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2-Dimensional rare earth metal—organic
frameworks based on a hexanuclear secondary
building unit as efficient detectors for vapours of
nitroaromatics and volatile organic compoundsf

2 Francisco Garcia Moscoso, (2P Tania Lopes-Costa,”
*® and Anastasios J. Tasiopoulos (2 *2

Nikos Panagiotou,
José Maria Pedrosa

The synthesis, characterisation and capability to selectively detect vapours of volatile organic compounds
(VOCs) and nitroaromatic explosives of a new family of 2-dimensional rare earth (RE) MOFs based on a
hexanuclear (RE>*)g secondary building unit (SBU) is reported. The reaction of RE(NOz)3 with 4,4'-sulfo-
nyldibenzoic acid (H,SDBA) in the presence of 2-fluorobenzoic acid (HFBA) in DMF/MeOH at 100 °C
afforded compound [REg(uz-OH/F)g(SDBA)4(NOs3)2(H20)6l, (UCY-15(RE); RE: Y, Eu, Gd, Tb, Dy, Ho, Er).
The structure of UCY-15(RE) comprises a microporous 8-connected 2D network based on a (RE3*)g SBU
and the angular dicarboxylate ligand SDBA2~ and contains rhombic channels along b and c axes. Gas
sorption studies on activated UCY-15(Y) indicated a moderate BET surface area of 417 m? g~
Photoluminescence (PL) studies in the visible region of UCY-15(RE) (RE: Y, Eu, Gd, Tb) revealed that
SDBA? is able to sensitize Eu** and Tb®* ions. Thin films of UCY-15(RE) (RE: Y, Eu, Tb) embedded in
polydimethylsiloxane (PDMS) were fabricated and evaluated for their sensing capability for vapours of
selected VOCs and nitroaromatic compounds revealing different response to each analyte tested. A series
of trimetallic analogues UCY-15(Y190_x—,Eu,Tby) (x, y = 5, 7.5, 10) were prepared aiming to superior
sensing materials that combine the PL signals of UCY-15(Y), UCY-15(Eu) and UCY-15(Tb). The analogue
UCY-15(Yg;sEu75Tbs) achieved the emission of white light whereas UCY-15(Yg7 sEusTb;5)@PDMS films
were shown to selectively recognize the tested analytes. Overall, this work highlights the capability of micro-
porous 2D MOFs containing highly accessible emissive centers to recognise vapours of selected analytes.

(MBB) approach, MOFs with varying network topologies and
structural characteristics can be readily designed and syn-

During the past couple of decades materials based on Metal-
Organic frameworks (MOFs) are continuously being con-
sidered for several applications." Gas storage/separation,”
catalysis,”” sensing®® and removal of pollutants from the
environment'® are among the most prominent applications of
MOFs in areas of global interest. The exploding progress in the
synthesis of functional MOFs allows the design of materials
exhibiting the desired characteristics for the targeted appli-
cation. For example, by utilizing the molecular building block
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thesized"" giving rise to materials with a plethora of different
metal ions, organic ligands, secondary building units (SBUs),
functional groups, network topologies, etc. Significant atten-
tion is focused towards MOFs based on Y*" and trivalent
lanthanide ions (Ln*") also collectively referred to as rare earth
ions (RE*") because they often exhibit interesting properties.
In particular, RE** MOFs containing emissive metal ions such
as Tb*" and Eu®' have been widely employed in photo-
luminescence (PL) - based sensing applications.”*™” Such
materials often exhibit attractive features including their
porous structures, enabling them to host various prospective
analytes, and the presence of multiple emissive moieties,
which can act as reporter groups by changing their PL pro-
perties upon interaction with guest species.'®*>' Thus, RE*"
MOFs have been utilized as temperature sensors*?*** and
also for the detection, of ions,***® humidity,>® organic pollu-
tants,*® and nitroaromatics.****? In addition RE*'-MOFs have
also successfully employed in the detection of various analytes
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in the gas phase.**” However, unlike sensing in liquid
media, the preparation of a MOF-based gas sensor is a challen-
ging task because it requires an optically inert platform able to
support the MOF crystals and to provide good accessibility of
the cages to the incoming gaseous analyte.*® In this sense,
embedment of the MOF crystals into thin films of polymeric
matrices has shown to be a practical and useful approach for
this goal.***° Focusing on gas sensors exhibiting improved
sensitivity and selectivity towards target analytes that are very
important for the protection of the society from toxic pollu-
tants and terrorist attacks, polymeric films including RE*'-
MOFs have been used to detect a number of molecular species
including explosives,'” NO, '® and VOCs.*

The stability of MOFs has been one of the major issues for
these materials. However, the synthesis of a Zr'* MOF based
on a hexanuclear [Zrg(pz-0)4(p3-OH)4(RCOO);,] SBU, called
Ui0-66*" unlocked many possibilities for MOFs, since UiO-66
displays significant thermal and chemical stability.*>** This
discovery triggered intense research efforts targeting the iso-
lation of other MOFs containing a (M"*), SBU.** As a result,
many MOFs based on the above mentioned SBU containing
hard metal ions including RE**,** Ce**,*® Th**,*®*” and U*","
have been synthesized. The isolation of RE** MOFs based on
hexanuclear or more generally polynuclear SBUs requires the
use of a carboxylic acid in the reaction mixture such as 2-fluoro-
benzoic acid (HFBA)*® (or 2,6-difluorobenzoic acid (HF,BA))*°
which acts as modulator preventing the formation of 1-D RE**
chain SBUs.*®* We recently focused our attention on the syn-
thesis of novel Zr*" or RE** MOFs containing the hexanuclear
SBU targeting to chemically stable MOFs that could be used
for the removal and detection of various organic and inorganic
species. Moreover, we utilized commercially available angular
dicarboxylates possessing different functional groups to inves-
tigate the effect of such ligands in the structure and properties
of the resulting MOFs. These efforts afforded 2D-8c-Zr-MOFs
with the ligands H,HFPBBA (4,4'-(hexafluoroisopropylidene)
bis(benzoic acid)) (compound UCY-13) and H,OBA (4,4"-oxybis
(benzoic acid)) (compound UCY-14) that were stable in
aqueous media, displayed appreciable internal surface areas
and exhibited exceptional UY'0,>* sorption capability and
selectivity that was attributed to complexation of the UY'0,**
ion to the terminal hydroxy/water molecules of these MOFs.>°
In fact, these findings triggered our interest on the synthesis,
characterisation and applications of 2D MOFs. This class of
compounds can combine the advantages of 2D materials and
the interesting properties of MOFs leading to advanced
materials with important potential applications in gas sorp-
tion/separation, sorption of various organic and inorganic
molecules, sensing and catalysis.">> The advantages that
make 2D MOFs attractive for several applications include their
easily accessible metal sites and functional groups, enhanced
chemical activity, mechanical flexibility, optical transparency,
high porosity and significant separation capability as a result
of their thin layered structures.>">>

