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ABSTRACT.

A series of isostructural homo- and hetero-lanthanide coordination polymers of
formula [Lnz(dcpa);(H20)]. with Ln=La-Gd has been obtained by reactions in water
between the lightest lanthanide chlorides and the di-sodium salt of 4,5-dichlorophthalic acid
(H2dcpa). They present particularly high thermal stability for coordmation compounds (up to
400 °C). Ther luminescent properties have been studied i details. Interestingly an
nsensitivity to water coordination as well as a very strong effect of optical dilution is
observed. Therefore molecular alloys with very high lanthanum concentration have been
prepared. Some of them present highly tunable and very mtense luminescence. For examples,
to the best of our knowledge, [Smo.o4Lai.96(dcpa);(H20)]» presents one of the highest overall

quantum yield measured so far for a Sm’*-based coordination compound (ngrifand =9.2 %)

and [Ndo.03Smo.14Eu0.03La1 8(dcpa)s(H20)] is one of the brightest (12 Cd.m? under
0.75 mW.cmr? UV flux) multi-emissive visible and near infra-red lanthanide-coordination

polymer reported to date.



INTRODUCTION.

For more than a decade, lanthanide-based coordination polymers! have attracted
growing interest, in part because of their unique optical properties.?® Indeed, they can find
their applications in various technological fields such as molecular sensing,!'0-!> light and
display® !¢ or fight against counterfeiting.!’-2 Therefore, the quest of new lanthanide-based
coordination polymers that exhibit original or more efficient luminescent properties is a
particularly active field of research.?! In order to obtain efficient materials one has to
judiciously choose the ligand?2->¢ and/or the metallic centers.?’-2° As far as metallic centers are
concerned, the synthesis of hetero-lanthanide-based compounds appears as a promising
strategy. Indeed it has been demonstrated3? that, in this class of compounds, first described by
Zhou et al®' in 1994, lanthanide ions distribute randomly over the different metallic centers
of the crystal structure so forming molecular alloys3? that allow modulation of the emission
color and intensity.33-4! Of course, the choice of the ligand is also of first importance. Indeed,
because of the shielded character of the 4f valence orbitals of the lanthanide ions,*? the ligand
has deciding influence upon the crystal structure and upon the Ligand-to-Lanthanide energy
transfers.*3 Therefore, the quest for new ligands that can provide improved luminescent
properties is a continuous concern, 20> 38-39

As far as potential technological applications are targeted, ligands must be
commercially available at low cost and thermally stable. Moreover the synthetic process used
for the design of lanthanide-based coordmnation polymers must be as respectful of
environment as possible.**

On the basis of these prerequisites, we have undertaken the study of lanthanide-based
coordination polymers with 4,5-dichlorophthalate ligand (hereafter symbolized by dcpa?’)

(Scheme 1). Indeed, it has previously been demonstrated that this ligand presents an excellent



antenna effect*® toward lanthanide ions and leads to lanthanide-based coordination polymers
that exhibit very intense luminescence.?’
OH

Cl
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OH
Scheme 1. Schematic representation of 4,5-dichlorophthalic acid hereafter referenced as
Hz(dcpa).

Moreover, to the best of our knowledge, there are only a few examples in literature of
lanthanide-based coordmation polymers with this lgand, and most of them have been
obtained by hydrothermal synthesis.??- 46-47 In the frame of this study we have prepared, via an
environment respectful synthetic process, a family of homo- and hetero-lanthanide-based
coordination polymers with general chemical formula [Ln2(dcpa);(H20)]» with Ln= La-Gd
(except Pm). These compounds are isostructural to [Ew(dcpa)3(H20)]w,*¢ that has been

previously reported. As anticipated, some of them present excellent luminescence properties.

EXPERIMENTAL SECTION

Lanthanide oxides (4N) were purchased from AMPERE Company and used without
further  purification. Lanthanide chlorides were prepared according to literature.*®
4,5-dichlorophthalic acid was purchased from Clinisciences Company and used without

further purification. Its sodium salt was prepared as previously described.??



Synthesis of the homo-lanthanide-based coordination polymers.

An aqueous solution of a lanthanide chloride (0.5 mmol n 5 mlL) and an aqueous
solution of the sodium salt of 4,5-dichlorophthalic acid (0.75 mmol in 5 mL) were mixed and
stirred for 30 min at room-temperature. Precipitation occurred. The solid was filtered, rinsed
with water and dried at ambient temperature and pressure. All IR spectra were similar and
show the characteristic peaks of carboxylate function (1386 cmr! and 1560 cmr!). As a matter
of example, IR spectrum of [Nd2(dcpa);(H20)]» is reported in Figure S1. Iso-structurality of
the compounds with [Euz(dcpa);(H20)] was assumed on the basis of their X-ray powder

diffraction patterns (Figure S2).

Synthesis of the hetero-lanthanide-based coordination polymers.

Hetero-lanthanide coordination polymers have been prepared according to the
procedure described above for homo-lanthanide compounds, simply replacing the lanthanide
chloride solution by a solution of the appropriate mixture of lanthanide chlorides.
Iso-structurality of these compounds with [Euz(dcpa)s(H20)] has been assumed on the basis
of their X-ray powder diffraction diagrams (Figures S3-S14). Experimental lanthanides
contents were determined by EDS measurements (Tables S1-S12). Random distribution of the
different metallic ions over the metallic sites of the crystal structure has been assumed on the

basis of previously reported results obtained on similar compounds.?8> 30-49-30

X-ray powder diffraction diagrams.

All X-ray powder diffraction diagrams have been collected with a Panalytical X'Pert
Pro diffractometer equipped with an X'Celerator detector. Experimental conditions are:
CuKa radiation (L =1.542 A), 1=40 mA, V=45kV, 0/0 mode. Thermo-dependent X-ray

powder diffraction diagrams have been collected with the same apparatus, equipped with an



Anton Parr HTK 1200 furnace, i the same experimental conditions, between
room-temperature and 1000 °C under N> flux. Simulated, from the crystal structure, X-ray
diffraction diagram has been calculated using PowderCell and WinPlotR programs.>!-32 Fit of
the experimental [Euz(dcpa);(H20)]» powder diffraction diagram has been performed using

the Fullprof suite>? by Le Bail method>* (Figure S15).

