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1D lanthanide coordination polymers based on
lanthanides and 4’-hydroxi-4-biphenylcarboxylic aci d:
synthesis, structures and luminescence properties

Richard F. D'Vries®*, German E. Gomez"*, Lina Paola Mondragon®, Diego Onna®, Beatriz C.
Barja“, Galo J. A. A. Soler-lllia® and Javier Ellena®

J. Sol. Stat. Chem., 2019,

A new family of 1D coordination polymers with formula [Ln(4-OHBBA);(H,0),] and a new 3D supramolecular
network topology was obtained. Photoluminescence and sensing tests of doped compounds were performed.
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Synopsis A family of coordination polymers with formula [L&4&OHBBA);(H.O),] with a

new 3D supramolecular network topology was obtaihedhinescence properties were studied.

Resume A new family of 1D coordination polymers (CPs) édson 4’-hydroxi-4-

biphenylcarboxylic acid (4-OHBBA) linker and lanthde metals were obtained by
hydrothermal synthesis. The compounds were fullpratterized and present the general
formula [Ln(4-OHBBA)(H,0),] (where Ln= La, Pr), crystallizing in the monoétinP2/c

space group. The CPs are formed by “fish bone-likgdins along [010] direction. Also, the
topological analysis revels a 3D supramolecularcstire with a 7-nodal 3,3,3,4,4,4,4-connected
network and the (6%(6%8)4(6°.8%.10Y(6%%(6°.8)4(8") point symbol. The luminescence and
chemical sensing tests of the europium doped compwas performed, finding that the Eu, Tb
and Dy -doped samples exhibited dual emissions frem-OHBBA ligand and the lanthanide

centres.

Keywords: Coordination Polymers; Supramolecular Topologyathanide Metals;
Luminescence.

1. Introduction



The study of coordination polymers (CPs) based r@dtehas become a mature field with
intense development due to their emerging apptinatin areas such as cataly&is2], ion
exchange [3], gas separation [4], magnetism [Smim@scence [6-8], and antibacterial
properties [9]. The possibility of employing a disi¢y of metals and ligands as building blocks,
allows chemists to study specific and unique priogeifrom a rational design [10, 11]. In this
sense, lanthanide ions are of special intereshatgmics and magnetism because of their unique
properties, which include narrow 4f-4f transitiofexcept Ld" and Lu*) accompanied with a
wide lifetime range and high quantum vyields [12:15hese features are important for the
design of new phosphors [16], optical amplifierg][1he generation and amplification of light
in lasers [18], solid-state lighting (SSL), fullloar displays and backlights [19-21]. Moreover,
CPshypersengitive transitions [7, 22, 23] enable Ln-CPs for the construction efisors for

toxic substances [24] or for obtaining radiomethiermosensors [6, 25, 26].

A careful selection of rigid and flexible aromatiokers has been a key factor to design a
diversity of CPs and metal-organic frameworks (MPDWih original topological architectures
[27, 28]. For luminescence properties, the choitaromatic ligands allows energy transfer
processes between the metallic centres and thedkgdn this opportunity, we present the
structure elucidation of a new set of 1D Ln-CPseldasn 4’-hydroxi-4-biphenylcarboxylic acid
(4-OHBBA) with the general formula [Ln(4-OHBBAH.0),] (Ln*'=La, Pr), by single X-ray
diffraction (SCXRD). The solid samples were alsareltterized by vibrational and thermal
analysis, powder X-ray diffraction (PXRD) and scagn electronic microscopy (SEM).
Moreover, an in-depth topological analysis of te@P compounds was carried out leading to
a new description based on predominant H-bondstiv@dayers, finding a new supramolecular
topology. A complementary analysis of the lumineseeproperties of the Ln-CPs compounds
in solid state was explored, presenting the lunteese of the free ligand for the first time.
Moreover, sensing assays in presence of “expldsdésubstances were performed in order to

