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ABSTRACT

Metal Organic Framework (MOF) exhibits interesting structural properties especially considering their ion exchange capacity. Eu@COK-16 have been shown to
present a small emission quantum efficiency due to the high amount of water molecules in their structure. This report presents a series of Eu@COK-16 with
luminescence enhancement due to the replacement of the suppressor molecules by impregnation with organic ligands such as acetylacetonate (ACAC), butyl sulfoxide
(Butyl) and dimethyl sulfoxide (DMSO). Spectroscopic investigation, i.e. excitation/emission spectra and lifetimes of the excited states, shows an increase in the
quantum efficiency owing to the successful elimination of water molecules from the first coordination sphere of the Eu* ions.

1. Introduction

Hybrid luminescent metal organic framework has been highlighted
in the last decade as a promising material thanks to the presence of
luminescent centers in a such pore system, offering the ability to
accommodate guest molecules close to the luminescent species. Organic
ligands in coordination compound as Metal Organic Frameworks
(MOFs) can act as an antenna, absorbing and transferring efficiently the
energy to the rare earth ions as an alternative to overcome the rare earth
reduced luminescence due to their low intrinsic absorptivity [1-4]. The
interest in the photoluminescence study of those molecular systems
based on trivalent (RE>) rare earths has increased significantly since
the application of organic ligands as the building blocks of the
three-dimensional MOF structure and luminescence sensitizers leading
to the development of light conversion molecular devices (LCMDs) [5,
6]. As an example, the Eu@COK-16: HPA@Cug(BTC)»-3(H0) with Eudt
(HPA: phosphotungstic acid, BTC: trimesic acid or 1,3,4-benzenetricar-
boxylic acid) was demonstrate to be a new concept of luminescent
host-guest materials [7]. In this system, the antenna molecules are part
of the framework structures and, however the PW;503," ions partly
occupy one of the three types of pores presented by this structure, a
considerable portion of the pore volume in this host sensitized lumi-
nescent mesoporous material remains available for adsorption of addi-
tional sensitizing molecules. Despite the promising suitability of those
materials for applications as persistent phosphors [8], structural probes
[9,10], luminescent markers [11,12], display panels [13,14], fluo-
roimmunoassay [15,16], etc., their luminescence still tailored by the
presence of water molecules in the first coordination sphere of the
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trivalent rare earth (RE). This suppressors molecules provide a
non-radiative depopulation pathway of the RE>" excited state [17].

This report describes a study on the luminescence effects of replacing
the coordinated water of Eu®* hosted in the framework of Eu@COK-16
(containing three hydration waters) by acetylacetonate (ACAC), butyl
sulfoxide (Butyl) e dimethyl sulfoxide (DMSO) coordination complexes.
The phenomenological intensity parameters (Q4), the radioactive
(Araq), non-radioactive (Aprag) and total (Ayy) spontaneous emission
rates, main emitting state lifetime 5D0 (t) and quantum efficiency () of
Eu®* in those systems were obtained based on the on the Judd-Ofelt
theory. Overall, according to this spectroscopic investigation, the
impregnation of Eu@COK-16 with the organic ligands leads to an
enhancement in the luminescence revealed by the increase in the
quantum efficiency (1)) of the rare earth activator.

2. Experimental section

The EuCls-6(H20) salt was obtained by addition of concentrated
hydrochloric acid to an aqueous suspension of Euy03 (Cstarm, 99.99 mol
%). Trimesic acid (H3(BTC) — Fluka, 97 mol%), phosphotungstic acid
(HPA - Fluka, 97 mol%), Cu(NOs3)5-3(H20) (Synth, 99 mol%), absolute
ethanol (VWR) were used without further purification. The coordination
complexes (Fig. 1) dimethyl sulfoxide (DMSO, 99 mol%), acetylacetone
(ACAC, 99 mol%) and butyl sulfoxide (Butyl, 96 mol%) were purchased
from Sigma Aldrich. The Eu@COK-16 synthesis was performed
following the description of Mustafa et al. [7].