Electronic microscopy and Energy Dispersive Spectroscopy (EDS).

EDS measurements have been performed with a Hitachi TM-1000, Tabletop
Microscope version 02.11 (Hitachi High-Technologies, Corporation Tokyo Japan) with EDS
analysis system (SwiftED-TM, Oxford Instruments Link INCA). Samples were assembled on
carbon discs, stuck on a carbon stub. Reproducibility of the elemental analyses has been
checked by repeating the measurements several times for several spots per sample. These

experiments support the homogeneity of the samples.

Thermal analyses.

Thermal analyses have been performed with a Perkin Elmer Pyris Diamond
TGA/TDA analyzer between room-temperature and 950 °C with a 5 °C.min"! rate in platinum
crucibles under N2 atmosphere. The compound was mamntained for 1 h at 950 °C under air

atmosphere i order to insure complete combustion.

Optical measurements.

Solid-state emission and excitation spectra have been measured on a Horiba
Jobin-Yvon Fluorolog III fluorescence spectrometer equipped with a Xe lamp 450 W, a
UV-Vis photomultiplier (Hamamatsu R928, sensitivity 190 - 860 nm) and an IR-photodiode

cooled by liquid nitrogen (InGaAs, sensitivity 800 — 1600 nm). Quantum yield measurements



were performed using a F-3018 Jobin-Yvon integrating sphere (® = (Ec - Ea)/(La - Lc) where
Ec is the integrated emission spectrum of the sample, E. the integrated “blank” emission
spectrum, L. the “blank” absorption and L. the sample absorption at the excitation
wavelength). The emission/excitation spectra and quantum yield recordings were realized on
powder samples itroduced in cylindrical quartz cells of 0.7 cm diameter and 2.4 cm height,
which were placed directly inside the integrating sphere, or on powder samples pasted on
copper plates with silver glue. The luminescence of the La-based microcrystalline powders
placed in quartz capillary tubes has been measured at 77 K (Dewar + liquid nitrogen). For the
measurements realized at variable temperature (77 K —300 K), the samples were mntroduced
m an OptistatCF  liquid nitrogen cooled cryostat from Oxford Instruments. Longest
luminescence decays (t> 10 us) have also been measured at room-temperature using this
apparatus with a Xenon flash lamp (phosphorescence mode). Shortest luminescence decays
(t<10pus) were measured directly with the fluorescence spectrometer coupled with an
additional TCSPC module (Time-Correlated-Single-Photon-Counting) and a 300 nm pulsed
Delta-Diode. Lifetimes and quantum yields are averages of three independent determinations.

Comparative solid-state luminescent spectra have been measured on the same
fluorimeter on powders samples shaped into pellets (1.5 cn?). Spectra were recorded between
450 and 1500 nm with the two detectors (PMT and photo-diode) under identical operating
conditions and without turning the lamp off to ensure a valid comparison between the
emission spectra.

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
mstrumental response function.

Solid-state UV-visible absorption measurements have been performed with a Perkin

Elmer Lambda 650 spectrometer equipped with a 60 mm integrated sphere.



IR spectra have been recorded with a Perkin Elmer Frontier FT-IR spectrometer
equipped with a UATR accessory (Universal Attenuated Total Reflectance) between 650 and
4000 cm!,

Luminance of the samples expressed in Cd.m? have been measured with a
Gigahertz-Optik X1-1 optometer with an integration time of 200 ms on 1.5 cm? pellets under
UV  iradiation (Aexe =312 nm). The mtensity of the UV flux at sample Ilocation,
0.75(2) mW.cm?, has been measured with a ViberLourmat VLX-3W radiometer.
[Tba(bdc)3-4H20], where bdc? stands for terephthalate, was used as a standard. Its
luminance s 142(2) Cd.m? under these operating conditions  (Aexc =312 nm;
flux =0.75(2) mW.cm?).30

The CIE (Commission Internationale de [IEclairage) (x, y) emission color
coordinates®> 3% were measured with a MSU-003 colorimeter (Majantys) equipped with the

PhotonProbe 1.6.0 Software (Majantys). Color measurements: 2°, CIE 1931, step 5 nm, under

312nm UV fightt X=kx [[D" Lxx, Y=kx[C"Lxy, and Z=kx
f378800£;n I, X z; with k constant for the measurement system, I, sample spectrum intensity

wavelength depending, x;, ), z. trichromatic valies x=X/(X+Y+Z), y=Y/(X+Y+Z) and
z=7/(X+Y+Z). Mean xyz values are given for each sample, which act as light sources
(luminescent samples). Standards from Phosphor Technology used, calibrated at 312 nm: red
phosphor Gd202S:Eu (x=0.667, y=0.330) and green phosphor Gd20:S:Tb (x=0.328,

y =0.537).



RESULTS AND DISCUSSION.
Crystal structure and thermal behavior of [Ln;(dcpa);(H20)]. with Ln= La-Gd (except
Pm).

Reactions in water, at room-temperature, between lanthanide chlorides and the
di-sodium salt of 4,5-dichlorophthalic acid, lead to microcrystalline precipitates. All the
obtained compounds reveal to be iso-structural to [Euz(dcpa);(H20)] that has been
structurally described previously (CCDC-1551529).4¢ Therefore only a brief structural
description, that is necessary for luminescence properties understanding, is given below. This
coordination polymer crystallizes in the monoclinic system, space group P2i/c (N° 14). There
are two crystallographically independent Eu’* ions in the crystal structure. Eul is eight
coordinated by seven oxygen atoms from carboxylate functions that belong to five different
ligands and one oxygen atom from a coordination water molecule, that form a slightly
distorted trigonal dodecahedron. Eu2 is nine coordinated by oxygen atoms from nine
carboxylate functions that belong to six different ligands that form a slightly distorted capped
square antiprism (Figure 1). It can be noticed that, n this compound, there is no
crystallization water molecule and only one coordination water molecule per formula unit.
This low hydration rate is confirmed by thermal analyses. There are three independent
dcpa?- ligands in the crystal structure. Their coordination modes are drawn in Figure 1. This

figure shows that all the three ligands are polydentate and bind three to four lanthanide ions.



