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Eu@COK-16, a host sensitized, hybrid luminescent
metal-organic framework

D. Mustafa,””* I. G. N. Silva,” S. R. Bajpe”’ J. A. Martens,” C. E. A. Kirschhock”, E.
Breynaert”* and H. F. Brito*

A new concept of luminescent host-guest materials was developed by introduction of Eu®" into
COK-16, a HKUST-1 type hybrid metal-organic framework (MOF) with cation exchange
properties. In Eu@COK-16, the luminescent ion resides in the pore system of the MOF. The
luminescent properties of Eu@COK-16 have been studied based on excitation and emission,
allowing analysis of intramolecular energy-transfer processes from the COK-16 host to the
exchanged Eu®" ions. Both, the framework trimesate (BTC) and encapsulated [PW,040]° ions
contribute to energy transfer. Since the antenna molecules (BTC) are part of the framework
structure and [PW,040]*" ions only partly occupy one of the three types of cavities in the
structure, a large fraction of the pore volume in this host sensitized luminescent MOF remains
available for catalysis applications or adsorption of additional sensitizing molecules. The
material structure was determined from a combination of elemental analysis, XAS, XRD,

electron and luminescence spectroscopy.

Introduction

Trivalent rare earth ions (RE*") exchanged in zeolites, grafted onto
the walls of mesoporous (semi)-metal oxides or being nodes in metal
organic frameworks (MOFs) have attracted attention both as
luminescent material and as catalyst.'* Key aspect for this interest is
the presence of luminescent centers in a well-defined pore system
offering the ability to accommodate guest molecules close to the
luminescent species.” In case of zeolites and mesoporous silicates,
the RE*" ions and the sensitizing molecules reside in the pores of
the materials. With the discovery of RE*" based MOFs, the
luminescent ions and the sensitizing ligands no longer occupy the
cavities but are part of the framework structure itself.® The rigid
organization of the linkers in the MOF structure not only induces
increased luminescence lifetimes,’ but also results in additional free
pore space for adsorption of additional sensitizing molecules or
reactants. Disadvantage of embedding of the RE®" ions into the
framework is their higher coordination number, leaving less options
for tailoring their photo luminescent or catalytic properties.

The synthesis of Eu@COK-16, demonstrates an intermediate
approach where the sensitizing ligands are part of a porous MOF
framework, while the RE** ions are introduced into the pores via ion
exchange, similar to the situation occurring in zeolites. The synthesis
of the COK-16° structure uses Keggin type [PW12040]3'
polyoxometalate anions as template.”!° The [PW,04,]* ions retain
their negative charges upon inclusion in the COK-16 structure, hence
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providing cation exchange properties to the otherwise neutral
Cu3(BTC),.3H,0 framework.® In addition, the POM inclusion also
dramatically improves the material stability in steam conditions as
compared to the HKUST-1 MOF with the same framework topology
and composition.'!

Results and discussion

In the as-synthesized COK-16 the negative charge of the
encapsulated polyoxometalate is compensated by extra-framework
Cu*" ions. Using a highly Cu®" selective di-iminoacetate resin, these
extra Cu®" ions can selectively be exchanged for Na* while the MOF
structure remains intact® The high affinity of polyoxometalate
anions for trivalent rare earth ions'>'* allows exchanging COK-16
directly with the RE* ions. In case of europium, this yields the Eu**
exchanged COK-16 as the first example of a new class of hybrid
luminescent materials, where the luminescent ions reside in the pore
system of a framework which acts as an antenna. This leaves the
RE’" ions more available for interaction with other ions and/or
ligands. Eu*" was chosen because of its characteristic narrow
emission bands originating from 4f intra-configurational transition
that can be used as a luminescent probe for the local environment of
this ion."

