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earth coordination networks
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A new isostructural family of layered coordination networks (CNs) based on rare earth elements and mixed ligands, was

hydrothermally synthesized and fully characterized. The set of compounds with a general formula
[REE(Salicylate)(Succinate)os(H20)] (with REE = Ho or Y) belongs to the monoclinic P21/c space group. Top-down methods
were implemented in order to obtain nano-sized CN particles for potential applications in thin films fabrication. The solid
state photoluminescence (SSPL) of the Eu, Tb and Eu/Tbh doped samples was explored in terms of excitation/emission
spectra, lifetime values and quantification of light emission by the CIE chromaticites calculation. Measurement of the
triplet state energy of the ligand at low temperature was carried out by analysing the SSPL of the Y-based compound;
energy transfer pathways are analysed. According to the high performance as green emitter of the Tb-doped compound,
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thermal and chemical sensing assays were carried out.

1. Introduction

The field of Metal Organic Frameworks (MOFs), or in a more
general sense, Coordination Networks (CNs)2, has
experienced a great progress in the last decade, not only by
the design and synthesis of specific crystal structures, but also
by the capability of controlling particle size and shape. In terms
of salient structures that make possible outstanding
behaviours, there are different kinds of materials: those
exhibiting flexibility? or breathing effects*; those composed of
bio-compatible building blocks (bio-MOFs)>67; iso-reticular
MOFs family (IRMOFs)2 containing ligands of different lengths
that allow the modulation of pores and exhibit exceptional
adsorption capabilities. The unique properties exhibited by
these materials in many fields account for their great potential
in biotechnology and sensor devices fabrication.® Currently,
given that several thousand MOF structures have already been
discovered, control over particle size, morphology, porosity
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and shaping seems to be crucial for the final implementation
of these materials.10 For this purpose, “bottom-up” and “top-
down” methodologies have been developed to try reducing
particle size.

Among the coordination networks, those considered as
layered structures (2D-CN) are crystalline materials exhibiting
anisotropic bonds, due to that there are strong covalent
interactions within a plane, while weaker forces are involved
in the third dimension, defining the resulting 3D crystal
packing. As in the case of other lamellar materials, taking
advantage of this anisotropic nature has been an attractive
approach to overcome the challenge of splitting bulk materials
into atomic layers.1112 The huge scientific interest in graphene
has led to a wide variety of techniques to produce and process
nanolayers that, having nanometric width and mesoscopic
lateral size, could be considered as cuasi-2D objects. The
capability of producing nanolayers of qualified materials,
opens the possibility of thin films fabrication.

Furthermore, CNs can exhibit different responses to the
chemical environment, which allow them to exhibit different
transduction mechanisms!3 that become suitable for sensing
applications.4

Particularly, we are interested in taking advantage of the
luminescence properties of rare earth elements-based CNs
(REE-CNs)?5 for physical'® or chemical sensing?’.

As it is well known, trivalent lanthanide ions (Ln3*) exhibit low
absorption coefficients, due to that the f-f transitions are
prohibited by the Laporte-parity selection rule. In this regard,
vibronic mechanisms can relax this rule and activate
absorption. The resulting photoluminescence (PL), even being
sharp and having high colour purity, is frequently low in
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intensity and needs to be assisted by ligand energy transfer
(ET)18, or even by aromatic guests into porous frameworks.1?
This sensitization pathway is known as “antenna effect” and
has been evidenced by us in a Tb-CN when using phenyl-
succinate ligand (psa) as linker.1> However, PL studies of other
members of the Ln-psa series (with Ln = Nd, Pr, Sm, Eu, Eu-Gd
and Eu-Tb) showed Ilanthanide-centred Iuminescence,
indicating the importance of obtaining a proper energy gap
between the resonant level of the Ln ions and the triplet state
of the ligand to exhibit the aforementioned effect.

In previous works, we have studied luminescent REE-CNs
based on succinate derivates!>1617% By means of in situ
hydrolysis of the succinyl-salicylic acid, a 3D CN based on
succinate and Ho3* was obtained??, where the salicylic moiety
served as a template for constructing the hybrid framework,
acting as a guest aromatic species. Continuing with our
studies, we have now combined the aliphatic succinate ligand
with the aromatic salicylate, and explored the synthesis
conditions to obtain a mixed-ligand CN. A novel layered
structure with formula [REE(Salicylate)(Succinate)os(H,0)] was
obtained, where REE = Ho3* or Y3*. The Y3* framework was also
doped and co-doped with Tbh3* and/or Eu3* ions in order to
design novel luminescent materials. Single-crystal X-ray
diffraction data and Rietveld refinement of powder X-ray
diffraction data were wused for the crystallographic
characterization, and all bulk phases were studied by thermal
analysis, scanning electron microscopy and Fourier-Transform
infrared spectroscopy. Liquid exfoliation (LE) by ultrasound,
analyzing frequency, power and time as variables, was
implemented as “top-down” approach to reduce particle size,
tending to optimize the delamination process. Scanning
electron microscopy and atomic force microscopy were used
to characterize the resulting solid samples. Solid state
(SSPL) studies,
excitation/emission spectra and lifetime decays, were
performed at room temperature (RT) and in the 10-310 K
range, both for bulk samples as well as for colloidal
suspensions. Measurements based on the Y3* compound at 70
K were performed to calculate the energy level of the triplet
state of the salicylate linker at the solid state. Sensing
properties based on the PL behaviors in the presence of
different solvents were also studied.