Figure 1. Projection view of an extended asymmetric unit of [Euz(dcpa);-H2Olw (top left);
Euw’" ions polyhedrons (top right). Coordination modes of the dcpa’  ligands (bottom).

Redrawn from reference 46.

The crystal structure can be described on the basis of norganic chains made of dimeric
Eul-Eu2 units that spread along the c-axis. Inside the dimeric units, the two lanthanide ions
coordination polyhedrons share a face (deweu=3.8290(4) A) and coordination polyhedrons of
adjacent lanthanide ions that belong to different dimeric units share a vertex
(deuw-eu=4.2132(2) A) (Figure 2). These inorganic chains are bound to each other by bridging
dcpa?- ligands so forming a 2D molecular framework. Shortest distances between lanthanide
jons that belong to different inorganic chains lay in the range 5.3093(3)-9.0400(5) A
(Figure 2). All the chloride atoms point toward the inter-plane space (Figure 2) and insure the
stability of the crystal packing by strong halogen-bonds (dci-ci=3.3-3.7 A). Shortest
mter-metallic distances between lanthanide ions that belong to different molecular layers are
about 14 - 15 A that is greater than 10 A which is commonly considered as the threshold
above which inter-metallic energy transfer mechanisms become less efficient.??: 43
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Figure 2. Left: Projection views of an norganic chain (top left) and of two adjacent inorganic
chains (bottom left). Lanthanide polyhedrons are drawn. Only relevant binding ligands are
drawn. Characteristic inter-metallic distances are reported. Oxygen atoms of the coordination
water molecules are in blue. Right: perspective view of an extended unit cell Green balls
symbolize chloride atoms. Redrawn from reference 46.

From a global point of view, there are 13 lanthanide ions closer than 10 A from a

given lanthanide ion. All of them belong to the same molecular layer (Scheme 2).
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Scheme 2. Projection view along the b-axis of a molecular layer. Broken-line circle represents
a 10 A distance from the central Eul atom. Redrawn from reference 46. The situation is
identical for Eu2 as a central atom.

Thermal analysis under N2 flux of [Smz(depa);(H20)]» (Figure 3) shows the departure
of one water molecule around 100 °C (1.8 % - Calc. 2.0 %). The resulting anhydrous
compound remains unchanged until 400 °C. Then, the ligands decompose leading to Sm2O3.
Thermo-dependent powder X-ray diffraction diagrams have been collected (Figure 3): the
crystal structure of the starting compound and that of the anhydrous phase are identical. This
is quite rare in lanthanide coordination chemistry. In fact, because of the high structural
versatility of lanthanide ions, a change in the hydration rate provokes, usually, a change in the
crystal structure.’” In the present case, the carboxylate functions are overcrowded which
prevents structural reorganization. The robustness of this crystal structure can be related to the
strength of the molecular layers induced by the polydentate ligand and to the high density of
halogen-bonds between them. It must also be noticed that de-hydrated sample does not

re-hydrate when exposed to wet atmosphere.
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Figure 3. Top: Thermal analyses of [Smz(dcpa);(H20)]». Bottom: Thermo-dependent X-ray
diffraction patterns of [Smz(dcpa)3(H20)]w between 25 °C and 950 °C.

This quite high thermal stability, for a coordination compound, makes this series of
compounds potentially interesting candidates for technological applications and encouraged

us to deeply study their luminescent properties.

Luminescent properties of [Lny(dcpa);(H20)]. with Ln = La-Gd (except Pm).
[Laz(dcpa);(H20)]-
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Location of the first excited singlet and triplet state of the ligand are of first interest.
We have estimated them by referring to the UV-vis absorption edge (325 nm= 30800 cnr'!)
and to the shortest wavelength of the phosphorescence band at 77 K (405 nm~ 24700 cnr!) of
[Lax(dcpa);(H20)], respectively (Figures S16 and S17).43 According to Reinhoudt's
empirical rules,’® inter-system crossing mechanism is efficient when the gap between the first
excited triplet and singlet states is greater than 5000 cnr!. In the present case, the gap is about
6100 cr! and therefore Ligand-to-Lanthanide ion energy transfer is supposed to involve the
excited triplet state of the ligand. It can also be noticed that the observed luminescent lifetime
of [Lax(depa)3(H2O)]» is very long (124(1) ms) and much greater than what is usually
observed for lanthanide-based coordination polymers.20- 30

[Euz(depa)s;(H20)]

Among the homo-lanthanide compounds that constitute this family, the most
promising one, as far as luminescence in the visible domain is targeted, is the Eu-based one.
Its excitation and emission spectra have been recorded at room-temperature (Figure 4).
Excitation spectrum shows a broad band centered at 303 nm that can be attributed to ligand
It — In*Ar* transitions and evidences an efficient antenna effect*> of the ligand for the
Eu-derivative. It also shows excitation peaks that correspond to ’Fo — °Di-4 and "Fo — °Le-7
41-4f transitions. Room-temperature solid-state emission spectra have been recorded under
303 nm and 393.5 nm excitation wavelengths that correspond to the 'm — !m*/Arn* ligand

transition and to the "Fo — 3Ls Eu’" transition, respectively.
p Yy
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Figure 4. Room-temperature solid-state excitation (Aem = 614 nm, red curve) and emission
spectra (Aexe =303 nm and Aexc =393.5 nm, red and black dotted curves, respectively) of
[Ew(dcpa)s;(H20)]w.