Vacuum dried COK-16 crystals were suspended in a 50% vol.
ethanol-water solution containing EuCl; with a Eu3+:[PW12O40]3 .
ratio of respectively 1 and 10. Upon increasing exchange of COK-16
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with Eu®*, as indicated by the increasing emission intensity of the
hypersensitive transition *Dy—’F, (618 nm) of Eu**, Cu®*" ions are
released into solution (see Figure S1 and Figure S2). After
equilibration (up to 10 days), the crystals were washed twice with
absolute ethanol to remove superfluous Eu®’, before drying under
reduced pressure at room temperature.

The higher stability constants documented for RE** as compared to
Cu*" complexes with the mellitic acid seriest '>'® indicated a risk
for COK-16 breakdown and conversion into Eu(BTC).6H,O
structures. Therefore, the integrity of the COK-16 framework during
Eu®* exchange was monitored with a combination of bulk and local
techniques such as Powder X-Ray Diffraction (PXRD), Extended X-
ray Absorption Fine Structure (EXAFS) and Scanning Electron
Microscopy (SEM).

Evaluation of the PXRD patterns of the Eu®* exchanged COK-16
samples (see Figure S3) revealed a fully intact COK-16 framework
structure for all samples except those contacted with a 10:1
Eu*:[PW,040]* ratio for 7 days. In these last samples a minute
fraction of Eu(BTC).6H,O is formed as result of framework
degradation due to competition between Cu’* and Eu®* for the
framework linkers. This result was corroborated by the SEM
analysis (Figure 1) confirming the absence of morphological changes
of the COK-16 MOFs for samples exchanged with Eu
(1 Eu**: 1 [PW1,040]°>" dosed) and revealing the appearance of a
minute fraction of needle-like Eu(BTC).6H,O crystals in 10:1
samples equilibrated for 7 days, respectively (see Figure S4). SEM-
EDX mappings demonstrate a uniform distribution of Cu and Eu
over the crystals, as would be expected for Eu®" exchanged COK-16
(see Figure S5).

Journal Name

converged to 1 Eu®" ion per Keggin ion. In addition to the 4 O atoms
from [PW;,04]°" at a distance of 2.5 A, the coordination of Eu is
completed with 4 water molecules at a distance of 2.3 A, identified
by inspection of the observed electron density map. This map also
showed considerable electron density in the L3 cavity of the MOF
which is unoccupied by Keggin ions. This electron density was
assigned to BTC molecule, occluded by selective adsorption from
the initial synthesis mixture.'®'® For the refinement it was treated as
freely reorienting rigid body. In the resulting Eu@COK-16 ,this
molecule assumed a position where one of its carboxylate groups is
in interaction distance to europium (Eu-O 2.4 A) (Figure 3).
Interestingly, the occluded BTC molecule also is in direct interaction
with the framework via a copper pair of the occluding cavity (Cu-O
2.2 A). This coordination of Eu’* results in a square anti-prisma
consisting of oxygen from Keggin and water, which is capped on
one square face by an oxygen from the extra framework BTC
molecule (Figure 4). The local symmetry of this coordination is
consistent with C4, symmetry in the first coordination sphere of
europium. This local geometry is confirmed by the luminescence
spectra obtained at 77 and 298 K.

Figure 1: Scanning Electron Microscopy of the COK-16. a) as prepared. b), c) and
d) COK-16 with 1 Eu®: 1 [PW12040]3' exchanged for 1, 2 and 7 days respectively.
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Figure 2: k3—weighted EXAFS data, fit and residual for sample 1Eu7d.

Table 1: Geometric parameters obtained by shell fitting k* and k*-
weighted data for the EXAFS spectrum in Figure 2.