photoluminescence including

2. Experimental

2.1 Synthesis of [REE(Salicylate)(Succinate)o s(H,0)] with REE =
Ho3* (1) or Y3+ (2)

Compounds 1 and 2 were synthesized by mixing 0.5 mmol of
succinic acid, 1 mmol of salicylic acid and 1 mmol of each
metal ion, respectively; Ho(NO3)3.5H,0 (Sigma - Aldrich) was
used as Ho3* source, while Y03 (Sigma - Aldrich) was used for
providing Y3* ions. All reactants were dissolved in 20 mL of
distilled water under stirring until complete dissolution. The
pH was adjusted to 6 for compound 1 and to = 5 for compound
2 by adding trimethylamine. The resulting mixtures were
sealed in Parr digestion bombs (internal volume = 43 mL) and
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heated at 165 °C during 65 h for compound 1, apd, at 105 °C
during 18 h for compound 2. The resultiR®@sofids3wérd Filtersd;
washed with distilled water and dried under atmospheric
conditions. Regarding compound 1, small plate-like orange
single-crystals were selected to perform the single crystal X-ray
diffraction (SCXRD) study. Compound 2 was obtained as a fine
polycrystalline white powder, and the crystallographic
characterization was carried out by PXRD analysis. (Reaction
yields: 55-65%).

2.2 Synthesis of [Y(1-x)(Ln1x1,Ln2,,)«(Salicylate)(Succinate)o.s(H.0)]
with Lnl = Eu3*; Ln2=Th3* and x= x1 + x2

The addition of different amounts of Eu and Tb to the reactant
solution of compound 2, leads to compounds 3-6. These were
synthesized by a similar procedure as for 2, but incorporating 2
mmol% and 5 mmol% of Eu3* to obtain compounds 3 and 4,
respectively; while compounds 5 and 6 were obtained by the
addition of the same amounts of Tb3*, respectively. The
amount of Y3* ions in the reactant mixtures was accordingly
decreased to satisfy the general formula. The co-doped phases
were obtained by incorporating 2.5 mmol% of Eu3* and 2.5
mmol% of Tbh3* (compound 7); 5 mmol% of Eu3* and 2.5
mmol% of Th3* (compound 8) and 2.5 mmol% of Eu3* and 5
mmol% of Th3* (compound 9) to each reactant mixture. In all
cases, EuCl;.6H,0 (Sigma - Aldrich) and TbCl;.6H,0O (Sigma -
Aldrich) were used as the lanthanide sources. Water volume
and reaction time and temperature were kept fixed as in the
synthesis procedure of compound 2. Compounds 3-9 were
obtained as white polycrystalline powders, whose isostructural
character was analysed by PXRD. (Reaction yields: 40-55%).

2.3 Crystal Structure Determination

Table 1 summarizes the main crystal and refinement data for
compound 1. The single-crystal was selected under a polarized
optical microscope and glued on a glass fibre for a SCXRD
measurement. X-ray intensity data were collected in a Bruker
SMART CCD diffractometer equipped with a normal focus, 2.4
kW sealed tube X-ray source (Mo Ko radiation = 0.71073 A).
Data were collected at room temperature over a hemisphere
of the reciprocal space by a combination of three sets of
exposures. Each exposure of 10 s covered 0.3° in w. Unit cell
dimensions were determined by a least-squares fit of
reflections with | >2 o(l). Data were integrated and scaled
using the SAINTplus program.2l A semi-empirical absorption
and scale correction based on equivalent reflection was carried
out using SADABS.22 Space group determination was carried
out using XPREP.22 The structure was solved by direct
methods, and refined by least squares minimisation. Multiple
specimens were tested to improve the quality of the data.
However, the poor diffraction quality of all of them and their
twinned nature resulted in relatively high final R values, so that
soft restrains on the anisotropic thermal parameters were
used during the structural refinement. The hydrogen atoms of
the organic ligands were located at their calculated positions.
Calculations were carried out with SMART software (for data
collection and data reduction) and SHELXTL2* and OLEX?5 for
refinement. The crystallographic information file of compound
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1 is deposited at the CCDC (number 1571680) and is also
available in the Electronic Supporting Information (ESI).

2.4 X-Ray Powder Diffraction Data (XRPD)

X-ray powder diagrams of all compounds were obtained with a
Rigaku D-MAX-IIIC diffractometer using Cu-Ka radiation (Ni
filter), and NaCl and quartz as external calibration standards.
All diagrams were collected between 3° and 50° in the 20
range, with a step size of 0.02°. To confirm the obtained crystal
structure, the Le Bail method was performed using the FullProf
Suite software package?® to refine the cell and peak profile
parameters.

2.5 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded with a Nicolet Protégé 460
spectrometer in the 4000-225 cm-! range with 32 scans, using
the KBr pellet technique and a spectral resolution of 4 cm-1.

2.6 Thermal Analysis

Thermogravimetric (TG) curves and differential scanning
calorimetry (DSC) measurements were recorded with a
Shimadzu TGA-50H thermal analyser apparatus and a
Shimadzu DSC-60 apparatus under flowing air at 50 mL-min-1,
at a heating rate of 10 °C-min~1. The TG curves were recorded
between RT and 900 °C. The DSC analysis involved two
measurements performed as follows: the first one consisted of
a heating step from RT to 300 °C and cooling back to RT, then,
the sample was removed from the oven and exposed to air for
one hour. Afterwards, a second heating step was carried out
up to 300 °C, with the same heating rate.