Emission spectrum shows °Do — 7Fi4 characteristic transitions of Eu’*™ ions.>® It is
dominated by the Do — "F2 transition (614 nm). Actually, [Euz(dcpa)3;(H20)] exhibits bright
red luminescence (luminance is 51(3) Cd.m? under a 0.75(2) mW.cm? luminous flux at

312 nm). Overall quantum vyield is Qéiugand=28(3)% and luminescence lifetime is

Tobs = 1.42(1) ms. This sizeable overall quantum yield is in agreement with empirical Latva's
rules®® that predict that such a first excited triplet state energy (24700 cnr!) favors efficient
Ligand-to-Metal energy transfers without significant back-transfers.

Sensitization efficiency (Msens) that corresponds to the efficacy of the Ligand-to-Metal

energy transfers, can be estimated, by the following empirical relationship

Ligand __ Ln _ Tobs
Ln - T]sens QLn - T]sens Trad (1)

where QI is the intrinsic quantum yield upon direct excitation of the lanthanide ion and Trad
is the radiative lifetime.®'-%2 For Eu-containing compounds, a simplified relationship allows

the estimation of the radiative lifetime:©3
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= Ayp,n’® (‘;—ot) @)

where Amp,o is equal to 14.65 s°! and corresponds to the spontaneous emission probability of

the magnetic dipole *Do — 7F1, n is the refractive index and It and Imp are the integrated

intensities of the Do = ’F; (J=0-6) transitons and of the Do — 7Fi transition only,

respectively. Refractive index n was estimated to 1.50 on the basis of known refractive

indexes of similar compounds.?>- 30 With these assumptions, one obtains Trad =2.7(1) ms and
Ln _

rn=353(2) % which means that msns s close to 53 %. Energy transfer mechanisms that

govern the luminescence of [Ew(dcpa)3;(H20)]» are reported on Scheme 3.
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Scheme 3. Schematic representation of the energy transfer mechanisms that govern
[Ewz(depa)3(H20)]. The red arrows are the emission in both the visible and the IR (broken
arrow) domains. IC, ISC and nsensstand for Internal Conversion, Inter-Crossing-System and
Sensitization Energy processes, respectively. S and T stand for Singlet and Triplet states,
respectively.

The sizeable overall quantum yield (Qp5*"!=28(3)%) associated with a quite

moderate sensitization efficiency (Nsens=353 %) and a quite high intrinsic quantum yield
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(QEY =53(2) %)*" o4 strongly suggest that non-radiative de-excitation due to O-H vibrators is
weak. Indeed, there is only one coordination water molecule per formula unt i this
compound. In order to confirm that it contributes weakly to non-radiative de-excitation we
have measured, at room-temperature, excitation and emission spectra of a dehydrated sample
of [Ew(dcpa)3]» (obtained after heating [Ew(dcpa)3;(H20)]» in a furnace at 200 °C, under N2
atmosphere, for 2 hours) (Figure S18). Figure S18 shows that both hydrated and de-hydrated
compounds exhibit similar luminescent behaviors. Moreover lummnescence lifetimes and
overall quantum vyields are identical This confirms that non-radiative de-excitation due to
O-H vibrators is negligible. This constitutes an asset as far as technological applications are
targeted because the user has not to take care of the hydration rate of the compound during the
industrial process. This feature is very rare for rare-earth coordination polymers.

Because hydration rate has negligble influience on lummescence properties, only

hydrated phases are studied in the following.

[Smy(depa);(H20)], [Pr2(depa);(H20)].. and [Ndy(depa);(H20)]

The Sm’*-derivative exhibits Iuminescence in the visible but also in the infra-red
domain. Accordingly, room-temperature solid-state excitation spectrum (Aem =642 nm) and
emission spectra in both the visible and the IR domains (Aexc =303 nm) have been recorded
and are reported in Figure 5. Excitation spectrum shows a broad band centered at 303 nm
similar to the one observed for [Eu2(dcpa)s;(H20)]w that evidences that the ligand act as an
efficient antenna for [Sme(dcpa);(H20)]» as well Emission spectrum recorded in the visible
domain shows the characteristic emission peaks of Sm?* that correspond to *Gsp — “Hsp-13/2
transitions (Tobs = 0.6(1) ps).%° It is noteworthy that emission intensity is so weak that no

quantum yield measurement has been possible with our setup. Emission spectrum in the IR

17



domain also shows the characteristic emission peaks of Sm** that correspond to *Gs — ®Hisp

and *Gs;, — °F1/2-11/2 transitions.
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Figure 5. Room-temperature solid-state excitation (Aem =642nm) and emission
(Aexc =303 nm) spectra in the visible domain of [Sme(dcpa)s;(H20)]w (top). Room-temperature
solid-state emission (Aexc =303 nm) spectrum in the IR domain of [Smz(dcpa);(H20)]w
(bottom).
Room-temperature solid-state excitation and emission spectra of both the Pr- and the

Nd-derivatives have also been recorded (Figure 6). Excitation spectra indicate that again the

antenna effect is efficient for both compounds.
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Emission spectrum of [Pr2(dcpa)s(H20)]. shows the characteristic peaks of the Pr3*
ion that correspond to 3Pi1.0 — 3He-4 and P10 — 3Fa-» transitions.%¢ It is noticeable that these
emission peaks in the visible domain are rarely observed and Pr-based coordination polymers
that exhibit such a well-defined emission spectrum are rare.3%. 4 67-68 Emission spectrum, in
the IR domain, of [Nd2(dcpa)3(H20)]. shows the characteristic peaks of Nd3* that correspond

to *F3/2 — *l9/2-13/2 transitions.®®
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[Pr2(dcpa)3(H20)]w in the visible domain (top) and of [Nd2(dcpa);(H20)]» in the IR domain
(bottom).
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Brightness enhancement: [Ln;.;xLaz«(dcpa);(H20)].. with Ln= Pr-Eu (except Pm) and
0<x<1