We thus, targeted the isolation of the analogous 2D MOFs
of UCY-13 and UCY-14 based on RE*' ions. However, the use
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of the angular dicarboxylic ligand H,OBA (present in UCY-14)
afforded a 12-c anionic pcu-MOF which proved to be a selec-
tive sensor for Cd*>" through an ion exchange mechanism.”?
Note that apart from the above mentioned MOFs, a number
of (RE*)¢-MOFs have been employed for sensing various
analytes such as metal ions,>*® NO,”° and small organic
molecules®*>* as well as temperature.”®>® In any case, it is
not surprising that the use of H,OBA in the RE** MOF chem-
istry led to a high connectivity MOF instead of the 8-c RE*"
analogue of UCY-13 and UCY-14 since it is already docu-
mented that most (RE*"),-MOFs display higher connectivity
than their (Zr*")s-MOF counterparts due to the flexible co-
ordination environment of RE*" ions compared to the fixed
coordination sphere of Zr*" ions.”® As a result, low-connec-
tivity (RE**)e-MOFs with 8- or 6-connected SBUs are rather
rare.

We herein report the synthesis and characterisation of a
new family of 2D MOFs based on the angular dicarboxylic acid
ligand 4,4'-sulfonyldibenzoic acid (H,SDBA) with the general
formula [REg(p;-OH/F)g(SDBA)4(NO3),(H20)s],  (UCY-15(RE);
RE: Y, Eu, Gd, Tb, Dy, Ho, Er). Compound UCY-15(RE) is the
RE*" analogue of UCY-13 comprising a unique example of a
microporous 8-connected 2D network based on (RE**), SBU
and a very rare example of a 2D RE*" MOFs based on a hexa-
nuclear SBU. Gas sorption studies of UCY-15(Y) indicated a
moderate BET surface area of 417 m> g '. Solid state PL
spectra on UCY-15(RE) (RE: Y, Eu, Gd, Tb) and Na,SDBA indi-
cated that SDBA®>™ can sensitize both Eu®* and Tb*" ions.
Various trimetallic analogues UCY-15(Y;00—x—yEu,Thy) (x, y = 5,
7.5, 10) were synthesized to investigate their capability to emit
white light, something that was achieved for UCY-15
(Yg7.5Eu, 5sTbs). Moreover, gas sensing PL studies on PDMS
based thin films of UCY-15(RE) (RE: Y, Eu, Tb) (UCY-15(RE)
@PDMS) indicated a series of different responses of the three
MOFs in the presence of various nitroaromatic compounds
and VOCs. Finally, PDMS based thin films of a trimetallic ana-
logue UCY-15(Yg;sEusTb;5) was shown to combine the
responses obtained for each compound into one material
allowing the recognition of the tested analytes.

Experimental
Materials

Reagent grade chemicals were obtained from commercial
sources (Aldrich, Merck, Alfa Aesar, TCI, etc.) and used without
further purification. All synthetic procedures were carried out
in air. 2,4-Dinitrotoluene (DNT), 1,3-dinitrobenzene (DNB),
2,4,6-trinitrophenol (TNP) and 2,3-dimethyl-2,3-dinitrobutane
(DMNB) were purchased from Sigma-Aldrich. 2,4,6-trinitrotolu-
ene (TNT)* and triperoxide triacetone (TATP)®' were syn-
thesised following procedures reported in the literature. These
procedures are included in the ESLf} Poly(dimethylsiloxane)
(Synglard® 184) was purchased from Dow Corning. Other
chemical reagents and solvents were of analytical grade and
used without further purification.

Inorg. Chem. Front,, 2022, 9, 4850-4863 | 4851


https://doi.org/10.1039/d2qi00799a

Published on 10 jnijs 2022. Downloaded on 20.08.2024 07:28:31.

Research Article

Synthesis

Synthesis of UCY-15(RE) (RE: Y, Eu, Gd, Tb, Dy, Ho, Er).
Solid RE(NO3); (0.15 mmol) was added in one portion to a clear
solution of H,SDBA (0.015 g, 0.05 mmol), HFBA (0.2 g,
1.43 mmol) and HNO; (50 pl, 70 mg, 0.77 mmol) in
DMF : MeOH (5 ml: 0.5 ml) in a 20 ml glass vial and sonicated
until complete dissolution of the reactants. The vial was sealed,
placed in an oven at 100 °C and left undisturbed for ~5 days.
Then it was cooled to room temperature and X-ray quality col-
ourless rhombic plate crystals of UCY-15(RE) were isolated by fil-
tration, washed with DMF (3 x 5 ml) and dried in air. The reac-
tion yields were in the range of 15-20% based on H,SDBA. Anal.
Calcd UCY-15(Y)-10DMF (Y4S,F305;N;2Cg6Hy10): C 36.17; H 4.20;
N 5.89; found: C 36.46; H 4.49; N 5.70. UCY-15(Eu)-14DMF
(EugS,F3055N;6CogH 1 47): C 33.38; H 4.20; N 6.36; found: C 33.72;
H 4.52; N 6.61. UCY-15(Gd)-14DMF (GdS4F3055N;6CogH,47):
C 33.08; H 4.16; N 6.30; found: C 32.81; H 4.36; N 6.48.
UCY-15(Tb)-16DMF (TbgS,F505,N;4C104H61): C 33.63; H 4.37;
N 6.79; found: C 33.91; H 4.60; N 6.93. UCY-15(Dy)-
15DMF  (DyeSsF3056N;17C101Hys0): C 33.12; H 4.24; N 6.50;
found: C 33.33; H 4.58; N 6.67. UCY-15(Ho)-15DMF
(HoeS4F3056N1,C101His4): € 32.99; H 4.22; N  6.48;
found: C 33.28; H 4.51; N 6.67. UCY-15(Er)-17DMF
(EreS4F3055N10C10-Hy5): C 33.49; H 4.41; N 6.94; found: C
33.78; H 4.34; N 6.89.