2.7 Photophysical studies

2.7.1 Solid-State Photoluminescence (SSPL) measurements

The steady state and time resolved Iuminescence
measurements were performed on an Edinburgh Instruments
FLSP920 spectrometer setup, using a 450 W xenon lamp as the
steady state excitation source and a 60 W pulsed xenon lamp
as the time resolved excitation source, operating at a pulse
frequency of 100 Hz. The emission was detected by a
Hamamatsu R928P PMT photomultiplier. Excitation spectra
were corrected for the xenon lamp emission profile, whereas
the emission spectra were corrected for the detector response
curve. All measurements were carried out at a step size of 0.1
nm. Time-resolved measurements were performed using a
Continuum® Surelite | laser (450 mJ @1064 nm), operating at a
repetition rate of 10 Hz and using the third harmonic (355 nm)
as the excitation source. In order to quantify the colour
emission, Commission Internationale de I’Eclairage (CIE) (x,y)
colour coordinates were calculated using the MATLAB®
program employing the emission spectra as input baseline
corrected files. The triplet state of the ligand of compound 2
was determined at 70 K, exciting the sample at 320 nm.
Temperature-dependent measurements for compounds 6 and
7 were controlled using an ARS closed cycle cryostat in the 10
— 320 K range (simultaneous measurements were taken every
50 K).

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Crystal data, structure determination and refinement summ\agwf%tcolg\g%ﬂg

1

ICI

DOI: 10.1039/C7TC04006G

Empirical formula CosHeHoOs
Formula mass [g] 375.07
Crystal system Monoclinic
Space group P2:/c
a[A] 21.127(6)
b [A] 6.0937(16)
c[A] 7.625(2)
al’] 90.0
B[] 92.280(4)
y [l 90.0
Vv [A3)] 980.9(5)
z 4
Pealc.[g cm3] 2.554
TIK] 296.15
Absorption coefficient [mm™] 8.076

Crystal size [mm]

0.04 x0.04 x 0.02

Tin/ Tmax 0.3609 / 0.5633
h (-24,24)
k (-7,7)
[ (-8,8)
Reflections collected/unique [l >20(/)] 5844 / 1648
Absorption correction multi-scan
Refined parameters 147
Goodness-of-fit on F? 1.109

Refinement method
NIA]
Final R indices [I >20(/)]

Final R indices (all)

Least Squares
0.71073
R1=0.0947, wR2 =0.2031
R1=0.1573, wR2 = 0.2452

2.7.2 Chemical sensing studies

The sensing performance of compound 6 was investigated by
exposing the exfoliated particles to different organic solvents.
The material was prepared as follow: 1 mg of solid was
exfoliated by ultrasonication during 60 minutes in 7 mL of
absolute ethanol. Then, the suspensions were heated
overnight at 70 °C to ensure ethanol evaporation, obtaining
the namely 6’ material. After that, this material was put
directly in contact with 7 mL of each solvent (resulting density
of 0.14 mg.mL1) and sonicated for 15 minutes to ensure the
solid dispersion in each medium. The PL spectra of each
6’/solvent suspension were obtained by exciting the samples
at 320 nm. The tested solvents (of analytical grade) were
toluene, n-hexane, methanol, ethanol, N,N-
dimethylformamide and acetone.

J. Name., 2013, 00, 1-3 | 3
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2.8 Liquid Exfoliation (LE) experiments

As top-down approach, ultrasonication experiments were
performed using 1 mg of compound 6 in 7 mL of absolute
ethanol. This mixture was placed in a glass test tube with
screw cap and then placed in the ultrasound (ICSA). For
procedure details, see ESI.

2.9 Scanning Electron Microscopy (SEM) — Energy Dispersive
Spectroscopy (EDS)

SEM was used to study the morphology and particle sizes of
the bulk samples as well as those resulting from the LE and SAS
experiments. The solid samples and colloidal ethanolic
suspensions were placed on the sample holder containing a
graphite tape and then covered with a thin Au layer by
sputtering. A LEO1450VP microscope provided with an
EDS/EDAX probe for microanalysis (LABMEM — UNSL) was
used.

2.10 Atomic Force Microscopy (AFM)

The measurements were acquired using a Digital Instruments
Multimode AFM with a Nanoscope Il controller. The
micrographs were acquired in tapping mode with all
parameters, including set-point, scan rate and feedback gains
adjusted to optimize image quality and minimize the force
between the probe and sample. Prior to these measurements,
the colloidal suspensions were centrifuged at 4000 rpm for 5
minutes to separate the non-exfoliated solid residues from the
supernatant, exhibiting “Tyndall effect”. Then, the resulting
samples were dispersed by drop casting onto glass flat
substrates (0.6 mm x 0.6 mm dimensions) to perform this AFM
characterization.

3. Results and Discussion

3.1 Crystal Structure Description.

Compound 1 was studied by SCXRD, being the one selected for
the crystallographic description. The isostructural character of
the remaining compounds was verified by PXRD refinements
(see next section). According to this crystallographic study,
compound 1, with formula [Ho(Salicylate)(Succinate)o.s(H20)],
belongs to the monoclinic P21/c space group. A summary of
the conditions for data collection and structure refinement is
given in Table 1. The asymmetric unit is composed by one
Ho3* ion, a completely deprotonated salicylate anion, half of a
succinate anion and a coordinated water molecule. The
lanthanide ion is surrounded by eight oxygen atoms, four of
them coming from three salicylate anions, three from two
succinate anions, and the last one from the water molecule.
The resulting coordination polyhedron (Primary Building Unit,
PBU) exhibits triangulated dodecahedron geometry (see Figure
1).

The centrosymmetric succinate linker coordinates as chelate-
bridge through its two carboxylate groups. The salicylate anion
is tetra-connected since the carboxylate group coordinates
two Ln ions as a bidentate-bridge, and the oxygen atom,
located in the ortho position of the ring, links two metallic ions
by a bridge mode (see Figure 1-c). As a result, the polyhedra
are condensed by sharing edges, forming one-dimensional

4| J. Name., 2012, 00, 1-3

chains that run parallel to the [0 0 1] direction angd determine
the secondary building units (SBUs). Th&ca?bosy/ateCgiotis
belonging to the salicylate anion connect the chains in the [0 1
0] direction, while in the ab plane, the SBUs are linked by a zig-
zag arrangement of succinate anions (see Figure 2).