study Ln-CPs behaviour as selective chemical sensor
2. Experimental Section

2.1.General information

All reagents and solvents employed were commeycé@lhilable and used as supplied without
further purification: 4’-hydroxi-4-biphenylcarboxgl acid (4-OHBBA) (99%, Sigma-Aldrich);
Ln(NO,)s6H,O where Ln = La and Pr, (99%, Sigma-Aldrich). Thegmravimetric analysis
(TGA) was performed using Shimadzu TGA-50 equipman®5-900°C temperature range,
under nitrogen atmosphere (100 mL/min flow) andCl@in™ heating rate. Fourier Transform
Infrared spectra were recorded from KBr pelletstie 4000-250 crh range on a Bomem

Michelson FT MB-102. X-ray powder diffraction (PXRPatterns were obtained with a Rigaku



Ultima IV diffractometer of 0.02° step size andezend/step exposure time. The measurements
were used to prove the isostructural series, chgdkie purities of the microcrystalline products
obtained by the comparison of experimental and lsited pattern (Supp. Inf. S1). Samples
were placed on an adhesive carbon tape coatedyoliihand micrographs were obtained on FEI
Quanta 200 SEM equipment.

2.2.Single-Crystal structure determination

Single-crystal X-ray data for both compounds wektected at room temperature (298 K) on a
Bruker APEX-Il CCD diffractometer using MaK radiation (0.71073 A) and applying a
graphite monochromator. The cell determination #uedfinal cell parameters were obtained on
all reflections using the software Bruker SAINT lued in APEX2 software suite [29]. Data
integration and scaled were carried out using afeo software Bruker SAINT [30]. The
structures were solved by SHELXS-2013 software tnaoh refined by SHELXL-2013 [31],
included in WinGX [32] and Olex2 [33]. Non-hydrogatoms of the molecules were clearly
resolved and their full-matrix least-squares rafieat with anisotropic thermal parameters were
conducted. All hydrogen atoms were stereochemigadlgitioned and refined by the riding
model [31]. Hydrogen atoms of the water moleculesenlocalized and fixed (with Uiso(H) =
1.5Ueq) on the density map. Diamond [34], TOPO$ f&iMercury [36] programs were used
in the preparation of the artwork of ORTEP diagrampolyhedral and topological

representations.

2.3. Luminescence studies

The emission spectra were recorded on a PTI QuadyiQM-1 luminescence spectrometer.
A 75 W Xenon lamp was used as the excitation soufoe the excitation—emission spectra,
samples were measured in solid state and methausdpmensions (0.8 mg of compound in 2 mL
of MeOH). Prior to the luminescent studies, thesetbglass vials containing the samples were
ultrasonicated for 10 minutes to obtain homogensogpensions. The slit widths for excitation
and emission were 0.5 and 1.5 nm respectively. hasgence spectra were recorded at room
temperature between 380 and 750 nm range, all idghtical operating conditions. The data
were collected at 0.2 seconds per nm. The sensiciyitga of [LaggsidEUy ossd4-
OHBBA)3(H,0),] (1-(5%Eu)) was investigated monitoring the emission speatr&ll nm
(Aex= 300 nm). The sensing systems were prepared tmdunting 0.8 mg o1-(5%Eu) powder
into 2 mL of methanol and then adding gradually-2800 pL of xylene, xylenol, or benzyl
alcohol, for each experiment.

Principal component analysis (PCA) [37] was emptbie classify the different analytes using
the emission spectra, with MATLAB (for more infortiea see Sup. Inf. S6). The emission

spectra were pre-processed, as shown in the Supptarg Information S6. The spectra were



normalized by the maximum emission value of the.dmen the spectra were divided in two
sections, (i) ligand emission from 390 nm to 560amd (ii) europium emission from 560 nm to
710 nm. For the second section, the ligand emiss@s subtracted, and then multiplied by a
factor of 80.