Powder X-ray diffraction measurements were performed in a Higaku
Miniflex II with a CuKa source and a Bragg angle 26 ranged from 3 to
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60°. Scanning Electron Microscope (SEM) measurements were obtained
using a JEOL JSM-740 1F (Field Emission Scanning Electron Micro-
scope). The emission and excitation spectra of the samples were ob-
tained using a Fluorolog 3 (Horiba) in a front face mode (22.5°) with a
450W Xenon lamp as excitation source. The same setup provides lifetime
measurements (micro/millisecond scale) by monitoring the hypersen-
sitive (Eu®") °Dy—"F, transition while using a pulsed xenon lamp able to
excite at the higher intensity ligand band.

3. Results and discussion

Vacuum dried COK-16 [18] crystals were suspended in a 1:1 water:
ethanol 1:1 EuCl3/HPA@Cu3(BTC)2-3(H20) solution. After reaction for
7 days, the success of the ion exchange can be easily checked by both the
Cu?* ions released into the solution and the appearance of the charac-
teristic hypersensitive transition Eu3+—5D0—>7F2 (618 nm) of Eu* in the
MOF’s emission spectrum [7,18]. Afterwards the crystals were washed
twice with absolute ethanol to remove non-coordinated Eu®* and Cu?*
and dried under reduced pressure at room temperature, resulting in a
hybrid luminescent Eu@COK-16 [7].

According to Mustafa et al. [7], the Eu®t in the Eu@COK-16 obtained
by replacing  “extra-framework” Cu?® ions occupy a
non-centrosymmetric 9-coordinate sites on the surface of PW1203% ions,
responsible for the cation exchange property of the Eu@COK-16 [7,18].
In addition to the 4 Oxygen atoms of Pwlzoﬁb, the coordination of the
Eu is complete by 4 water molecules and a simple coordination with the
carboxylic group of the additional BTC molecules present in the pores.
As a result, a quadratic anti-prism is formed by oxygen from HPA and
water, which is covered on one square face by oxygen atoms from the
extra-framework BTC molecules. The symmetry of this coordination is
consistent with symmetry C4 in the first sphere of coordination of the
Eu®t. As known, the occurrence of water molecules in the first coordi-
nation sphere of trivalent rare earth ions provide a non-radiative
depopulation pathway for the RE3* excited state, responsible for the
luminescence quenching of the emission center [2,19-21].

3.1. Replacement of coordination waters

Since the appearance of those non-radiative centers associated to the
Eu®*-coordinated water molecules, a series of experiments were per-
formed to replace the water by coordination complexes to overcome the
suppression of its luminescence, likely improving the Eu@COK-16
quantum efficiency.

The MOF crystals were soaked with acetylacetonate (ACAC), butyl
sulfoxide (Butyl) and dimethyl sulfoxide (DMSO). In order to accelerate
the ligand exchange reaction and eliminate excess solvent/binder, the
system was heated to 393 K for 72h. The procedure promotes the ex-
change of coordination water molecules for those coordination chro-
mophores (Eu@COK-16+coordnation complexes).

Fig. 2 shows the X-ray powder diffraction patterns (PXRD) for the
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COK-16, the Eu@COK-16 and after its impregnation with DMSO, Butyl,
ACAC1 and ACAC2 (ACAC2 = 10 ACAC1). The presence of the char-
acteristic peaks of COK-16 in the diffraction patterns and the absence of
changes in their positions suggest the preservation of the Cuz(BTC)s
structure in the samples. The decrease in intensities and the widening of
the peaks observed specially for samples impregnated with ACAC1 and
ACAC2 suggest a structural degradation of the Eu@COK-16. Besides, the
competition between Cu?* and Eu>* for the coordination complexes and
the possibility of a second phase formation can also contribute to the
changes in the diffractions peaks observed in Fig. 2.

SEM images presented in Fig. 3 show the presence of crystals with the
expected octahedral shape characteristic of the Cuz(BTC)3 MOFs. In the
case of the COK-16 sample, the Eu@COK-16 and the samples impreg-
nated with DMSO and Butyl it is clear the preservation of the structure,
in accordance to the PXRD measurements. On the other hand, for the
samples subject to ACAC1 and ACAC2, besides the indication of a second
morphology, the particles start to degrade as can been seen by the for-
mation of holes in the octahedral crystals once again corroborated by the
X-ray diffraction results. In this case, due to the high affinity of these
coordination complexes with the Eu®*, not only the complexes can
replace the water molecules but they can also remove the Eu®" from the
structure. In addition, the ACAC is similarly able to coordinate structural
Cu®" in the Eu@COK-16. These two effects can be responsible for the
crystals disruption demonstrate by the SEM images in Fig. 3 (e and f).