This compound can be classified as a 2D coordination
network?* with infinite organic-inorganic layers displayed in
the bc plane and packed in the [1 O 0] direction through
several “edge-type” C-H--m interactions of 3.29-2.97 A in
distance, which is determined between salicylate anions of
adjacent layers (see Figure 2).

Moreover, T-type m-m interactions are also identified inside
each layer, reinforcing the self-assembly of building blocks in
the [0 0 1] direction.?’

Figure 1. (a) coordination sphere of Ho3* and (b) coordination modes of salicylate
and succinate linkers. Colour atoms: grey: carbon, red: oxygen, green: holmium,
white: hydrogen.

Figure 2. Projections of the structure along the c (left) and b (right) axis; a unit cell is

displayed in each perspective.

According to the IUPAC recommendations,>? analysis of the
accessible voids can be performed in order to examine if the
structure contains free void volume, and thus being suitable to
be called a MOF. To this purpose, the Platon Voids module28
was used to perform the Solvent Accessible Volume
calculation, considering a probe sphere of 1.2 A in radius. The
analysis gave a value of 18.1 A3, consistent with only 1.8 % of
the cell volume. For that reason, this CN should not be
classified as a MOF.

3.2 PXRD and Rietveld Refinements

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 14


http://dx.doi.org/10.1039/c7tc04006g

Published on 20 October 2017. Downloaded by University of Reading on 23/10/2017 18:38:32.

irnalof Mate

Journal Name

Considering the crystalline model obtained by SCXRD on
compound 1, the isostructural character of the remaining
compounds was verified by means of PXRD data. Figure 3
shows the comparison between the patterns of the as-
synthesized compounds 1-9 and the one simulated from 1,
using Mercury 3.3 software.?® As can be seen, compounds 2, 3,
5, 6 and 7 were obtained as pure phases since no additional
peaks are observed in their diagrams. The presence of
impurities in the diagrams of compounds 4 and 9 are marked
with an asterisk (*). These secondary concomitant phases were
also evidenced by SEM, DSC and FTIR characterizations and will
be discussed below.

Rietveld refinement on the respective powder diagrams of
pure compounds were performed (see Figure S1). Cell and
peak profile parameters, as well as those of the background,
peak asymmetry, and zero-shift, were considered for the
refinements. The resulting agreement indexes are shown in
Table S1.

3.3 Solid state characterization

Different solid state techniques were applied to fully
characterize the synthesized compounds. According to the
SEM analysis, the predominant primary morphology of
compounds 2-9 can be described as hexagonal plate-like
crystals, while for compound 1 the particles are prismatic (see
Figure 4). In all cases, a secondary morphology of spheroidal
“rose-like” aggregates is observed. The appearance of some
particles with different crystal morphology is evident in
compounds 4, 8 and 9, which according to the PXRD data
(Figure 3), exhibit a different crystalline phase as impurity. EDS
spectra were obtained for all analysed samples in order to
determine the chemical composition of the crystals as a semi-
quantitative analysis. The calculated amounts (in mmol) of Y,
Eu and Tb in the doped and co-doped samples (see Table S2)
were used to propose the chemical composition of each
compound. by considering the general formula [Y@x(Lnlx,
Ln2y2)x(Salicylate)(Succinate)os(H,0)] with Lnl = Eu3*, Ln2= Th3*
and x= X1 +xa.

Thermogravimetric analysis (TGA) was performed to support
the proposed chemical formulae and to evaluate the thermal
stability of each compound (see Figure S2). According to the
calculated and theoretical mass decays (Am%, see Table S2),
the presence (compounds 4, 8 and 9), or absence (compounds
1-3 and 5-7) of impurities was verified through the
corresponding degree of agreement between Am% values.

DSC was performed for all samples in the temperature range
of RT-300 °C (see Figure S3) and the thermal behaviours are
suitable to be understood in terms of the thermogravimetric
variations; the presence of impurities is also evidenced by this
technique. For more details see ESI. The corresponding FTIR
spectra of all compounds are displayed in Figures S4-S7; the
interpretation was made taking into account related
bibliography3® and considering the internal vibrations of
methylene, carboxylate and phenoxy groups, aromatic rings,

This journal is © The Royal Society of Chemistry 20xx

als Chemistn

ARTICLE

and water molecules. The corresponding assignmgnt.is.shown
in Table S3. DOI: 10.1039/C7TC04006G

Intensity %

%

5 10 15 20 25 30

Figure 3. PRXD patterns of the as-synthesized compounds in comparison with the
simulated pattern of 1.

100um

Figure 4. SEM Micrographies of the as-synthesised samples of compounds 1-9 (a-i).

The presence of impurities in compounds 4 and 9 was also
evidenced through this characterization technique.

3.4 Ultrasonication treatment

Liquid exfoliation is one of the most common top-down
strategies to produce nanolayers of 2D crystalline
compounds.3! Through this procedure, temperatures around
5000 K, pressures of ca. 1000 atm and heating - cooling rates
up to ~ 1000 Ks! can be reached in local spots.10In particular,
this approach was exploited in CNs materials to obtain nano-
objects3?, although a set of nanoparticles of polydispersed
width and size is often obtained. The adequate control of the
operating conditions may improve the top-down strategy,
producing stable colloidal suspensions and tending to avoid
the re-aggregation of layers.