2.4. Synthesis

Several synthetic conditions were explored (SegSkny. Table S1.). The molar composition
of the initial reaction mixture in 4-OHBBALN*>": 108H,0:86EtOH was fixed. The optimized

synthesis procedure is described as follows:

[La(4-OHBBA)3(H,0),] (1) was obtained by the addition of 4-OHBBA (0.025d115 mmol)

in 5 mL of ethanol, into a solution of La(Nfg 6H,0 (0.05 g, 0.115 mmol) in 5 mL of distilled
water. The reaction mixture was adjusted te:pHy the addition of NaOH 1M, under constant
stirring at room temperature for 30 minutes. Thactien mixture was then placed in a Parr
Teflon-lined stainless-steel autoclave at 160°C 1@r hours. After slow cooling to room
temperature, the crystalline products were filteaad washed with water and ethanol (yield=
47.7%). The same procedure was conducted for ththesis of [Pr(4-OHBBAJH.0),] (2)
where green needle crystals were obtained (yiel@%=FEhe procedure for the synthesis of 5%
lanthanide doped samples [from now on referred-&%Ln)] was performed as follows: to
obtain the doped compourdd(5%Eu), a mixture of 4-OHBBA (0.025 g, 0.115 mmol) in &m
of ethanol was added to a dissolution of LagN®HO (0.05 g, 0.115 mmol) and
Eu(NG;)3- 6H,0 (0.0025 g, 0.0058 mmol) in 5 mL of water. Thectemn mixture was adjusted
to pH=6 by the addition of NaOH 1M, under constant stgrifor 30 minutes. The reaction
mixture was also placed in a Parr Teflon-lined rdémss-steel autoclave for reacting under
hydrothermal conditions at 160°C for 20 hours. Ehestalline product was obtained as reaction
product (yield=43%). Similar procedure was followsd order to obtain the doped phases
[Law.9513T00.04s{4-OHBBA)s(H20),], 1-(5%Tb), and [La g5DYo.040{4-OHBBA)(HO),], 1-
(5%Dy). The metallic content was determined by Inducyiv@bupled Plasma atomic emission

spectroscopy (ICP-AEE), where the final values wf Bb and Dy were arouris¥o.
3. RESULTS AND DISCUSSION

3.1. Synthetic analysis and structural description

Different synthesis experiments were carried oubltain pure phases employing selected
lanthanide metals (Supp. Inf. Table S1). Pure phasd¢he [Ln(4-OHBBA)(H.O),] (hamely
phasel) were only achieved using La and Pr as metallintres. From the optimized

hydrothermal conditions, “needle-shape” crystala énd Pr phases) were assessed (Figure 1a).



A single crystal and large fractured crystals waseained from the reaction bulk. Micrographs

from the reaction product are depicted in Figure 1.

The use of Nd, Tb and Eu metals resulted in theammce of an unidentified phase (See Sup.
Inf. S1, microcrystalline powder (Figure 1b)). Aategy to cope with this situation and then
obtaining luminescencent materials is doping thePhase 1 with Eu, Tbh and Dy. Doping
experiments showed that the addition of 5% of E,ahd Dy metals does not affect the

structure. Doping values above 5%, give rise tatmmes of phases.

Figure 1 a) Micrographs of bars-like crystals for compo@wid b) powder product obtained
for Tb compound (unknown phase). c) and d) fractsiagle crystals of the compound 2.

[Ln(4-OHBBA)3(H,0),] (Ln = La and Pr) compounds belong to an isostmattfamily of CPs
that crystallized in the monoclinic P2 space group. Details of the data collection and
refinement for both compounds are summarized ifelfabThe ORTEP diagram for compound
1is shown in Figure 2.

Figure 2 ORTEP diagram of compouridshowing 50% of probability ellipsoids.



Table 1 Crystallographic data and refinement parameter$ &md2 compounds.