Synthesis of UCY-15(Y;90—x—yEu,Th)) (x, y = 5, 7.5, 10).
Calculated amounts from stock solutions of Y(NO3);, Eu(NO3)3
and Tb(NO3); (0.15 M) in DMF were added in the appropriate
molar ratios to a clear solution of H,SDBA (0.015 g,
0.05 mmol), HFBA (0.2 g, 1.43 mmol) and HNO; (50 pl, 70 mg,
0.77 mmol) in DMF:MeOH (4 ml:0.5 ml) in a 20 ml glass
vial. The vial was sealed, placed in an oven at 100 °C and left
undisturbed for ~5 days. Then it was cooled to room tempera-
ture and X-ray quality colourless rhombic plate crystals of
UCY-15(Y100—x—yEu,Thy) (x, y = 5, 7.5, 10) were isolated by fil-
tration, washed with DMF (3 x 5 ml) and dried in air. The reac-
tion yields were in the range of 10-20% based on H,SDBA.

UCY-15(RE)@PDMS (RE: Y, Eu, Th, Y, sEusTh,;) film
preparation. 20 mg of each MOF were mixed with a Sylgard®
184 base and the curing agent in a 10: 1 weight ratio (1 g and
0.1 g respectively). The mixture was vigorously stirred for
30 minutes. After the complete dispersion of the MOF powder
into the polymer matrix, the mixture was spin-coated on a
Petri dish at 1000 rpm for 60 s and subsequently put under
vacuum for 15 minutes to degas the fresh polymer. Then, it
was placed in an oven at 60 °C overnight. The films (mixed
matrix membranes, MMMs) were cut and peeled off for charac-
terisation and sensing assays.

Gas sensing assays

The different UCY-15(RE) MOFs were exposed to saturated
vapours of six explosives, i.e. TNT, TNP, DNT, DNB, DMNB and
TATP and five pure volatile organic compounds (VOCs), i.e.
toluene, ethanol, methylamine, chloroform and hexanal. For
the sensing measurements of explosives, the UCY-15(RE)
@PDMS films were placed in a glass vial, whose head space
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was previously saturated with vapours of a certain quantity of
solid explosive (approximately 10 mg), and hermetically
closed. Although the main part of the sensing reaction with
explosives is expected to take place during the first minutes,
the exposure was continued for 48 hours in order to ensure
complete saturation.

On the other hand, the exposure to the VOCs was carried
out in a shorter time because of the higher vapour pressure of
these compounds. In this case, the saturated vapours of each
VOC was obtained by bubbling dry N, through the pure liquid
analyte, resulting in a mixture of N, saturated in each VOC.
The gas flow rates were controlled using two Bronkhorst®
F-201FV mass flow controllers, and the gas flow rate was fixed
at 1 L min~". Then, the gas mixture was introduced in another
gas chamber where the samples were previously placed for
exposure, which was maintained for 15 minutes.

In both cases, the PL spectra of the UCY-15(RE)@PDMS
films were recorded before and after their exposure to the
analyte until saturation of the sensing response unless other-
wise mentioned.

Physical measurements

Elemental analyses (C, H, N) were performed by the in-house
facilities of the University of Cyprus, Chemistry Department.
IR spectra were recorded on ATR in the 4000-700 cm™" range
using a Shimadzu Prestige — 21 spectrometer. pXRD patterns
were recorded on a Shimadzu 6000 Series X-ray diffractometer
(Cu Ka radiation, 4 = 1.5418 A). Thermal stability studies were
performed with a Shimadzu TGA 50 thermogravimetric analy-
zer. "H NMR spectra were recorded on a Bruker Avance III
300 MHz spectrometer at 25 °C. Chemical shift values in "H
NMR and "F-NMR spectra were reported in parts per million
(ppm). Digestion of the samples (~10 mg) was achieved with
0.5 M KOH in D,0O. Solid state PL. measurements for UCY-15
(RE) (RE: Y, Eu, Gd, Tb) and UCY-15(Y;90—x—yEu,Tb,) (x, y = 5,
7.5, 10) were carried out on an Edinburgh Xe900. All spectra
were corrected for instrument response using the correction
function generated after calibration of the instrument with a
standard light source. Appropriate long pass filters were used to
remove scattering from the sample and the monochromators.