It is commonly admitted that inter-metallic energy transfers are less efficient when
lanthanide ions are more than 10 A far from each other.22 As underlined in the structural part,
in this family of compounds, there are 13 lanthanide ions closer than 10 A fiom a given
lanthanide ion and all of them belong to the same molecular layer. Therefore, it is,
theoretically, possible to enhance the lummescence mtensity by diluting optically-active
lanthanide ions by optically inactive ones. In our case we have used La'l as optically inactive
ion and we have prepared four series of hetero-di-lanthanide coordination polymers with
respective general chemical formulas [Pr2-2:xLazx(dcpa)s(H20)]w, [Ndz2-2xLazx(depa)s(H20)]w,
[Smp-2xLazx(depa)3;(H20)]» and [Ewz-2xLazx(dcpa)3;(H20)] with 0 <x < 1. Iso-structurality of
these compounds with [Euz(dcpa);(H20)] has been assumed on the basis of their powder
X-ray diffraction diagrams (Figures S3 to S6) and the relative contents of the two lanthanide
ions have been estimated on the basis of EDS measurements (Tables S1 to S4).

Emission  spectra of the compounds with general chemical formula
[Euz-2xLazx(depa)3(H20)]o with 0 <x <1 have been recorded (Aexc =303 nm) (Figure 7). Their
luminance (Aexc =312 nm) has been measured as well (Figure S19). Figure 7 shows that
luminescence intensity is almost constant whatever x is. This is in agreement with the crystal
structure. Indeed, for a given Eu’" ion, if one wants to substitute the 13 nearest neighbors by
La’* ions, the x value should be at least 0.93. This is actually what is observed and the
luminescence intensity is roughly identical between x =0 and x =0.9. This is interesting as far
as potential industrial applications are targeted because lanthanum is much cheaper than
europium. This behavior is quite unusual and generally, for La/Eu-based hetero-lanthanide

coordination polymers, the decreasing of the number of luminescent centers is not fully
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compensated by the decreasing of inter-metallic energy transfers.3% 39-40 This suggests that
inter-metallic energy transfers are very strong and that particularly high La! content is
required to suppress them in this system. Consequently, the dilution of optically active

lanthanide ions by optically inactive ones constitutes a very efficient strategy.
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Figure 7. Left: room-temperature solid-state emission spectra of [Euz-2xLazx(dcpa)s;(H20)]w
with 0 <x <1 (Aexc =303 nm). Right: integrated intensity of all the observed Eu’" transitions
versus x (step is 0.1). Integrated intensity of [Euz(dcpa)s;(H20)]w is set to 1.

In order to verify this assumption, emission spectra of La/Pr-, La/Nd- and

La/Sm-derivatives have been recorded (Figures 8 and 9).
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Figure 8. Left: Room-temperature solid-state emission spectra of [Smz.-2xLazx(dcpa)3;(H20)]w
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intensity of [Sme(dcpa)s(H20)]w is set to 1.
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Figure 8 evidences that the brightness enhancement by dilution is much more efficient
for the La/Sm-series than for the La/Eu-series. Indeed the intensity of the luminescence of
[Smo.0slaros(depa)s(H2O)] is 432 times and 576 times greater than that of
[Sme(dcpa);(H20)] in the visible and in the IR domains, respectively. Enhancement by
dilution effect of the Sm** luminescence has already been reported but with a much lower
extend.®® This very strong enhancement of the luminescence intensity by dilution effect was
unexpected and is, to the best of our knowledge, unprecedented. Overall quantum yield of
[Smo.osLa1.96(dcpa)s(H20)] in the visible domain has been measured. It reaches 9.2(2) %
which is, for a Sm’" coordination compound, a remarkable value when compared with the
literature (Table 1). The luminescence lifetime also increases a lot with a measured value of
0.38(1) ms for [Smp.:Laig(dcpa);(H20)]e compared to 0.6(1) us for [Smz(dcpa)s;(H20)]w.
Luminance under irradiation of this series of compounds has also been measured (Figure
S20). These measurements shows a very abrupt increase of the luminance with x and

luminance for [Smo.o4La1.96(dcpa)s(H20)]w is greater than 15 Cd.mr2.

Table 1. Some overall quantum yields in the visible domain of Sm-based coordination
compounds previously reported.

Chemical formula ]grifa“d (%)  Aexe (nm) Reference
[Smp(cam)z2(bdc):(H20)2-dmf]w 52 280 70
[Sm(bcpba)(H20)]w 17 259 71
[Sm(tfbdc)1.5(H20)2-H2O 0.73 364 72
[Sm(tpia)(H20)3-5.5H20]- 1.8 358 73
[Sm(dpdc)1.5(ip)(H20)]» 1.76 330 74
[Sto(mip)3 (H20)s-4H201-0 0.18 325 38
[Sto(Hshi)2(dbm)s-2dmf] 0.8 355 69
[Smo.1Gd1.9(Hshi)2(dbm)s - 2dmf] 2.4 355 69
[Sme(dcpa)s (H20)]w <0.1 303 This work
[Smo.04La1.96(dcpa)z(H20)]w 9.2 303 This work

bdc = benzenedicarboxylate; cam = camphorate;

bepba = 3,5-bi(4-carboxy-phenoxy)-benzoate; ttbdc = 2,3,5,6-tetrafluoroterephthalate;
tpia = 5-(4-(tetrazol-5-yl)phenoxy)isophthalate; dpdc = 2,2'diphenyldicarboxylate;

ip = 1H-imidazo[4,5][1,10]-phenantroline; shi = salicylhydroxamate;

dbm = dibenzoylmethanide; mip = methoxyisophthalate
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Dilution effect for the compounds that constitute the La/Pr and La/Nd series is
mtermediate between the behavior of the La/Eu-based compounds and that of the
La/Sm-based ones (Figure 9). In both cases, maximum intensity is reached for x~ 0.9 but
maximum enhancement factor is about 4.9 in the visible domain and about 234 in the IR

domain for La/Pr series and is only about 2.3 for La/Nd series.
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Figure 9. Room-temperature solid-state emission spectra of [Pr2-2xLazx(dcpa);(H20)]» (top
and middle for visible and IR, respectively) and [Ndz-2xLaxx(dcpa);(H20)]» (bottom) with
0<x<1 (hexc=2303 nm). Integrated intensities of all the observed transitions for Pr3* in the
visible and in the IR, respectively (top and middle right), and for Nd3* in the IR (bottom right)
versus x. Integrated intensities of [Pr2(dcpa)3;(H20)]» and [Nd2(dcpa)s(H20)]w are set to 1.