Compound 1 2
Emp. Formula GoH3; Oyla CsoH3zq O141PF
FW (gmol™) 814.55 816.55
Temp. (K) 298 298
A (A) 0.71073 0.71073
Crystal system Monaoclinic
Space Group
Unit cell
a(A) 24.6468(9) 24.6066(1)
b (A) 5.4670(2) 5.4449(2)
c(A) 23.4077(8) 23.2997(1)
B () 94.252(1) 94.007(1)
Volume (&) 3145.4(2) 3114.1(3)
Z 4 4
Peaic (Mg M) 1.720 1.742
Abs.Coeff. (mr) 1.428 1.635
F(000) 1864 1648
0 range (°) 1.7-265 1.7-27.6
60811/6510 13511/6794
Reflections collecte
/ Unique [R(int)] [0.041] [0.032]
Completeness (%) 99.6 94.2
Data / restraints  6510/0/465 6794/0/465
| parameters
Gof on F 1.06 1.03



R1 [1>20(1)] 0.0229 0.0326

WR2[1>25(1)] 0.0575 0.0833

The asymmetric unit consists in a unique metaléate, three 4-OHBBA ligands and two
coordinated water molecules. The primary buildingt JPBU) consists of an 8-coordinated
polyhedral (Ln@) with six oxygen atoms belonging to the carboxg/lgtoups and two oxygen
from coordinated water molecules adopting a distbitrigonal prism square-face bicapped
geometry (TPRS-8) [38] (Figure 3). The carboxylgteup in the three crystallographically
independent 4-OHBBA ligand exhibits a bidentatelte 11> coordination mode. One of them
joins two metallic centres along [001] directioniftwan intermetallic distance of 5.467(3) A.
The other two carboxylates link the dimeric SBUsnal [010] direction (intermetallic distance
5.767(7) A) to form a “fish bone-like” 1D coordii@h polymer (Figure 3). According to the
connectivities displayed by the organic and inoigaab-units in the structure, these CPs could
be classified as'®” “inorganic chains,” where' Imeans that the inorganic connectivity is 1D,
and d implies that the organic one is 0D since orgainielrs just coordinate to lanthanide ions
without connecting chains. The overall dimensidgadif the structure is 1D as the sum of the

exponent$39].

“Fish Bone-Like” 1D Coordination Polymer

Figure 3 PBU, coordination modes and view along [010] ar@L[@irections of the [Ln(4-
OHBBA)3(H20),] compounds.

Each 1D chain is connected through strong hydrdgers [40] between the coordinated water
molecules along [001] direction with a distance ©® = 2.848 (2) A (Figure 5). This
interaction is repeated along all the structuremfog a C(2) O-H-O-H- - - O-H chain (Figure 5)
and giving rise to the 2D supramolecular structarenged in the (110) plane. The same
connectivity is observed along the [100] wherethidroxyl groups interact between them with
a distance O-HO = 2.944(3) A, joining the layers along [100] totain a 3D supramolecular
structure. This supramolecular behaviour shoulddbated to the cleavage properties of the
crystal observed in the Figure 1. The strongesction of the crystal is associated with the
growing chains direction along [010] direction, q@a(101). The weakest area in the crystal is
associated with the planes of the supramolecwar$a(100) and (001) (Figure 4).



Figure 4. BFDH morphology and unit cell for the compound the(4-OHBBA)s(H,0),].

Deprotonation of the carboxylic acid group anditgher coordination to d-transition metals is
the only trend observed in all the reported coatiom compounds based on 4-OHBBA linker
according to the CCDC database [41]. In all thesathe use of strong bases such as amines or
NaOH, is not enough to deprotonate the phenol gesupenable the coordination to a metallic

centre.