Atom Number DW-factor Distance
0 4 0.00200° 2.35
(0] 5 0.00397 2.48
\% 4 0.00813 3.69

E’=9.715;S,"= 1.
Snot floated during fit

The local chemical environment of Eu and its position in the COK-
16 sample was elucidated by combining X-ray Absorption
Spectroscopy (Figure 2, Table 1) with Rietveld refinement of the
PXRD patterns (Figure 3). As shown in Figure 2, EXAFS single
scattering analysis revealed the Eu®* ion occurs in a non-
centrosymmetric 9-coordinated site near the surface of the
[PW,,0,]> ions responsible for the cation exchange properties of
COK-16. This information served to localize the exchange Eu®"
inside the structure of COK-16 by Rietveld refinement. Only one Eu
position was consistent with identical distances of 3.7 A between the
rare earth and four tungsten ions of the Keggin ion, which showed an
occupation factor of roughly 75% of the available cavities of type
L2 in the HKUST-1 topology. *'” The occupation of the Eu*" freely
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Figure 3: Rietveld refined powder pattern of sample 1Eu-7d (-factor 4.7%,
weighted R-factor 8.5, RF>-factor 12%). The local geometry of Eu® is shown as
inset.
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Figure 6: Emission spectra for the Eu(BTC).6H,0 and COK-16 with Eu®
(10 Eu*: 1 [PW1,040]7) excited at 295 nm recorded at 77 K.

Figure 4: Global arrangement of Eu in COK-16 determined by modeling the XAS
spectra in combination with Rietveld refinement of the PXRD patterns.

Comparison of the excitation spectra of the Eu(BTC).6H,0 and
Eu@COK-16 recorded at 77 K (Figure 5) indicates the
presence of a new broad absorption band around 265 nm which
is assigned to a ligand-to-metal charge-transfer O—W, LMTC

2021 This transition is overlapped by an intense

transition.
absorption band at 295 nm assigned to the Sy—S; transition of
BTC. In addition, narrow absorption bands between 350 and
550 nm assigned to the "Fy—°L; intra-configurational
transitions of the Eu*" ion are observed.?? The absorption bands
observed in the Eu@COK-16 excitation spectrum confirm the
close association of Eu®" with the [PW;,040]°" ions residing in
the pores of COK-16 and the sensitizing role of BTC. In
addition, the appearance of the O—W LMCT band and shift of
the BTC ligand band to higher energies readily indicate a
different chemical environment for Eu®" in Eu@COK-16 as
compared to Eu(BTC).6H,0.

The emission spectra (Figure 6) present the narrow bands that
can be assigned to the ’Dy—F, transitions J=0,1,2,3,4) of
the Eu®" under excitation in the BTC absorption band at 295
nm. The presence of a °Dy—'F, band of highest intensity
indicates that the Eu®" ion is found in chemical environment
without inversion centre hence corroborating the structural
analysis. In such a case, the Laporte’s rule is slightly relaxed
for 4f—4f transitions due to mixing of opposite parity electronic
configurations, resulting from odd components of non-centro-
symmetric ligand fields.” The broadening of the 4f-4f
transitions of the Eu®" ion indicates the occurrence of Eu®" in a
chemical environment with site symmetry of the type C,, C, or
C.y, as expected from the local geometry found by EXAFS and
Rietveld refinement.
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Figure 5: Excitation spectra for the Eu(BTC).6H,O and COK-16 with Eu®*
(10 Eu*:1 [PW12040]3') monitoring the hypersensitive °*Do=>F, transition at 618
nm recorded at 77 K.
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Figure 7: Emission spectra using respectively a 295 and 396 nm excitation
wavelength for the Eu@COK-16 sample exchanged for 1d with
(10 Eu®: 1 [PW1,040]%).

In the emission spectra for the Eu@COK-16 samples, the broad
band resulting from BTC luminescence (between 400 and 500
nm)** can only be observed in the spectrum of the samples with
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the lowest concentration of Eu®" (1 Eu*": 1 [PW,0,4]° 1 day,
Aex. = 295 nm) (see Figure S2). Disappearance of this band with
increasing Eu content indicates efficient energy transfer from
BTC to the Eu*" ion. This result is corroborated by the higher
emission intensity of the *Dy—F; transitions of Eu®" under
excitation in the BTC band (295 nm) as compared to the direct
excitation of the Eu*" ion at 396 nm (Figure 7). On the other
hand, the moderate emission intensity of the COK-16 is
associated with the non-radiative decay channel due to vibronic
coupling with the vibrations of the four water molecules in first
coordination sphere.?