For those reasons, a screening of ultrasound frequency, power
and exposure time was performed in this work in order to
achieve the best conditions to adequately exfoliate the bulk
sample of compound 6. This compound was selected because

J. Name., 2013, 00, 1-3 | 5
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it exhibits the most brilliant light emission under UV lamp
illumination, likely being a promising luminescent material. To
select the solvent, preliminary tests (data not shown) were
carried out using protic, aprotic and non-polar solvents, among
which ethanol resulted to be the most adequate one to
perform a deeper study. Two ultrasound frequencies were
employed, 40 kHz and 60 kHz. Delamination was observed
after 15 minutes at 40 kHz, while no evidence of exfoliation
was observed at 60 kHz. A significant amount of colloidal
suspension appeared inside the test tubes within 15 minutes
at 99 and 165 W, while 30 minutes were necessary with the
lowest power value. The resulting suspensions were analysed
by SEM (see Figure 5). For the lowest power value, the strong
degradation of the laminar particles seems to be evident after
60 minutes (Figure S8). For intermediate and higher power
values, the solid particles obtained at the lowest exposure
time maintain some crystal features such as edges and angles,
and residues of the initial “rose-like” aggregates remain
partially degraded. When increasing exposure time, cavitation
causes a rapid degradation on the first delaminated particles,
leading to a heterogeneous solid residue, with a marked
dispersion of sizes and shapes at the highest power setting
(Figures S9 and S10). The crystalline nature of the exfoliated
solid was verified by PXRD; the structure remains unaltered
and the delamination seems not to affect the crystallite size
(see Fig. S11).

To complete the characterization of the particles obtained at
30 min and 66 W, AFM studies were performed (see Figure 6).

Figure 5. Left column: SEM images obtained at 30 minutes of ultrasound with 66 W (a),
99 W (c) and 165 W (e); Right column: SEM images obtained at 60 minutes of
ultrasound with 66 W (b), 99 W (d) and 165 W (f).

6 | J. Name., 2012, 00, 1-3
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Figure 6. Top: AFM 2D height images of two nanolayers obtained by sonication during
30 minutes with ultrasound weave of 40 kHz and 66 W. Bottom: height profiles of each
particle (colour lines correspond to the traces marked in the upper figures).

Prior to dropping the colloidal suspension, a centrifugation
step was made in order to separate the heavier particles that
could remain not delaminated, as evidenced by SEM (see
Figure S9-b). AFM images indicate the presence of exfoliated
particles with irregular aspect; exhibiting lateral dimensions of
a few microns with heights in the order of tens of nm.

3.5 Solid State Photoluminescence (SSPL) studies

Among rare earth coordination networks and MOFs, those
containing Eu3* or Tb3* ions are the most studied as
luminescent materials due to their strong sharp emission in
the visible region, usually accompanied by high quantum yields
and lifetimes. Compounds based on Eu3* are the target of
much investigation, not only due to their red-orange light
emission, but also because, from a fundamental point of view,
it has non-degenerate ground (’Fg) and main emissive (°Do)
states. Compounds containing the strong green emitter Th3*
are also further investigated, since according to its electronic
configuration, high- and low-spin states can be generated
depending on the coordinated ligands.33 Moreover, a rational
doping of Eu3*/Tb3* ions into diverse inorganic matrices can
produce materials with unique spectroscopic properties,
where MMCT commonly takes place?®.

In order to avoid the concentration quenching of the
lanthanide luminescence, an inactive optic matrix of Y3* ions
containing different amounts of dopant contents of Eu3*, Th3*
and a mixture of both, was designed by us in order to obtain
the novel 2D Iuminescent CN. Coordination compounds
containing Ho3* can present luminescence at visible (640 nm)
and NIR (around 990 nm) regions; however the quantum yields
are lower than 0.1%, being more challenging the design of
emitting materials based in this lanthanide ion. In the current
study, excitation and emission spectra as well as life time
decay of compound 1 were obtained (see ESI, Figure S12). A
weak emission centred at 1004 nm corresponding to the
SFs—>>1; transition is observed. The time decay obtained by a
single-exponential fitting was of 3.95 ms,

This journal is © The Royal Society of Chemistry 20xx
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3.5.1 Photophysical properties: Ligand centred transitions
Excitation and emission spectra of compound 2 at RT and 70 K
were obtained to characterize the photophysical properties of
the salicylate linker. The excitation spectrum obtained at RT
was recorded in the 200-350 nm range, monitoring the
emission at 410 nm. As can be seen in Figure 7, the broad
excitation band has a maximum at 317 nm. and the emission
spectrum recorded at RT presents a main broad band centred
at 391 nm (25575 cm) and an additional weak band at 463
nm (21598 cm), which are assigned to the deactivation from
the 1S* to the Sp state of the salicylate anion. The lowest
vibrational basal state is involved in the first emissive
transition, while the second lowest one is involved in the
second emissive transition.

The emission of compound 2 starts in the UV spectral region
and extends up to the visible zone, giving a purplish blue
fluorescence (CIE x,y: 0.156,0.020), previously documented for
sodium salicylate and salicylic acid.3* When the sample is
cooled at 70 K, the strongest band of the emission spectrum
splits into two; one centred at 377 nm (26596 cm) and the
other at 425 nm (23529 cm1). These bands may be assigned to
the deactivation processes from the 1S* and 3T* excited states,
respectively. This procedure was previously applied to
determine the energy of the excited 3T* state in Gd3* and Lu3*
compounds3?, and is valuable to understand the sensitization
mechanisms that can be operative for LMCT.

3.5.2 Photophysical properties of Eu- and Th- doped compounds
The excitation spectra of compounds 3 and 4 were monitored
at the typical wavelength of Eu3* emission, i.e. A = 611 nm,
while those containing Tb3* (5 and 6) were monitored at A =
541 nm. For compounds 7-9, since the major contribution to
the luminescence was due to transitions within the 4f shell of
the Tb3* ion, the monitoring wavelength was the same.

As discussed in section 3.3, the presence of a secondary phase
as impurity was evidenced in compound 4.