As far as dilution effect is concerned, these four series of iso-structural
hetero-lanthanide coordination polymers exhibit drastically different behaviors (Tables 2 and

S13).

Table 2. Maximum integrated area of the emission peaks of [Pro.o4lai.96(dcpa)s;(H20)]w,
[Ndo.2La1.s(dcpa)s(H20)]w, [Smo.osalargs(depa)s(H20)] and [Eur.sLao2(depa)s(H20)] with
0 <x <1 series.

Commpound ' Visible . Infra-red
integrated area* integrated area*
[Pro.04La1.96(dcpa)3(H20)]w 4.9 234
[Ndo.2La1.s(dcpa)3(H20)]w - 2.3
[Smo.04La1.96(dcpa)3(H20)]w 432 576
[Eui.8Lao.2(depa)3(H20)]w0 1.3 -

* Integrated area of the corresponding transitions measured for the homo-lanthanide
compounds are set to 1.

Because all the compounds are iso-structural, these results suggest that de-excitation
pathways are strongly dependent of the relative energies of the different states of the
lanthanide ions (Scheme 4).
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Differences in enhancement factor were expected because non-radiative deactivation
process is most often dominated by vibrational deactivation. Indeed the energy gap between
emissive and receiving Ln?* states can be bridged by high energy vibrators (O-H, C-H, C=0,
C-O, C=C... or their overtones)>® that are necessary present in coordination compounds. On
the other hand, extent of these differences was unexpected. It suggests that relative mfluence
of vibrational deactivation process toward inter-metallic quenching vary in a large extent from
a lanthanide ion to another. Because both mechanisms are thermo-dependent emission spectra
of [Lm(depa)3s(H20)]» and [Lno.2Lai.s(depa)s(H20)] with Ln=Pr, Nd, Sm or Eu have been
recorded versus temperature between 77 K and 300K (Figures S21—S24). These
measurements evidences that both inter-metallic energy transfers and vibrational de-activation
strongly depend on the considered lanthanide ion. However, these results indicate that the
influence of the temperature on the emission spectra of the La-doped compounds is
unexpectedly weak (fluctuations are only about 10% - Figure S25) when compared with
similar coordination polymers.*® This could be related to the rigid molecular framework that

limits vibrations, and possibly non-radiative de-excitation in this family of compounds.

Investigation of the energy transfers in hetero-lanthanide-based coordination polymers.
Because of this unexpectedly strong dilution effect, a study of the mnter-metallic energy
transfers that take place in hetero-lanthanide based coordination polymers that mvolve two
optically active lanthanide ions have been undertaken. In order to evaluate the relevance of a
"cascade effect" strategy,”> Eu-containing series have been studied because
[Ewz(dcpa)3(H20)]w exhibits the most important overall quantum yield of the homo-lanthanide
coordination polymers that belong to this series of compounds. Therefore,

[Pr2-2xEwx(depa)s(H20)]w, [Nd2-2xEwx(depa)s(H20)]o and [Sme-2xEwx(depa)s(H20)]w with
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x=0.25, 0.5 and 0.75 have been prepared. Therr metallic compositions were determined by
EDS measurements (Tables S5 to S7). Their iso-structurality with [Eux(dcpa);(H20)]» was
assumed on the basis of their powder X-ray diffraction diagrams (Figures S7 to S9). Their
emission spectra have been recorded in both the visible and the IR domains (Figures S26, S27
and S28 for [Ndz2-2xEwx(depa);(H20)]o, [Pr2-2xEwx(depa)s(H20)]w, [Sme-2xEwx(depa)s (H20)]o
series, respectively). They show similar behaviors and therefore only that of
[Nd2-2xEwx(depa)s(H20)]w with x = 0.25, 0.5 and 0.75 is described below.

Emission spectra of the compounds that belong to the Nd/Eu-based hetero lanthanide
series shows a drastic decreasing of the intensity of the Eu’* emission in both domains when
the Nd3* content increases. This suggests strong inter-metallic energy transfers. Inter-metallic

energy transfers efficiency (ner) has been estimated according to the following relationship:43

Negr = 1-— e 3

To
where tobs and to are the observed lifetimes of the donor luminescence in presence and in
absence of an acceptor, respectively. Therefore Eu’’-luminescence lifetimes  of
[Nd2-2xEwx(depa)3(H20)] and [Laz-2xEwx(depa)s(H20)] with x =0.25, 0.5 and 0.75 have

been measured and compared (Table 3).

Table 3. Eu’'-luminescence lifetimes of [Nd2-2xEwx(depa)s(H20)]w (Tobs) with x =0.25, 0.5,
0.75 and calculated inter-metallic energy transfers efficiency (ner).