As a conceptual illustration of potential future developments,
excitation and emission spectra were recorded for a
Eu@COK16 (1Eu7d) sample, impregnated with DMSO and
consequently dried at 393K to exchange the coordinated water
molecules with DMSO (Figure S6 and S7). The observed
change in the relative intensities of the *Dy—>F3 and *Dy—'F,
transitions clearly indicate a modification in the local symmetry
of Eu*" which, assuming the absence of structural changes to
the framework, would be consistent with the exchange of water
ligands with DMSO.

Conclusions

Eu@COK-16 hybrid luminescent MOF was obtained by
replacing ‘extra-framework’ Cu®" ions in COK-16 with Eu®".
Structural characterisation via EXAFS, XRD and luminescence
spectroscopy reveals the location of Eu®" in a C,, symmetry
next to the encapsulated [PW,04]> ions which provide the
exchange capacity to COK-16. The close association between
Eu and the [PW,040]> ions in the pore system of the trimesic
acid based metal organic framework is confirmed by the
excitation and emission luminescence spectra demonstrating the
energy transfer from both the POM and the BTC ligands to
Eu’'. Since the antenna molecules are part of the framework
structures and [PW,040]> ions partly occupy one of the three
types of pores in the structure, and a large fraction of the pore
volume in this host sensitized luminescent MOF remains
available for catalysis applications or adsorption of additional
sensitizing molecules.

Experimental

The exchange of COK-16 with Eu®" was evaluated both as
function of Eu®" concentration and equilibration time, using as-
synthesized, Cu®* exchanged COK-16 samples, prepared as
described previously.® After synthesis, the solids were
collected, washed twice with absolute ethanol and vacuum
dried at room temperature to remove physisorbed solvents.

XAS measurements were performed at the DO4BXAFS1 and
DO8B—XAFS2 beamlines of the Brazilian Synchrotron Light
Laboratory (LNLS) — Campinas, Brazil. The Eu Ly results
were recorded in fluorescence using a 15 element Ge detector.
Data processing and analysis was performed using IFEFFIT?®
in combination with the open source programming interface
Demeter.”® Theoretical phase shifts and amplitudes were

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

calculated using FEFF6*’ for the structural model shown in
Figure 4.

PXRD patterns were obtained for all samples from 3 to 90° 20
using a Stadi P (CuK,;, STOE & Cie GmbH) in 6—26 geometry
and capillary mode.

Rietveld refinement was performed using the GSAS software
suite on the samples 1Eu’":1[PW,04]" for 7d and
10 Eu®": 1 [PW,,049]%> for 3d. Both could be refined with the
same structure and occupation factors. As starting model served
the known structure of COK-16 and the position of the Eu**
ion, as deduced from XAS. BTC molecules were introduced as

rigid bodies and left freely to refine
28,29

in position and
orientation.
The photoluminescence study was based on the excitation and
emission spectra recorded at room temperature (300 K) and in
liquid nitrogen (77 K). Luminescence spectra were collected
both at 298 and at 77 K in front face mode (22.5°) in SPEX-
Fluorolog 2 instrument with double monochromators, coupled
with a 450 W xenon lamp serving as excitation source.
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Eu@COK-16, a host sensitized, hybrid luminescent metal-
organic framework

D. Mustafa,*®* 1. G. N. Silva,2 S. R. Bajpe®? J. A. Martens,” C. E. A. Kirschhock®, E. Breynaert®* and
H. F. Brito®

Host sensitized Eu@COK-16 demonstrates a novel strategy for material design combining the advantages of
luminescent MOFs with those of host guest luminescent materials.
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