For this reason, differences in the excitation and emission
spectra of this compound, in comparison with those of
compound 3, could be expected. Here, we will discuss in major
detail only the luminescence results of the pure samples. As
can be seen in Figure 8, the excitation spectrum of compound
3, recorded by excitation through the S* of the ligand,
exhibits a wide band similar to that described for compound 2,
corresponding to So—>1S* transitions of the salicylate anion3®. It
is also observed the appearance of a band at 393 nm, which
can be ascribed to the >Lg&7Fq transition of Eu3* ions.

For compound 4, the components of the spectrum seem to be
the same as 3, although some differences in the relative
intensities are observed.

The emission spectra of compounds 3 and 4 exhibit a strong
band centred at 468 (21367 cm1) and 471 nm (21231 cm1),
respectively. These results reflect a poor sensitization of the
Eu3* ion by the salicylate ligand and can be explained in terms

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Left: Excitation (blue) and emission (red) spectra of compound 2 at RT. Right:
Emission spectra at RT (solid line) and 70 K (dash line).
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hypersensitive transition °D;—7Fs of Th3* ion,

of the energy difference between the excited 1S* state (26596
cm) and the 3T* state (23529 cm1), therefore a difference of
3062 cm, which is quite lower than the suggested (5000 cm-1)
as the optimum energy difference that maximizes the 15*—33T*
intersystem crossing.3> Even when this is not the only
operative mechanism for the sensitization of Ln3* ions, it is the
most frequent one; but since the AE (3T* - 3Dy) is 4500 cm™?, an
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effective energy transfer from the excited states of the linker
to the emissive state °Dg of the Eu3* ion is hardly plausible.
Studies on Eu-doped compounds have allowed to propose that
the antenna effect is maximum when the 3T* 0-phonon
transition lies at 2500-3500 cm! above the lanthanide excited
state.3”

The excitation spectra of compounds 5 and 6 (Figure 8) show a
strong absorption band in the 250-350 nm range, that is also
due to the So—>1S* transition of the salicylate anion. No
evidence of Th3* electronic transitions lines is observed in
these spectra; however, the emission spectra exhibit the
typical bands corresponding to Tb3* luminescence due to the
5D4s—>7F; (J=6-2) transitions.

An efficient ET process from the linker to Tb3* ions is observed
when compounds 5 and 6 are exited at the salicylate
wavelength. This fact suggests that small amounts of Tbh3*
could quench the fluorescence of salicylate anion by a LMCT
mechanism, known as antenna effect.

According to our measurements for compound 2, the energy
of the 3T* state of the salicylate is only 2529 cm- above the
emissive D, state of the Tb3* ion. This result indicates an
effective sensitization of this ion in both, compound 5 and 6,
yielding a strong green SSPL at RT with CIE x,y chromaticities
of 0.317,0.602 (see Figure 9 with the CIE diagram). Even
though the ET from the 3T* state to the emissive state of the
Tb3* ions seems to be the most probable mechanism,
sensitization via direct migration from the 1S* of the ligand has
also been documented for Eu3* and Tb3* complexes'®® and
cannot be totally discarded for the present compounds (see
Scheme 2).

The luminescence decay profiles of the >Ds—>7Fs emission of
compounds 5 and 6 were measured (see Figure S13). The data
was fitted with single exponential equations, from which the
lifetime can be calculated as tobs = 1.066 ms (5) and 1.077 ms
(6). As can be seen, not only by the slight intensity increase of
the spectra but also in the teps values, the increment in the
Tb3* content from 4.4 mmol% in compound 5 to 6.5 mmol% in
compound 6, does not reach the minimum limit amount to
exhibit concentration quenching effects, and thus compound 6
shows a better performance as green light emitter.

Regarding the SSPL properties of compounds 7-9 (see Figure
8), it is interesting to remark that, even though Tb3* could
sensitize the Eu3* emission, no signals derived from this ion
appear in the spectra of the co-doped compounds; only the
transitions °Ds—>7F, (J=6-0) of the Tb3* ion can be observed.
Comparing the intensity of the emission spectra, and focusing
in the 5D4—>7Fs hypersensitive signal of Tb3*, it is possible to
observe that a combination of two sources of quenching are
operative in compounds 7-9, since the highest intensity is
obtained for compound 7 while a decrease is observed not
only when the Eu3* content is increased (compound 8) but also
when the Tb3* content is increased (compound 9).

8| J. Name., 2012, 00, 1-3

Scheme 2. Jablonski diagram showing %Ea’l@g%wggg

salicylate and Ln3* ions in compounds 2, 3-7.
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This fact suggests that in compound 9, the Tbh3* self-quenching
is operative along with a quenching effect originated by Eu3*.
3.5.3 Influence of the top-down processing on the luminescence
properties

Since compound 6 shows the best performance as green light
emitter, and in order to determine the incidence of the
particle size reduction on the SSPL performance, emission
spectra and decay-time were measured for a sample of an
ethanolic suspension of exfoliated particles and for the same
sample after ethanol evaporation (see Figure S14). The spectra
show that the typical Tb3*-centred luminescence bands and
their relative intensities are similar.

Focusing on the most intense peak corresponding to the
hypersensitive transition, it is possible to observe a lower
intensity for the ethanolic suspension sample, which exhibits
39% of the bulk sample intensity.