PL emission and excitation spectra of UCY-15(RE)@PDMS
films were recorded with an FLS1000 Photoluminescence
Spectrophotometer (Edinburgh Instruments). In addition,
X-ray microdiffraction (p-XRD) patterns of the membranes
were collected using a Discover D8 (Bruker) diffractometer
with Cu Ka radiation (1.5406 A, 50 kV, 1000 mA) in the 5°-35°
260 range with a step of 0.02° per 0.5 s. The shape and size of
the MOF particles were examined using a FEI Teneo scanning
electron microscope (SEM). The samples for the SEM experi-
ments were prepared by depositing a droplet of an aqueous
suspension of the MOF particles onto a copper tap and dried
in air. Each sample was then covered with a 5 nm layer of
carbon by using a Leica ACE 600 sputter. Semiquantitative
elemental analysis was obtained by Scanning electron
microscopy-Energy dispersed X-ray spectroscopy (SEM-EDX)
using the FEI Teneo microscope.
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Gas adsorption

Low Pressure gas sorption measurements were carried
out at different temperatures using an Autosorb-iQ3 by
Quantachrome system equipped with a cryocooler capable of
temperature control from 20 to 320 K. Prior to analysis the as
made samples were washed with N,N-dimethylformamide four
times per day for 1 day and then soaked in MeCN or CHCl; 3
times per day for 10 days. Finally, the wet samples were trans-
ferred to 6 mm sample cells and activated under dynamic
vacuum at room temperature for 18 hours until the outgas rate
was less than 2 mTorr min~". After evacuation, the samples
were weighed to obtain the precise mass of the evacuated
sample and the cells were transferred to the analysis port of
the gas sorption instrument.

Single crystal X-ray crystallography

Single Crystal X-ray diffraction data were collected on a Rigaku
Supernova A diffractometer, equipped with a CCD area detec-
tor utilizing Cu-Ka (1 = 1.5418 A) radiation. A suitable crystal
was mounted on a Hampton cryoloop with paratone-N oil and
transferred to a goniostat where it was cooled for data collec-
tion. The structures were solved by direct methods using
SHELXT and refined on F* using full-matrix least squares
using SHELXL14.1.%% Software packages used: CrysAlis CCD for
data collection, CrysAlis RED for cell refinement and data
reduction,”®> WINGX for geometric calculations,®® and
DIAMOND for molecular graphics.”> The non-H atoms were
treated anisotropically, whereas the aromatic hydrogen atoms
were placed in calculated, ideal positions and refined as riding
on their respective carbon atoms. Several restrains (DFIX,
SIMU, RIGU and DELU) were used to fix the thermal ellipsoids
and geometry of the bridging NO;™ ions. Electron density con-
tributions from disordered guest molecules were handled
using the SQUEEZE procedure from the PLATON software
suit®® due to the disordered nature of these molecules.
Selected crystal data for UCY-15(RE) (RE: Y, Eu, Gd, Tb, Dy,
Ho) are summarized in Table S1 in ESL{ CCDC
2165648-21656531 contain the supplementary crystallographic
data for this paper. Full details can be found in the CIF files
provided as ESL.}

Results and discussion
Synthesis and crystal structure

The last few years we have been investigating the use of
angular dicarboxylic ligands in MOF chemistry targeting to
new functional MOFs. These efforts have afforded a series of
Cu** MOFs®” as well as two Zr** MOFs, compounds (UCY-13)
and (UCY-14).>° We have also employed such ligands in RE**
MOF chemistry targeting the isolation of structural analogues
of the two Zr*" MOFs as well as other functional MOFs.>
Among the various angular dicarboxylic ligands used for this
purpose, 4,4"-sulfonyldibenzoic acid (H,SDBA) has attracted
our attention due to its potential to afford functional MOFs. In
particular, it is emissive in the visible region of the UV-Vis
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spectrum and additionally has stabilized an 8c-(Zr*")s-MOF
that was shown to be an efficient sensor for various organic
compounds including nitroaromatics.®® Consequently, we
explored reactions of H,SDBA with RE*" salts in the presence
of HFBA targeting analogues of UCY-13 and UCY-14. These
synthetic efforts involved use of various RE** salt/H,SDBA
molar ratios and reaction conditions (solvent system, addition
of concentrated acids and the reaction temperature). Thus, the
reaction of RE(NO3); with H,SDBA in a 3:1 molar ratio in
DMF/MeOH in the presence of ~30 equivalents of HFBA and
~15 equivalents of concentrated HNO; at 100 °C for five days
afforded colourless rhombic crystals of compound UCY-15(RE)
(RE: Y, Eu, Gd, Tb, Dy, Ho, Er). The structure of compound
UCY-15(RE) (RE: Y, Eu, Gd, Tb, Dy, Ho) crystallizing in the
monoclinic space group C2/m contains two crystallographically
independent RE*" ions. The experimental pXRD patterns of
UCY-15(RE) analogues along with the simulated one of UCY-15
(Y) are shown in Fig. S1 in ESLf} Since the UCY-15(RE) com-
pounds are isostructural, crystallize in the same space group
with similar unit cell dimensions and their main difference is
the RE*" ion that is present in each structure, we will discuss
in detail only the structure of UCY-15(Y). Representations of
the structure of UCY-15(Y) are shown in Fig. 1. Y1 ion is co-
ordinated to eight oxygen atoms adopting a square antipris-
matic geometry whereas Y2 to nine oxygen atoms adopting a
monocapped square antiprismatic geometry.®® Specifically, the
coordination sphere of Y1 consists of four p;-OH™ bridges, two
carboxylate oxygen atoms of two bridging SDBA*~ ligands, one
oxygen atom of a bridging NO;~ ion and a terminal water
molecule, whereas the one of Y2 of four p;-OH™ bridges, four
carboxylate oxygen atoms from four bridging SDBA®~ ligands
and a terminal water molecule (Fig. S2 and Table S27). Recent
publications concerning RE-MOFs synthesized utilizing HFBA
or HF,BA indicated the existence of y;-F~ bridging ions.”®”"
The existence of F~ anions in this compound was confirmed
by recording '°F-NMR spectra of a digested sample of UCY-15
(Y) which indicated the presence of around three F -ions per
(Y*")s SBU.””! (Fig. S3-S6t). Overall, the secondary building
unit of UCY-15(Y) is a hexanuclear cluster based on a [Ye(p;-
OH /F)g]"%" structural core in which the Y** ions occupy the
vertices of an octahedron and the p;-OH™/F~ bridges lie above
its faces. Two SDBA*~ ligands connect two neighbouring (Y**),
SBUs with each carboxylate group linking two Y** ions of the
hexanuclear SBU adopting the common syn,syn-n":n*:p coordi-
nation mode. As a result, the eight SDBA®™ ligands connect the
hexanuclear SBU with four other SBUs forming a neutral
2-dimensional nanosheet with ~14 A thickness. The 2D
nanosheets feature two types of rhombic cavities with dimen-
sions ~10 x 19 A% and ~10 x 12 A* (Fig. 1a) and are oriented
parallel to each other. This parallel packing is achieved
through soft hydrogen bonds (C-H---O) involving O atoms of
the sulfone groups and C-H moieties of the aromatic rings of
SDBA®>~ ligands belonging to neighbouring 2D nanosheets
(Fig. 1b) (O---C distance 3.254 A).”> The parallel packing of the
2D nanosheets leads to inter-layer rhombic channels involving
the larger cavities of each layer along the c-axis (Fig. 1c),
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Fig. 1 Representations of: (a) a single nanosheet of UCY-15(Y) empha-
sising on its cavities and channels with the light blue bars being used to
indicate the intralayer channels and the light green bars the interlayer
channels extending to parallel neighbouring nanosheets, the 2D frame-
work of UCY-15(Y) formed along the (b) b axis indicating the soft hydro-
gen bonding interactions (orange dashed bonds) between adjacent
nanosheets and (c) ¢ axis emphasizing on the parallel packing of the 2D
nanosheets and the interlayer rhombic channels along this axis. The
cyan sphere (shown in c) denotes the pores formed between the parallel
layers along c-axis. Colour code: Y, light blue; S, yellow; O, red; N, blue;
C, grey; H, white.