3.2. Luminescent proprieties

Fig. 4 (left) shows the excitation spectra monitoring the
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Fig. 2. X-ray powder diffraction patterns of COK-16, Eu@COK-16 and after the
impregnation with the coordination complexes.
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Fig. 1. Structures of the organic ligands.
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Fig. 3. Scanning Electron Microscopy - SEM images of COK-16 samples. a) COK-16. b) 10Eu:1COK-16 after ion exchange for 7 days (Eu@COK-16) c), d), €) and f)

impregnated with DMSO, Butyl, ACAC1 and ACAC2, respectively.

hypersensitive transition (Eu®h) 5D0—>7F2 (611 nm) for the Eu@COK-16
and the samples impregnated by DMSO, Butyl and ACAC1 (lower con-
centration) recorded from 200 to 580 nm at 300 K. The broad bands
centred at 260 and 295 nm, present in all spectra, is owing to the HPA
Ligand to Metal Charge Transfer band, LMCT, (O—W) and BTC ligand
So—S, transition, respectively. On the other hand, the narrower lower
intensity bands between 350 and 550 nm are related to the main energy
levels of the Eu®".

The overall spectral profile observed (bands assigned to the BTC
ligand and HPA structural anchor) indicates that the basic structure of
Eu@COK-16 is preserved after the water substitution [22,23], as shown
by X-ray diffraction patterns.

Except for the sample impregnated with Butyl, which presents the
smallest variation in its spectral profile, it is clear the change in the

relative intensities of the characteristic Eu>* transitions compared to the
structural ligand band (BTC) and the low relative intensity of the LMCT
band (O—»W) at 260 nm. This behaviour can be assigned to modifica-
tions on the short distances coordination around the Eu®* due to the
water/ligands substitution [1,24,25].

The emission spectra shown in Fig. 4 (right) were recorded at 300 K
from 400 to 750 nm with excitation in the BTC ligand band at 295 nm.
All the spectra exhibit the characteristic narrow emission lines arising
from the >Dy—’F; transitions (J: 0-4) of Eu®*. The ®Dy—"F, transition
presents only one emission band indicating that the Eu®" ion occupies
one symmetry site. The small widening of the band presented by the
impregnated samples indicates the formation of a set of similar, but
slightly different, symmetry centers, compared to the Eu@COK-16.

In all the spectra is possible to observe a higher intensities *Dg—’Fy
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Fig. 4. Excitation (left) and emission (right) spectra of Eu@COK-16 and impregnated with DMSO, Butyl, ACACI.

hypersensitive transition (characteristic for non-centrosymmetric point
groups and allowed by forced electric dipole mechanism) compared to
the ’Do—’F; transition (allowed by magnetic dipole mechanism), indi-
cating the absence of a centrosymmetric character. The >Dy—F, for the
impregnated samples also show a broadening behavior compared to the
water molecules coordinated MOFs. The Eu@COK-16-+ACAC shows an
extra peak in the °Dy—’F, transition. This phenomenon could be
explained assuming two hypothesis: first, in the case of absence of major
structural changes it behavior could be consistent with the exchange of
water for the ACAC coordination complex; second possibility is that the
split of the °Dy—’F, transition indicates the presence of a second phase,
probably associated with the formation of the Eu(ACAC)s-3(H20)
complex after the partial erosion of the Eu@COK-16 crystals.