A similar behaviour was also identified in our previous study
on PL properties of ethanolic suspensions containing exfoliated
Eu-psa 2D frameworks particles’>?, where the role of O-H
groups in the solvent medium as oscillator-quenchers of the Ln
luminescence, contributes to decrease the emission intensity.
To confirm this fact, the spectrum of the dried compound 6
was obtained after solvent evaporation, where the intensity
increased again, keeping 60% of the initial value (bulk sample).
As can be deduced by these experiments, a loss of 40% of the
emission intensity is caused by the stress provoked by the
cavitation process during the LE treatment. A number of
studies dealing with optimizing power, depth position of the
ultrasound source, type of cavitation and the nature of the
liquid medium, are devoted to investigate nanosheet
formation of graphene oxide or layered transition metal
dichalcogenide.3® For these types of materials, highly reactive
radicals and by-products formed by the sonolysis of organic
solvent molecules can unexpectedly influence the dispersion
of nanomaterials in organic solvents. For this reason,
minimizing surface defects formation is essential to maintain
the electronic properties in optimum performance. However,
as far as we know, no analogous studies for CNs have been
reported.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. CIE diagram showing the chromaticity coordinates x,y for compounds 2 and
5-9. The picture shows the naked-eye photoluminescence of compound 6 under UV
illumination.

From our experiments, we can deduce that the loss of 40% of
the emission intensity in the exfoliated dried sample is related
to surface defects, which can be punctual or extended. The
former ones are associated with vacancies, being the most
frequent due to the linker; the later ones are derived from
imperfections of the crystal structure in one or two
dimensions. Considering the physical treatment achieved via
ultrasonication3?, a combination of both types of defects is
expected. However, since the antenna effect was confirmed as
operative to sensitize the Th3* luminescence, ligand vacancies
could justify the decrease in the resultant emission intensity.
The incidence of the top-down procedure is also evident in the
calculated decay-time (Tobs); being 1.078 ms for the bulk
sample, 1.102 ms for the ethanolic suspension and 1.127 ms
for the exfoliated dried sample. Since the t.ps can be estimated
as:

Tobs = 1/(krad + > knrad) (Eq. 1)
the slight elongation in the time decay can be due to a
decrease in the sum of the non-radiative and radiative velocity
constants. Since the decrease in particle size introduces a
higher surface/volume ratio, the number of emitting ions on
the surface of the exfoliated solid should be higher than in the
bulk sample, thus contributing to the decrease in the self-
quenching occurring when emissive ions are adjacent. Finally,
LE seems to incorporate surface defects that decrease the
number of emitted photons (lower spectrum intensity), but
since the number of survival emissive ions in the particle
surface is higher, the concentration quenching is reduced,
giving rise to a slightly longer 7.5 after exfoliation and solvent
evaporation.
3.5.4 Temperature sensing studies
Thermal sensing and mapping in an accurate and non-invasive
manner are important features for the development of devices
with direct impact on nano-science?C. Specific requirements for
temperature monitoring in harsh and/or hardly accessible
environments has prompted the development of several non-
contact methods for temperature measurements, exploiting a

This journal is © The Royal Society of Chemistry 20xx
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change of optical properties, i.e. emission intensity, refractive
index, wavelength shift, luminescence 8ectay. e el With
temperature. 4

In this context, REE-CN and REE-MOFs have attracted
particular interest, mainly for the possibility of tuning the
colour and spectroscopic behaviour by controlling the
lanthanide doping#?, this being a key factor for thermo-sensor
design. Recently, several ratiometric thermometers based on
lanthanoid metal-organic frameworks (MOFs) have been
reported containing a mixture of lanthanide ions, mainly Eu3*
and Tb3+.43 Extending the sensing temperature range to below
50 K is of great value for both cryogenic research and industrial
applications, e.g. energy and space exploration.*4

The SSPL activity from cryogenic to RT was studied for
compounds 6 and 7 in terms of excitation and emission
spectra, and through the corresponding fluorescence intensity
ratio (FIR). spectra different
temperatures were recorded in the A = 250—-350 nm range, and

The excitation at seven
the corresponding emission spectra were monitored at A = 541
nm (18484 cm™1, Figure 10-top). No evidence of 4f transitions
of the Ln3* ions was observed in the excitation spectra, neither
for compound 6 nor 7. Focusing on compound 6, the excitation
intensity corresponding to the So—>S* transition of the
salicylate linker, rapidly decreases in the 10-110 K range, then
increases at 160 K, and finally remains practically constant up
to 310 K.
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Figure 10. Excitation (top) and emission (middle) spectra of compound 6 (left) and 7
(right) obtained in the 10-310 K temperature range. Calculated FIR of 6 and 7 (bottom).
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The behaviour of compound 7 is clearly different since the
excitation intensity decreases when the temperature goes
from 10 to 60 K, then it suffers a marked increase at 110 K, and
finally decreases gradually and continuously up to 320 K.
Upon excitation at Aexe = 320 nm (31250 cm™1) in the 10-320 K
temperature range, both compounds show the typical narrow
Tb3* emission peaks (°D4s—>7F), J=6-0; see Figure 10-middle). For
compound 7, the 5Do—>7F, transition from Eu3* ions appears in
the 10-220 K range as a weak signal (see Figure 10-middle). At
the higher temperature, the compound exhibits only the Th3+
luminescence. According to the analysis of the CIE x,y
chromaticity of both compounds along the entire temperature
range, the colour coordinates do not present changes (CIE x,y:
0.317,0.601) and only green light emission is appreciated.
However, a complex variation in the intensity of the spectra
appears in both compounds when the temperature is
increased from 10 K to 310 K (see Figure 10).
FIR considers the ratio between the fluorescence intensity at
each temperature (I) and the intensity of the Tb3*
hypersensitive transition at the lowest temperature (lo). One
important variable for a thermal sensor is the Sensitivity (S%),
which can be calculated as the slope of the FIR curve vs T4>:
S%=|AFIR/AT|-100 (Eq. 2)
For compound 6, the thermal dependence of the FIR in the
range of 10-310 K is characterized by a non-linear and non-
exponential decrease corresponding to 15% of the initial value
(Figure 10-bottom left). In the case of compound 7, the FIR
exhibits a quite striking behaviour since it suffers an
exponential increase in the 10-110K range, followed by an
almost linear decrease between 110-270 K (Figure 10-bottom
right). Therefore, the S% should be calculated in different ways
according to the temperature range. For the 10-110 K, where
the exponential profile is fitted satisfactorily as 1/I0 = -
0.593-exp(-T/24.338), the S% is calculated by averaging the
slopes of the linear segments of the curve, giving a value of
0.43%-K1. Above 110 K, the FIR linear trend can be fitted as
1/10 = 1.4196-0.00361-T and the calculated S% value is 0.361%
KL A (0.366%-K1) was found using
[EupsTh12(psa)s(H20)]%5, whose FIR vs T curve exhibited an
exponential decay in the 13.5-313.5 K temperature range. The
SSPL properties of compounds 6 and 7 demonstrate the
influence of the Eu-Tb co-doping system, since even though
the dominating luminescence is only due to Tb3*, the
incorporation of Eu3* may generate defects, reducing the Ln
site symmetry. The presence of Eu3* induces changes in the
electronic band structure of the solid, which leads to multiple