whereas the smaller cavities form intra-layer channels
(Fig. 1b). The solvent accessible volume of the framework
corresponds to ~62% of the unit cell volume.

Although several examples of RE** MOFs based on the hexa-
nuclear SBU have been reported, the vast majority is 3D
compounds.*>*#9°3:73776 g the best of our knowledge, com-
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pound UCY-15(RE) is only the second example of a 2D MOF
based on (RE*")s-SBU.”” The existence of a very limited
number of 2D MOFs based on a (RE**)¢-SBU is rationalized on
the basis of the presence of several carboxylate groups connect-
ing the RE*" ions of the SBU due to the extended and flexible
coordination sphere of these ions leading to 3D structures. It
is pointed out that low connectivity (RE**), (n = 6, 9)-SBUs are
also known, with most of them being rationally designed and
synthesized based on topological aspects.””* In fact, one of
these low connectivity networks and in particular a 6-con-
nected one is the only other example of a 2D framework with a
(RE*")s SBU.”’ It is also interesting that UCY-15(RE) exhibits
analogous structure with a 2D Zr** MOF we reported recently
formulated as [Zrg(ps-O)4(ps-OH)4(HFPBBA),(OH),(H,0),],
(compound UCY-13).>°

The thermal stability of UCY-15(RE) analogues was investi-
gated by means of thermogravimetric analysis (Fig. S7t) and
variable temperature pXRD of the as synthesized samples
(Fig. S8t). The thermal decomposition of compounds UCY-15
(RE) proceeds via a two-step process. The first step (until
~460-480 °C) is attributed to the removal of the terminal H,O
and lattice DMF molecules. The second mass loss which is
completed at ~650 °C is attributed to the decomposition of
the ligand SDBA®". The residual mass at 900 °C corresponds to
the rare earth oxide of the corresponding RE™ ion (Table S37).
Variable temperature pXRD studies confirm that UCY-15(Y)
exhibits a significant thermal stability up to high temperatures
(>400 °C) (Fig. S81).

Gas sorption properties

Since UCY-15(Y) is stable in low boiling point solvents like
MeCN and CHCI; (Fig. S97), the activation of the material was
performed through exchange of the lattice and coordinated
solvent molecules with these solvents. These studies indicated
that UCY-15(Y) activated with these solvents (Fig. S107) dis-
played similar surface area and pore volume values however,
the materials activated in MeCN showed slightly higher values.
N, sorption measurements at 77 K of UCY-15(Y) activated
through a solvent exchange process with MeCN, revealed a
type-1 isotherm typical for microporous solids (Fig. 2), from
which the apparent BET area was found to be 417 m?> g*
(Langmuir, 431 m* g™") (Fig. S11 and S121). The total pore
volume value of 0.19 cm® g™" at relative pressure, p/p°® = 0.99, is
lower compared to the value of 0.61 cm® g™* calculated from
the crystal structure of UCY-15(Y). Given that the pXRD pattern
of the activated sample suggests an intact framework
(Fig. S97), the difference in the pore volume could be explained
by the presence of trapped organic molecules within the pores
for both compounds. The pore size distribution was calculated
using non-local density functional theory (NLDFT) after a suc-
cessful fitting of the N, adsorption isotherm data using a suit-
able NLDFT kernel (Fig. S13 and S14}). UCY-15(Y) shows two
major peaks centred at 8.3 A and 16.3 A. The larger pore size
value cannot be rationalized on the basis of the crystallo-
graphic data and is attributed to missing linker defects, which
is common in this family of compounds due to the use of
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modulators. The CO, uptake was investigated up to 1 bar at
273 K, 283 K and 298 K (Fig. S15T). UCY-15(Y) was found to
adsorb 2.3 (10.13 wt%), 1.70 (7.52 wt%) and 1.21 (5.36 wt%)
mmol CO, g™* and the isosteric heat of adsorption, Qg Was
calculated to be 30.3 k] mol™" (Fig. S16 and S177).

