7436(10) A. There are eight coordination water molecules and six crystallization
water molecules per formula units as confirmed by thermal analyses (Figure S7). These water
molecules are involved in a complex hydrogen-bonds network that insures the stability of the

crystal packing.
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Figure 5. Chain-like molecular motif (top) and hydrogen-bonds network (bottom) in
[Er2(H2-dhbdc)s(H20)s-6H20]... Hydrogen-bonds are drawn as green broken-lines.

Luminescent properties of [Lnz(Hz2-dhbdc)s(H20)12:6H20]. with Ln = La-Nd

Excitation spectra that have been recorded for the La- and the Nd-derivatives show a
broad excitation band that can be attributed to the ligand n*/°n* « r transitions. As expected,
because of the two OH groups, this broad band is red-shifted in comparison with what has been
observed for other terephthalate derivatives.**“® Its maximum intensity is observed for about
Aexc = 328 nm but it extends as far as 450 nm (Figures 6 and 7). The emission spectrum of the
lanthanum derivative shows a broad band that extends from 400 nm to 800 nm, which induces
bright yellow emission (Figure 6). It is noticeable that this phosphorescence band is unusually

intense at room temperature. It has been measured from room temperature to 77 K (Figure S8).
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This measurements show that the luminescence band is blue-shifted and more intense as the
temperature decreases.

Emission spectra of the Nd-based compound have been measured for Aexc equal to
330 nm (maximum of the excitation band), 400 nm (second extremum of the excitation band)
and 581 nm (“Grp-52 < *lor2 excitation peak of the Nd®* ion) (Figure 7). These three emission
spectra confirm that the ligand present an efficient antenna effect*” toward the Nd** ion. The
*Far, — *lorz, *l1/2 and *l1ap2 transitions are observed at 890, 1056 and 1335 nm, respectively.
Indeed, the emission intensity under excitation of the ligand is much stronger than that observed
under direct excitation of the lanthanide ion.
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Figure 6. Room temperature solid-state excitation (Aem =584 nm) and emission
(Aexc = 328 nm) spectra of [Laz(H2-dhbdc)3(H20)12-6H20].
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Figure 7. Room temperature solid-state excitation (Aem = 1056 nm, dark curve) and emission
(Aexc =330 nm, 400 nm and 581 nm for dotted purple, blue and red curves, respectively) spectra
of [Nd2(Hz2-dhbdc)3(H20)12:6H20] .

The Pr3* derivative shows no luminescence because emissive excited states of the Pr3*

ion are higher in energy than the donor excited states of the ligand.*®

Luminescent properties of [Lnz(H2-dhbdc)s(H20)s:6H20]~ with Ln = Sm-Yb plus Y.

The room temperature absorption spectrum of the Gd-derivative has been recorded
(Figure S9). It shows that the first excited singlet state of the ligand is about 450 nm
(22220 cm™)* that is lower than the absorption peaks of the lanthanide ions that emit in the
visible region (Sm?*", Th*, Eu®*" and Dy**).*® Therefore, neither direct excitation of the
lanthanide ion nor excitation via an antenna effect is possible and no luminescence is observed
for any of these derivatives. On the opposite, the Yb3* emitting level (?Fsy2) energy is 10180 cm
and therefore the Yb®*-derivative presents a luminescence in the NIR domain (Figure 8)*. Its
emission spectrum (under ligand excitation at 330 nm and 400 nm) shows only one peak

centered at 978 nm that can be attributed to the 2Fs;, — 2F7p, transition.
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Figure 8. Room temperature solid-state excitation spectra of [Yb2(H2-dhbdc)s(H20)s-6H20]..

CONCLUSION AND OUTLOOK.

Two new series of lanthanide-based coordination  polymers  with
2,5-di-hydroxy-benzene-1,4-di-carboxylate ligand have been structurally described. Two
compounds that belong to these families ([Nd2(Hz-dhbdc)s(H20)12-6H20].. and
[Yb2(H2-dhbdc)s(H20)s-6H20].) present interesting luminescent properties in the NIR domain.
The coordination polymers based on lanthanide ions that usually exhibit luminescence in the
visible domain present no luminescence because of the red-shift of the absorption band of the

ligand.
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SUPPORTING INFORMATION

Crystal structure description of [Na(Hs-dhbdc)(H20)2].; Experimental powder X-ray
diffraction diagrams of Naz(H2-dhbc)-0.5H20, [Ln2(H2-dhbdc)s(H20)12-6H20]» (Ln = La-Nd)
and [Lnz(H2-dhbdc)3(H20)s-6H20]» (Ln = Sm-Lu plus Y); Elemental analyses of the micro-
crystalline powders of the lanthanide-based coordination polymers; Thermal analyses of
[Laz(H2-dhbdc)z(H20)12:6H20] and of [Erz(H2-dhbdc)s(H20)s-6H20]; Normalized emission
intensity versus temperature of [Laz(H2-dhbdc)s(H20)12:6H20]. ; Room temperature solid-state

absorption spectrum of [Gd2(H2-dhbdc)s(H20)s-6H20]...
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Nd-based and the Yb-based coordination polymers with 2,5-dihydroxyterephthalate (dhbdc?)

as ligand exhibit luminescence properties in the near-infrared region.
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