Compound Tobs (MS) 70" (ms) ner (%)
[Ndo.sEui.5(dcpa)s(H20)]w 0.12(3) 1.42(1) 92
[Nd1Eui(depa)s(H20)]w 0.09(3) 1.42(1) 94
[Nd1.5Euo.5(dcpa)s(H20)]w 0.06(3) 1.42(1) 96

* 10 corresponds to the luminescence lifetimes offLaz-2xEwx(depa)3(H20)]» with x = 0.25, 0.5
and 0.75

Table 3 shows that inter-metallic energy transfers efficiencies are very strong for all
the compounds (Scheme 5). However, Figure S26 evidences that energy that is transferred
from Eu’" ions does not efficiently feed luminescent states of the Nd3* ion. Indeed,

[Nd2-2xEwx(depa)s(H20)]» exhibits almost no luminescence i the visible domain and a
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weaker luminescence, in the IR domain, than the pure Nd3*-derivative. Therefore there is no

sizeable "cascade effect" and Nd3" acts essentially as a quencher for Eu’™.
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Multi-emissive compounds: Hetero-lanthanide-based coordination polymers with a
spacer (La’") and two optically active lanthanide ions ([Lng.9.2xEug 2«
La; s(dcpa);(H,0)]. with Ln = Pr — Sm (except Pm) and 0 <x<1.

On the basis of the results described above, we have prepared some hetero-tri-metallic
molecular alloys with high lanthanum concentrations (90 %). Indeed, these high relative
contents of an optically mactive lanthanide ion should allow the design of multi-emissive
derivatives with sizeable brightness.

Therefore compounds with general chemical formula
[Lno.2-0.2xEuo. 2xLai.s(dcpa)s(H20)]w with 0 <x <1 and Ln=Pr-Sm (except Pm) have been
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synthesized (Tables S8 to S10 and Figures S10 to S12). Their emission spectra have been
recorded (Figures S29 to S31) and their luminance measured and compared with that of the
hetero-di-lanthanide compounds that present identical EwLn ratios but no lanthanum (Figure
10). Their luminescence lifetimes have been measured as well and compared with those of the
corresponding EwLa-based compounds for which the Ln acceptor lanthanide ion has been
substituted by lanthanum (Figure S13 and Table S11). Inter-metallic energy transfers
efficiencies have been calculated according to relationship (3). Results are gathered in

Table 4.
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Figure 10. Luminance under uv irradiation (Aexc =312 nm) of

[Lno.2-0.2xEuo.2xLai g(depa)3(H20)]» and of [Lm-2:Ewx(dcpa)s(H20)]w with 0<x <1 and
Ln = Pr-Sm except Pm vs x.

Table 4. Eu’" luminescence lifetimes of [Lno.2-0.2xEuo.2xLai.s(depa)s(H20)]w  (Tobs) with
Ln=Pr3*, Nd*" or Sm** and x =0.025, 0.05 and 0.075 and calculated inter-metallic energy
transfers efficiency (mer).

Compound Tobs (MS) 70" (ms) ner (%)
[Pro.15Buo.0sLa1 s(dcpa)3(H20)] 1.03(1) 1.50(1) 31
[Pro.1Euo.1Lai s(depa)s(H20)]wo 1.15(1) 1.47(1) 22
[Pr0.05Euo.15La1.s(dcpa)s(H20)]w 1.31(1) 1.48(1) 12
[Ndo.15Ew.0s5Lai.s(dcpa)s(H20)]w 0.86(1) 1.50(1) 43
[Ndo.1 Euo.1La1 s(depa)s(H20)] 1.01(1) 1.47(1) 32
[Ndo.osEuo.15La1 s(depa)s(H20)]w 1.19(1) 1.48(1) 20
[Smo.15Ew.05Lai.s(dcpa)s(H20)]w 1.18(1) 1.50(1) 21
[Smo.1Euo.1La; .s(dcpa)s(H20)]w 1.28(1) 1.47(1) 13
[Smo.0sEuo.15La;1 s(depa)s(H20)]w 1.37(1) 1.48(1) 8

* 10 corresponds to the luminescence lifetimes of [Eu-2xLazx(dcpa)s(H20)] with x = 0.925,
0.95 and 0.975
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Figure 10 and Table 4 show that dilution by lanthanum provokes a drastic decrease of

mter-metallic energy transfers and an mmportant gain in luminance.

Example of an optimized multi-emissive compound: Hetero-lanthanide-based
coordination polymer with a spacer (La3") and three optically active lanthanide ions:
[Ndo.03Smy.14Eug.03La; s(depa)s;(H2O)]..

Behaviors of all the compounds described above are dommnated by the very intense
Eu’" luminescence. Therefore, in order to obtain a multi-emissive hetero-lanthanide-based
coordination polymer with sizeable emission peaks intensities over the whole emission
domain (visible and IR), relative contents of the emissive lanthanide ions must be adjusted.
As a matter of example, [Ndo.03Smo.14Eu0.03La1.8(dcpa)3;(H20)]» has been prepared (Figure
S14 and Table S12). Excitation and emission spectra in both the visible and the IR domains at
room-temperature have been recorded (Figures S32-S33 and Figure 11). Emission spectrum
(Figure 11) shows a complex emission pattern with more than twenty sizeable emission peaks
that can be attributed to Nd3*, Sm®* or Eu®" over all the studied spectral domain (500 nm to
1250 nm). Luminance, measured under UV irradiation (Aexc =312 nm; 0.75(2) mW.cm?) is
12 Cd.m?. To the best of our knowledge there is no example of lanthanide-based coordination
polymer reported to date with such a complex and bright luminescent signature. Moreover
this compound composition is not optimized and obviously there are plenty of other molecular
alloys exhibiting such excellent properties that can be designed by application of the dilution

effect strategy. This can be an asset as far as luminescent bar-codes would be targeted.
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Figure 11. Room-temperature solid-state emission (Aexe =303 nm) spectra in both the visible
and IR domamns of [Ndo.o3Smo.14Eu0.03La1.s(depa)3(H20)]w. TEu=0.93(1) ms and
Tsm = 0.39(1) ms.
CONCLUSION AND OUTLOOK.

Compounds that constitute this series of iso-structural light-lanthanides-based
coordination polymers exhibit very intense and sometimes unprecedented luminescence.