Photophysical properties

Steady state and time resolved PL spectroscopy studies were
performed on microcrystalline samples of UCY-15(RE) (RE: Y,
Eu, Gd, Tb) and the ligand. Upon excitation at 338 nm a broad
emission band at 427 nm is observed in PL spectra of the
ligand Na,SDBA which is attributed to the n* — = transition of
the ligand (Fig. S18f). Further studies included the measure-
ment of the PL spectra of UCY-15(RE) (RE: Y, Gd) where the
excitation and emission signals are slightly shifted compared
to the corresponding signals of the Na,SDBA ligand.
Specifically, a broad emission band at 433 nm is observed
upon excitation at 325 nm for these two compounds which is
also attributed to the n* — & transition of the anion of SDBA*~
(Fig. S18t). UCY-15(RE) (RE: Eu, Tb) display the characteristic
PL spectra of Eu** and Tb** ions upon excitation at 302 and
303 nm, respectively. It should be noted that in this region
only SDBA®>” absorbs light which sensitizes the RE** ions
through energy transfer. In the case of UCY-15(Eu), upon exci-
tation at 302 nm, sharp but weak emission bands are observed
at 578, 591, 613, 651 and 699 nm corresponding to 5D0 - 7Fj
(J=0,1, 2, 3 and 4, respectively) transitions (Fig. 3a). UCY-15
(Tb) displays strong and sharp emission bands at 487, 543, 582
and 620 nm which are attributed to the °D, — "F, (J = 6, 5, 4
and 3, respectively) transitions (Fig. 3b).

The difference in intensity of the PL signals of the two com-
pounds UCY-15(Eu) and UCY-15(Tb) is due to the energy differ-
ence of the excited T; energy state of SDBA>~ anion (T4,
23 095 cm™'; estimated from the emission spectrum of UCY-15
(Y)) and the emissive states of Eu*" (°Dy, 17200 cm™') and
Tb*" (°D4, 20500 cm™') ions which is 5895 cm™" and
2595 cm™", respectively. Thus, in the case of UCY-15(Eu) the
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Fig. 3 (a) Solid state excitation spectra (lem = 613 nm) and emission
(Aexc = 302 nm) of the as synthesized compound UCY-15(Eu), (b) solid
state excitation spectra (e, = 543 nm) and emission (lexc = 303 nm) of
the as synthesized compound UCY-15(Tb).

energy difference is well above the upper limit of 4000 cm™*

for efficient sensitization of Eu®** ion, possibly explaining the
weak emission peaks in the PL spectra of UCY-15(Eu), whereas
in the case of UCY-15(Tb) the energy difference is slightly
above the lower limit of 2500 cm™ for efficient sensitization of
Tb** ion which implies that energy transfer from the SDBA>~
ligand to Tb*" ions is favorable.>””® The excitation spectra of
UCY-15(Eu) and UCY-15(Tb), monitored at 613 nm and
543 nm, respectively, display characteristic peaks corres-
ponding to f-f transitions (Fig. 3). Time resolved emission
studies on UCY-15(Eu) and UCY-15(Tb) revealed that the PL
signals of the rare earth ions show mono-exponential decays
with lifetimes of 7% = 1.0 ms and 715, = 1.4 ms (Fig. S191).
These lifetimes are in agreement with the values obtained for
several Eu*" and Tb*" coordination polymers and MOFs.”*%* In
the case of UCY-15(Eu) we were able to estimate the emission
quantum yield of the Eu*" ion, @£ = ~38% (see ESI{ for
detailed discussion).

Thin film characterisation and sensing studies

The SEM images of a cross-section of the UCY-15(Y)@PDMS
based films (Fig. 4a) reveal a homogeneous thickness of 59 pm
for the obtained membranes. In addition, the MOFs particles
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Fig. 4 (a) Cross-section and (b) top-view of a UCY-15(Y)@PDMS
membrane.

are totally embedded into the porous PDMS as shown in
Fig. 4b. Similar results were obtained for UCY-15(Eu)@PDMS
and UCY-15(Tb)@PDMS.

The crystallinity of the MOF, once embedded in the PDMS
membrane, was confirmed by p-XRD (Fig. S20f). As can be
observed, the diffractogram of UCY-15(Y)@PDMS reveals that
the MOF particles remain crystalline after being incorporated
into the PDMS membranes since the two low angle peaks can
be clearly distinguished from the noise signal of the mainly
amorphous PDMS - based films. Furthermore, the amorphous
phase around 12° is attributed to the polymeric matrix. Hence,
these results prove the existence of the crystalline phase (MOF)
in the mixed-matrix membrane (MMM).

The PL emission spectra upon excitation at 325 nm, of
UCY-15(Y)@PDMS (blue line), UCY-15(Eu)@PDMS (red line)
and UCY-15(Tb)@PDMS (green line) are shown in Fig. 5. As
can be seen, the three membranes exhibit the same emission
profile as the microcrystalline powder of the corresponding
analogues of UCY-15(RE) (RE: Y, Eu, Tb). Moreover, the insets
in Fig. 5 illustrate the strong emission of the films, especially
of UCY-15(Eu)@PDMS and UCY-15(Tb)@PDMS, when illumi-
nated with UV light (300-375 nm). The microporous structure
of UCY-15(RE), that could possibly allow the insertion of
various organic molecules into the pores, and the accessibility
of the emissive sites due to the 2D nature of this family of
MOFs that could lead to intense modifications of the PL signal
of the MOF upon exposure to a certain analyte, prompted us to
investigate the gas sensing properties of thin films based on
these materials. When the UCY-15(RE)@PDMS (RE =Y, Eu,
Tb) films were exposed to saturated vapours of TNT, a substan-
tial quenching was achieved in all cases, as shown in Fig. 6.
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Fig. 6 PL emission spectra (Aexc. = 325 nm) of UCY-15(RE)@PDMS (RE =
Y, Eu, Tb) films before (solid line) and after (dashed line) exposure to TNT
saturated vapours.

The PL quenching (%) was quantified as (1 — I/I,) x 100, where
I, is the maximum PL intensity for each MOF, and I is the PL
intensity at the same wavelength after exposure to saturated
vapours of the analyte. Specifically, for UCY-15(RE)@PDMS
films, the PL quenching was calculated as ~35%, ~32% and
~90%, for the Y*', Eu** and Tb*' MOF-based materials,
respectively.