similar S value

excited bands with several and varied overlapping energies.
This fact could introduce novel splitting in the Stark sub-levels,
which in turn conduct to a different Tb intensity emission as a
function of temperature.

3.5.5 Chemical-sensing experiments

CNs have been widely employed as platforms to sense organic
solvents?, VOCs (volatile organic compounds)l7247 water48
and inorganic ions.*? Moreover, the use of these compounds in

10 | J. Name., 2012, 00, 1-3

the detection of hazardous substances, such as %Rlﬂ&}é‘%w&g
molecules®9, is of current interest. DOI: 10.1039/C7TC04006G
The chemosensing performance of the exfoliated compound 6
(6") was investigated by measuring the PL of this solid in the
presence of three protic (water, methanol and ethanol) and
four aprotic (DMF, chloroform,

solvents (see Figure 11).
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Figure 11. Excitation (top) and emission (middle) spectra, and QE% (bottom) of
compound 6’ in the presence of different solvents.

The PL performance of compound 6° in absence of solvents
was considered for comparison purposes, and the emission
intensities and lifetimes were taken into account as sensing
parameters. The excitation band centred at 320 nm (31250 cm-
1) suffered an important decrease when the compound was in
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a suspension of toluene, n-hexane and acetone; being
maximum for acetone, reaching a signal reduction of 90%
compared with compound 6’.
A similar trend was identified in the emission spectra, since the
quenching of the hypersensitive transition in the presence of
these solvents is remarkable.
The Quenching Efficiency (QE) can be defined as:

QE%= (lo-1)/10 - 100 (Eq. 3)
where lp and | represent the emission intensity values in the
absence and presence of solvent, respectively.
Based on these results, acetone represents an efficient
quencher for the luminescence of compound 6’, exhibiting a
QE of 98%, being the highest value for the set of aprotic
solvents. The high selectivity for acetone detection can be
explained in terms of the absorption competition quenching
mechanism?>1, since a full overlap between acetone absorption
and the excitation spectra of compound 6 is evidenced. This
fact leads to a competition of absorption of the light source
between the analyte and the CN, which causes the
luminescence quenching of compound 6°. This mechanism was
also demonstrated as operative in the acetone mediated
luminescence quenching of a Tb-doped cadmium-MOF .52
Among the protic solvents, as expected, water represents the
most efficient quencher with a QE of 51%.
The analysis of the influence of the solvents on the PL
properties of compound 6’ was also evaluated in terms of
lifetimes values (See Figure S15 and Table S6). The decrease in
Tobs (see Table S6) matches well the increase of the QE%
values, where compound 6’ exhibits a prominent quenching
effect in solvents with terminal C=0 and C-H groups (toluene,
DMF, n-hexane and acetone) in comparison with the solvents
containing O-H groups (water, ethanol and methanol).

Conclusions

A new set of isostructural crystalline layered REE-CNs with a
general formula [REE(Salicylate)(Succinate)o s(H20)] (REE = Ho
(1) or Y(2)), were hydrothermally synthesized and fully
characterized. A controlled lanthanide doping on (2) was
carried out by the addition of Eu3*, Tb3* and Eu3*-Th3+,

Liquid exfoliation was explored as a top-down technique
allowing the delamination of the bulk phase of a Th-doped
compound. Crystal particles of lateral dimensions of a few
microns and heights in the order of tens of nm were obtained,
achieving a width reduction of about 90-95%.

The SSPL of the samples 2-9 were studied in terms of
excitation/emission spectra, lifetime values and quantification
of light emission by calculating the CIE x,y chromaticities.

The energy transfer pathways involved in the sensitization
mechanism of Tb3* and Eu3* ions were studied by the
determination of the 1S* and 3T* energy levels through SSPL
spectra of compound 2. An antenna effect was operative in
the case of Th-containing compounds, while in the Eu-doped
ones the effective sensitization by the linker was discarded.

This journal is © The Royal Society of Chemistry 20xx
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Thermal-sensor performances of compounds 6 and .7 were
evaluated in the 10-310 K range as a fuRction 16FtHe Ermiskion
intensity of the hypersensitive °Ds—>7Fs transition. For
compound 7, the yielding sensitivities were of 0.43% - K1 in
the 10-110 K range, where an exponential FIR increase is
observed, while 0.361 % - K1 is obtained in the 110-270 K
range, where a linear FIR decrease is apparent.

According with the high performance of compound 6 as green
emitter, the chemical sensing tests were evaluated in the
presence of protic and aprotic solvents, finding that the
presence of acetone produces an efficient QE of ~98%, which
suggests compound 6 as a promising candidate for the
development of sensors of carbonyl-containing compounds.
The highly optically active Tb-doped CN obtained here, could

generate a platform for the preparation of efficient

luminescent green emitter devices.
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