3.2.Topological description

The underlying topology was completed bgetting a net associated with the structural crysta
packing [42]. In this sense, the connectivitiestte# building blocks were considered to find
resemblances or differences among previously regdrameworks. For this purpose, TOPOS
program was employed [35]. From the topologicahpof view, the 2D network was built from
the interaction of coordinated water moleculesha tfish bone-like” chains giving rise to
layers in the (011) plane. These layers could bplgied considering each metallic centre as a
4-connected nodal point, each water molecule aadi¢fand as 3-connected and 2-connected
linkers respectively. The resulting layers presantbinodal network with point symbol
(42.5°.6.7)(5) and 3,4L29 topology (Figure 5) [35]. The supramolecular reprgation was
formed by the interaction between the hydroxyl gowf the 4-OHBBA ligand. These
interactions link the layers along [100] directiacting as a 3-connected node giving rise to a 7-
nodal 3,3,3,4,4,4,4-connected network with Y5(8%.8)%(6°.8%.101(6%*(6°.8)*(8°) point symbol.

It is worth to underline that the 3D network extsba new topology reported here.
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Figure 5 Representation of the ladder form chains andithplgication of the 2D and 3D
supramolecular network for the [Ln(4-OHBB#H),0),] compounds.

3.3.Vibrational behaviour and thermal properties.

Given the isostructural nature of compounds 1 andotnpoundl was selected as model to
describe their vibrational and thermal propert®gpp. Inf. S2). The interpretation of the FTIR
spectra was performed by considering the most itaporinternal vibrations of water
molecules, carboxylate and aromatic ring modesthanl comparison with those observed in
lanthanide-carboxylates networks [43|C-H vibrations belonging to aromatic rings of 4-
OHBBA ligands were found at around ~ 3030 ciBroad band at approximately ~ 3390 tm
and small peak at 3590 ¢nwere assigned to theD-H vibration of the coordinated water
molecules and from the terminal OH group from 4-G8ABlinker, respectively. Two peaks at
1520 and 1400 cihwere related to asymmetrical and symmetrieg@OO vibration in a
bridging complex [44]. The band in 1255 tmwas assigned to C-O vibration of the phenyl
group.

Thermogravimetric profile for both compounds reeeasimilar features with a mass loss of 5%
(calculated = 4.7 %)Ttnset1 75 °C), belonging to coordinated water molecutdiedved by the
total decompositionTinse:330 °C) (Supp. Inf. S3). This thermal behaviounveta the important
role of the water-water hydrogen bonds in the stimat packing and its thermal stability,
increasing the water dehydration temperature. Thkrmvolution proceeds with the
decomposition of the organic portions through tweps leading to the formation of the

respective LpOs.



3.4.Luminescence Properties.

According to current studies, there is an incraagiterest regarding to the synthesis and study
of luminescent CPs [45], not only from the acadepoit of view, but also for the potential
applications in optical devices for chemical andygital sensors [46]. In this context,
luminescent properties df 2, 1-(5%Eu) and1-(5%Tb) compounds were explored. As shown
in Figure 6a, the linker exhibits a wide blue eneissband located at 384 nM¢(~=300 nm)
attributed to the typicait* —1vTe* —n transitions of aromatic ligands [47]. For thissen, the
Aex=300 nm was selected as excitation wavelength Her rest of the series. The ligand
excitation spectrum shows two bands located at &t 340 nm (or one band in ethanol

solution, Supp. Inf. S4).

The emission spectra of compouridand2 are mostly dominated by a broad band attributable
to n* —n (or n*—n) relaxation transitions (see Figure 6b). Thesedbaare blue-shifted from
the free-ligand, suggestingnetal-disturbed ligand transitions [47]. The direct excitation tf
(5%Eu) into the Ed" levels serves as the sensitization pathway toym@df emission, where a
weak intense signal ascribed iDy—'F, transition was identified (Figure 6c). The doped
lanthanide compounds exhibited weak 4f transitigmsn excitation at 300 nm whet®,—'F;
and>P,—°Hs transitions were located fdr(5%Tb) and2 respectively, as show in Figure 6d
and 5e. The quenching effect on the lanthanidesoniof doped samples can be explained in
terms of the influence of OH from coordinated waterecules and the OH terminal groups of

4-OHBBA (see Supp. Inf. S5), as it was possiblsg® in lanthanide frameworks [48] [49].
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Figure 6 a) Excitation ke = 384 nm) and emission spectia =300 nm) of 4-OHBBA ligand,
b) SSPL of 1 and 2 and the doped 1 (5%Ln, where Ea, Th or Dy) compounds in



comparison with the free ligand. Intra-configuratb4f transitions of the respective doped
systems (c, d and e).