The observed quenching can be attributed to the electron-
withdrawing nature of the TNT molecule that behaves as a
n-electron acceptor, quenching the PL by an energy transfer
from the excited state of the ligand to the analyte. This mecha-
nism is based on the presence of nitro groups (-NO,) in its
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structure. A plausible explanation of the different percentage
of PL quenching obtained for the three UCY-15(RE)@PDMS
films can be found in a recent work by A. Gamonal et al.®
where it was demonstrated that divergent alterations of the PL
emission of Tb and Eu MOFs, in the presence of NO, gas, took
place due to a downshift of the excited T, energy state of the
ligand after adsorption of the analyte. In any case and taking
into account the low vapour pressure of TNT,** these results
illustrate the high sensitivity of our sensing materials.

The capability of UCY-15(RE)@PDMS films (Y**, Eu** and
Tb*") to detect a number of different analytes exhibiting
various chemical moieties and belonging to different target
groups including explosives such as nitro-compounds (TNP,
DNT, DNB, DMNB) and a strong oxidant improvised explosive
(TATP) as well as volatile organic compounds such as alcohols
(methanol), aldehydes (hexanal), amines (methylamine), polar
solvents (chloroform) and non-polar solvents (toluene) was
investigated aiming to obtain information concerning the
selectivity of the sensing materials. The corresponding spectra
before and after their exposure to the target analytes are pro-
vided in ESI (Fig. S21-S231). These studies revealed that the
three MOFs are sensitive to most of the selected analytes. To
facilitate the visualization of the specific spectral changes by
magnifying the resulting modifications upon addition of the
analytes to the UCY-15(RE)@PDMS (RE =Y, Eu, Tb) films, the
emission spectra before and after exposure were subtracted
and the obtained differences were squared. The corresponding
results are shown in Fig. 7. As can be seen, a different spectral
change (response) is obtained for each MOF and analyte, indi-
cating that a proper combination of the sensing responses can
produce selective patterns for the identification of each
analyte.

These investigations revealed a variety of spectral changes
of UCY-15(RE)@PDMS (RE =Y, Eu, Tb) films for a series of
analytes highlighting the capability of these materials to detect
several explosives as well as volatile organic compounds. Apart
from the electron-withdrawing nature of oxidizing species that
induces a charge transfer from the ligand, other types of inter-
actions including metal coordination (through analyte func-
tional groups), n-n interactions, acid-base interactions, hydro-
gen-bonding interactions, van der Waals interactions and
physical adsorption, should be considered in order to explain
the different spectral changes observed for the different
analytes.”>®®%* Since SDBA®~ can sensitize both Eu** and Tb**
ions (vide supra) it was decided to combine the emission pro-
files of UCY-15(Y), UCY-15(Eu) and UCY-15(Tb) into one
material. This was considered to be beneficial for gas sensing
studies because it would allow to include all visible spectral
information in one MOF, obtaining an advanced material for
chemical sensing. To achieve this, a series of trimetallic
UCY-15(Y190—x—yEu,Thy) (x, y = 5, 7.5, 10) analogues were syn-
thesized by adding calculated amounts of Eu** and Tb** salts
in the reaction mixtures (see Experimental section).

Due to the similarity in the chemical properties of Y** and
rare earth ions, the dopant Eu** and Tb** ions occupy random
positions within the metal SBUs of UCY-15(Y;0o—x—yEu,Thy)
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Fig. 7 Squared difference spectra of UCY-15(RE)@PDMS (RE =Y, Eu,
Tb) films exposed to saturated vapours of the selected analytes indicated
in the corresponding graphs.

(x, y = 5, 7.5, 10). pXRD studies revealed that the isolated
microcrystalline powder products of UCY-15(Y;0o—x—yEu,Tby)
(x,y =5, 7.5, 10) are crystalline and isomorphous to the parent
compound UCY-15(Y) (Fig. S24}). This strategy for the intro-
duction of new PL centers within a MOF has been demon-
strated to be successful in a plethora of lanthanide-based
meterials.”>'**>>* The emission spectra of the trimetallic
analogues UCY-15(Y9o—r—yEu,Tby) (x, y = 5, 7.5, 10), upon
irradiation at 325 nm (SDBA®~ excitation wavelength), contain
the PL features of all emissive sites (Fig. S25). Notably, the
Eu*" emission bands (e.g. these at 613 nm and 699 nm) are
more intense compared to the Th*>* ones. The relative intensity
of the emission bands of the rare earth ions in UCY-15
(Y100—x—yEu,Thy) (x, y = 5, 7.5, 10) depends on the energy trans-
fer processes that take place upon excitation of the com-
pounds. The facts that SDBA>™ ligand can sensitize both Eu**
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and Tb*" ions and energy transfer from Tb*" ions towards Eu®*
ions may occur, allow the tuning of the colour of these trime-
tallic analogues by varying the ratio of the rare earth ions.?**>
White light emission is demonstrated by UCY-15
(Yg7.5Eu;5Tbs) in the CIE (Commission Internationale de
I’Eclairage) diagram where each PL spectra is converted to car-
tesian coordinates on the specified plot. Specifically, UCY-15
(Ys7.5Eu, 5Tbs) coordinates lie in the center of the CIE plot (x =
0.339, y = 0.337) indicating that this analogue is capable of
emitting white light (Fig. S26 and Table S4f). Digital photo-
graphs of UCY-15(Eu), UCY-15(Y10—x—Eu,Thy) (x, ¥y = 5, 7.5,
10) and UCY-15(Tb) under a conventional UV lamp operating
at ~365 nm indicate that the colour of the doped compounds
matches the colour calculated from the CIE plot (Fig. S277).

SEM-EDX mapping images of all the trimetallic combi-
nations are shown in Fig. S28.7 As can be observed, the images
reveal a homogeneous distribution of the three RE*" ions (Y,
Eu and Tb) in all cases. The RE*" ions (Y, Eu and Tb) ratios in
the trimetallic compounds, determined by EDX studies and
summarized in Table S5, are in accordance with the targeted
ratios.