Indeed, as a matter of example, [Smo.osLai.96(dcpa)s(H20)]~ presents one of the highest

overall quantum yield measured so far for a Sm’*-based coordination compound

(QLigand =92 %) and [Ndo,o3Smo,14Eu0.03Lal.8(dea)3(H20)]oo is one of the brightest

Sm

multi-emissive  lanthanide-coordination  polymer reported to date (12 Cd.m? under
0.75 mW.cmm? UV flux). When compared to other rare-earth coordination polymers the
[Lnz-2xLazx(dcpa)3(H20)]» family shows unexpected physico-chemical behavior: 1) their
dehydration is not reversible, a very rare feature with lanthanide-based coordination polymers
probably due to high rigidity of the lanthanide surrounding i) their luminescence is almost

msensitive to such dehydration or to temperature changes, showing that few non-radiative
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de-excitations pathways are active in these samples. Overall, these experimental evidences
could be due to a particularly rigid crystal packing that host very few efficient vibrators for
non-radiative de-excitation and promote a mineral-like optical behavior with remarkable
emission. These optical properties in conjunction with the green synthetic process of the
coordination polymers (high yield synthesis in water at ambient temperature and pressure)
and therr good thermal stability (up to 400 °C) make them attractive candidates as new

luminescent taggants.

SUPPORTING INFORMATION

IR spectrum of [Nd2(dcpa)3(H20)]w; Experimental X-ray diffraction patterns of

[Ln2(depa)3(H20)]o0 with  Ln=La-Gd  except Pm, [Euz-2xLazx(depa)s(H20)]eo,
[Smp-2:Lazx(depa)3;(H20)]w, [Nd2-2:Lazx(depa)3(H20)]w, [Pr2-2xLazx(dcpa)3(H20)]wo,
[Pr2-2xEwx(depa)3(H20)]., [Nd2-2:Ewx(dcpa)3(H20)]w, [Sme-2:Ewx(depa)3(H20)].,
[Pro.2-0.2xEuo.2xLa1.8(depa)3(H20)]w, [Ndo.2-0.2xEuo.2xLa1.g(depa)3(H20)]w,

[Smo.2-0.2xEuo.2xLa1 .s(depa)s(H20)]o with 0 < x < 1 and [Ndo.03Smo.14Eu0.03La1.s(dcpa)s;(H20)]w;
Expected and experimental relative lanthanide contents for [Eu-2xLa2«(dcpa)s;(H20)]w,

[Sme-2xLazx(depa)3(H20)]., [Nd2-2xLazx(depa)3(H20)]o0s [Pr2-2xLazx(dcpa)3(H20)]w0,
[Pr2-2xEuzx(dcpa)s (H20)]o, [Nd2-2xEwx(dcpa)s(H20)], [Smz-2xEwx(depa)s (H20)]w,
[Pro.2-0.2xEwo.2xLa1.s(depa)3(H20)]w, [Ndo.2-0.2xEuo.2xLai g(depa)3(H20)]w,

[Smo.2-0.2xEuo.2xLa1.s(dcpa)s(H20)]w with 0 <x < 1 and [Ndo.03Smo.14Eu0.03La1.s(dcpa)s;(H20)]o;
Experimental, calculated, and difference X-ray powder pattern of [Eux(dcpa);(H20)]» refined
n the P2i/c space group by the Le Bail method; Room-temperature solid-state UV-vis
absorption spectrum of [Lax(dcpa);(H20)]»; Solid-state excitation and emission spectra of
[Laz(dcpa)3(H20)]» recorded at 77 K; Room-temperature solid-state excitation and emission
spectra  of  [Ew(dcpa);(H2O)].e and  [Ew(dcpa)i]e;  Luminance vs x  of
[Ew-2xLazx(dcpa)3(H20)] and [Sme-2xLazx(depa)s(H20)]» with 0 <x < 1; Integrated area of
the  emission  peaks  of  [Pr2-2xLaxx(dcpa)s;(H20)]w, [Nd2-2:Laz2x(dcpa)3(H20)]w,
[Smp-2xLazx(depa)3(H20)]. and [Ew-2:Lazx(dcpa)s(H20)]w with 0<x <1 series; Visible
emission spectra vs temperature of [Pr2(dcpa)s;(H20)]» and [Pro.2Lai.s(dcpa);(H20)]w; Infrared
emission spectra vs temperature of [Nda(dcpa);(H20)]» and [Ndo.2Lai.s(depa)s(H20)]o0;
Visible emission spectra Vs temperature of  [Smy(dcpa);(H20)]w and
[Smo.2Lai 8(dcpa)3;(H20)]w; Infrared emission spectra vs temperature of [Euwz(dcepa)s;(H20)]w
and [Euw.2Lais(depa)s(H2O)]w; Integrated emission intensities vs  temperature  of
[Pr2(dcpa)3;(H20)]w and [Pro.2Lai.g(dcpa)3(H20)]w, [Nd2(dcpa)3(H20)]w and
[Ndo.2Lai.s(dcpa)3(H20)]w, [Smz(dcpa)s(H20)]w and [Smo.2Lai s(dcpa);(H20)]w,
[Ew(depa)s(H20)]» and [Ew.2Lai.s(depa)s(H20)]o; Room-temperature solid-state emission
spectra in the visible domain and i the IR domain of [Ndz2-2:Ewx(dcpa);(H20)]w,
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[Pr22xEwx(depa)3s(H20)lw, [Sne-2xEwx(depa)s(H20)]., [Pro.2-0.2xEuo.2xLai.s(depa)s(H20)]w,
[Ndo.2-0.2xEuo.2xLa1.s(dcpa)3(H20)].. and [Smo.2-0.2xEuo.2xLai.s(depa)s(H20)] with x =0, 0.25,
0.5, 0.75 and 1; Room-temperature solid-state excitation and emission spectra in the visible
and the IR domains of [Ndo.03Smo.14Eu0.03La1.8(dcpa);(H20)]w.
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