The D, —'F, hypersensitive transition of some Eu-CPs has been useful to sense a vafiety
chemical entities [50-52]. For this reasdr(5%Eu) was chosen to test the molecule sensing
towards aromatic molecules in solutions. Figuresiiaws a set of sensing experiments related
along with the concentration of aromatic substaraesgylene, xylenol and benzyl alcohol. In
Figure 7D, it is clear how the progressive amounkybene (from 0-100QuL) increases the
ligand emission up to ~35%, while the increasentensity is less marked in presence of
benzylalcohol and xylenol (Figure 7c and d). THi®mpomenon might be explained in terms of
proximities of the electronic levels from the ardgim@ompounds to the excited states from the
linker [8][53]; moreover, théDy—F, emission located at 610 nm is quenched by thetiaddi

of the analytes. This behaviour could be ascrilmethé presence of the —OH groups of the
analytes under study.
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Figure 7 a) PL performance of compound 1 in MeOH and theaptesponses of 1-(5%Eu) in
presence of 0-1000L of b) xylene, c) xylenol and d) benzylalcohol.

PCA was employed taking into account both signaitoutions from the sensor (ligand
emission at 384 nm and the europium emission atr6tp and for classifying the type of
analytes) [54]. PCA is a commonly used tool in yesuised classification, which can extract

the dominant patterns in the data based on thaifasity without any prior knowledge of their



classification (see details in Supp. Inf. S6). €ha@ission spectra were pre-processed, as detailed
in the Supp. Inf. S7, before applying the PCA noeitiThe two most relevant components that
PCA provided explain 86.8% of the variation. Therss plot for these two components, PC1
versus PC2, is shown in Supp. Inf. S8. PCA analyesvealed a clear discrimination of the
analytes between the three groups, which is a ifamaif the principal component variation in
the samples, based on their chemical structure.tfile® groups are: (i) the xylene with only
methyl group, (ii) the xylenol with methyl and hgayl groups and, (iii) the benzyl alcohol
with hydroxymethyl group. These results give pranggindings for the use of CPs as sensors

for explosives precursors.

4. Conclusions

A new set of new CPs based on 4'-hydroxi-4-bipheagdoxylic acid (4-OHBBA) with
lanthanides (La and Pr) was obtained by hydrotheooaditions and fully characterized by
powder and single crystal X-ray diffractions, vitioaal and thermal analysis. The compounds,
with general formula [Ln(4-OHBBAJH,0),], were characterized as one-dimensional inorganic
chains structure along [010] direction. Their ml&alcoordination spheres were octa-
coordinated and incorporate two water moleculethénasymmetric units. The supramolecular
topology of a coordination polymer as a 7-nodal,344,4,4-connected network with point
symbol (6.8)%(6.8)%(6°.8%.10Y(6%*(6°.8)%(8°) was described for the first time in this study.
Besides, the solid-state photoluminescence (SS#la)ysis of the sample set was carried out in
terms of absorption, excitation and emission ssidiehe Eu, Tb and Dy -doped samples
exhibited dual emissions from the 4-OHBBA liganddathe lanthanide ones, whose A4f
quenching is explained in terms of OH relaxationthpays. Finally, sensing experiments
employing the Eu-doped sample showed promisingpeetives for the differential response

under the presence of “explosive-like” moleculeshsas xylene, xylenol and benzyl alcohol.
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