Processing the trimetallic MOFs into MMMs gave rise to
well distributed embedded crystals with a combined emission
colour as depicted in Fig. S29.7 Given the well-balanced inten-
sity of the PL bands of the UCY-15(Yg, sEusTb, 5s)@PDMS, this
MOF was selected to test the sensing capability of the trimetal-
lic derivatives. As can be seen in Fig. 8a, the emission spectra
of the UCY-15(Yg; sEusTb, 5s)@PDMS films maintain the same
profile as the microcrystalline powder of the corresponding tri-
metallic analogue (Fig. S25f). The UCY-15(Ys;5EusTb; 5)
@PDMS films were exposed to saturated vapours of the same
group of analytes as in the case of the monometallic MOFs
(UCY-15(RE), (RE =Y, Eu, Tb) to investigate their sensing capa-
bilities. Fig. S30 and S31t show the corresponding PL spectra
before and after 5 min and saturation exposures respectively.
As expected, in both cases the presence of the different ana-
lytes induces spectral changes in the PL features of each com-
ponent of the trimetallic MOF. Moreover, the observed
changes are different depending on the selected analyte. In
order to concentrate this information in only one representa-
tion, we have created a recognition pattern by calculating the
squared difference spectra for each analyte from Fig. S301 and
representing all of them together in a heat map (Fig. 8b). The
image consists of 11 columns corresponding to the 11 analytes
included in this study. Every column shows the squared differ-
ence of the corresponding emission spectrum, before and
after exposure, in a colour scale from blue to red, where blue
corresponds to no change and the red colour represents the
most prominent change detected. The wavelength grows from
down to top in each column. Through this representation, the
band shifts and PL intensity changes produced by the
different analytes can be easily distinguished, giving specific
information about the compound to be identified.

Focusing on nitro-compounds, it can be seen from Fig. 8b
that there are quite different responses of the UCY-15
(Ys7.5EusTb, 5)@PDMS film upon exposure to these analytes
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Fig. 8 (a) PL emission spectrum of a UCY-15(Yg; sEusTb; 5)@PDMS film
(Aexc. = 325 nm) and (b) colour map of the squared difference spectra of
UCY-15(Yg; 5EusTb; s)@PDMS films after exposure to saturated vapours
of the indicated analytes.

unlike their similar chemical structure. As explained above,
this behaviour is attributed to the different electron-withdraw-
ing capability of these analytes, and the different quenching
degrees upon exposure to them may be explained by their
potential redox values; —0.4 V for TNP,*® —0.7 V for TNT,*°
—0.9 V for DNB,*® —1.0 V for DNT®® and —2.0 V for DMNB.*’
According to this, the greater the redox potential, the
greater the electron-withdrawing nature and, consequently, a
more significant response.">'®**° The PL quenching, as well
as the response normalised by the gas concentration, are sum-
marised in Table S6 in the ESL{ The sensitivity order (TNP >
TNT > DNT > DNB > DMNB) obtained from these results
agrees with previous studies reported in ethanol solution and
gas media.”>®>°" A fact supporting the proposed mechanism
for the sensing response towards the nitroaromatics is that
DMNB does not have a good electron-withdrawing capability,
and, therefore, a high response is not expected. Other analytes
also exhibit unique changes, as shown in Fig. 8. Overall, this
study establishes materials based on microporous trimetallic
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RE*" MOFs as an ideal platform for the selective detection of a
wide range of analytes since they combine the spectral features
of Tb®", Eu®*" and the organic bridging ligand that can be
modified by a different degree upon exposure to various
analytes.

Conclusions

A rare example of 2-dimensional RE** MOFs based on an
eight-connected hexanuclear (RE*")g SBU is reported with the
formula [RE(p3-OH/F)g(SDBA),(NO3),(H,0)s],  (UCY-15(RE)
RE: Y, Eu, Gd, Tb, Dy, Ho, Er). Gas sorption studies revealed
that UCY-15(Y) has a microporous structure and exhibits a
moderate internal surface area. Photoluminescence studies on
microcrystalline powder samples indicated that SDBA®>~ anion
can effectively sensitize both Eu®" and Tb*' ions. Sensing
studies on thin films of UCY-15(RE) (RE: Y, Eu, Tb) embedded
in PDMS revealed a variety of different PL responses upon
exposure to saturated vapours of various nitro-compounds and
VOCs indicating the capability of these materials to detect a
wide range of analytes. A series of trimetallic analogues
UCY-15(Y100-x—yEu,Thy) (x, y = 5, 7.5, 10) were synthesized
aiming to materials that combine the PL signals of UCY-15(Y),
UCY-15(Eu) and UCY-15(Tb) MOFs and exhibit superior gas
sensing properties. Photoluminescence studies revealed that
the UCY-15(Y;00—r—yEu,Thy) family is a tunable platform in
terms of its PL features with some of these analogues exhibit-
ing the PL signals of Tb**, Eu®" and SDBA®" ions and that
white light emission was achieved for one of the analogues
(UCY-15(Yg7.5Eu; 5Tbs)). The analogue UCY-15(Ys;5EusTb; s)
that was shown to exhibit a well-balanced intensity of the PL
bands of Tb*', Eu**and SDBA*~ ions was selected to fabricate
thin films and investigate their sensing capability. The visual-
ization of the squared difference PL spectra before and after
exposure of UCY-15(Yg, sEusThb, 5s)@PDMS films to saturated
vapours of nitro compounds and VOCs in a 2D map allowed
the generation of recognition patterns for each analyte.
Overall, this work indicates the capability of microporous 2D
RE** MOFs to detect a wide range of analytes since due to
their 2D nature exhibit highly accessible metal sites and func-
tional groups and can lead to a variety of PL responses upon
interaction with organic molecules. It also demonstrates trime-
tallic UCY-15(Y90—x—yEu,Tb,) analogues as a tunable MOF
platform that can facilitate the detection of a wide range of
analytes.
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