Using the relative intensities of the emission spectra it is possible to
obtain the radiative rates (Ag_) for the 5D0—>7F j transitions by Eq. (1):

001 Sooy

Agny= Ago1 @

SO—»I So—»]

where 6p_1 and o(_j correspond to the energy barycenters of the
5Dy—"F, taken as the reference due to its pure magnetic dipole char-
acter, and °Dy—F; transitions, respectively. The So_; and Sy_; are the
specific band emission area of the corresponding to the °Dy—’F; and
5Dy—’F; transitions, respectively. Since the magnetic dipole Spe—"F;
transition is almost insensitive to alteration in chemical environment
around the Eu®* ion the Ag_.1 rate can be used as an effective internal
standard to determine the Ag_; coefficients for Eu®* compounds

[26-28].

The lifetime (t) of the Eu®*-containing systems materials were ob-
tained from the luminescence decay curve using a monoexponential
decay. The emission quantum efficiency (1)) of the °Dg emitting level can
be determined according to Eq. (2):

Arad

= d 2
1 Arad + Anrad ( )

where the total decay rate, Ayt = 1/T = Ajad + Anrad and the Apg = Xy
Ag_j. The A;q and Apraq are the radiative and non-radiative rates,
respectively. Table 1 shows the experimental values of the radiative
(Araq) and non-radiative (Aprqq) rates, and emission quantum efficiency

Table 1

Experimental intensity parameters (Qg4), radioactive (A;q), non-radioactive
(Anrad) and total (Ay) spontaneous emission rates, main emitting state life-
time ®Dg (t) and quantum efficiency (1) for Eu@COK-16 samples before and
after impregnated with the coordination complexes.

Q; Q4 Arad Anrad Aot T n
102 102 ™ H EH ms) (%
cm?) cm?)
Eu@COK- 4.5 1.1 202 7490 7692 0.14 2.6
16
DMSO 6.0 0.8 240 5920 6160 0.19 3.9
BUTYL 6.0 1.0 246 5914 6160 0.11 4.0
ACAC1 7.0 0.9 269 4959 5228 0.16 5.1




LG.N. Silva and D. Mustafa

.

The transitions *Dg—’F and °Dg—’F4 can be used to estimate the
experimental intensity parameters (Q;, . = 2 and 4). The Qg intensity
parameter is not included in this study since the Dy—’Fg transition was
not observed in these materials. The coefficient of spontaneous emis-
sion, A, is given by Eq. (3):

detw?

Aoy :WXZQJ(FHU(MHSDQY 3

where, y =n (n + 2)2/9 is the Lorentz local field correction and n is the
refraction index of the medium (1.5 for these materials). The square
reduced matrix elements ("Fy||[U™||°D;)? are 0.0032 and 0.0023
calculated for J = 2 and 4, respectively [2,29].

The Q, parameters depends on several factors: local geometry,
bonding atom ability to donate electrons and polarizabilities, especially
in the first coordination sphere of metal ion. However, according to
Judd-Ofelt theory, the Qg values are by far the most sensitive to angular
changes in the chemical environment around the Eu®* ion, and it tends
rapidly to decrease as the local symmetry tends to higher symmetries or
an inversion centre. On the other hand, Q4 and Qg are by far the most
sensitive to the ligating atoms — metal ion distances and electron donor-
acceptor effect [1,2,4,30].

Table 1 shows the values for the experimental intensity parameters
calculated for the samples impregnated with the coordination ligands.
The increase in the Qy parameter indicates a reduction in the centro-
symmetric character induced by the coordinated ligands, i.e. a less
symmetrical chemical environment around the Eu®* (total or partial
elimination of three water molecules). On the other hand, the Q4
parameter shows no change, probably owing to the coordinating atom
for all systems is oxygen [1,2,20].

According to the results for 1, there is an improvement in the
quantum yield of the impregnated samples compared to the as prepared
Eu@COK-16. This effect can be explained by the replacement of the
luminescence suppression centers (represented by the water molecules
that completed the Eu®' coordination sphere) by the used organic
ligands.

The CIE diagram (Fig. 5) shows the resulting emission color detected
by the human eye. The high color purity is achieved due to the high
relative intensity of the Eu’t ion 5py—7F, transition, that dominate the
spectral profile, and the absence or low intensity of a band arisen from
organic components of the materials.

4. Conclusion

In summary, it was demonstrate the feasibility of improving the
luminescence emission of Eu@COK-16 by replacing the water molecules
in the first coordination sphere of Eu®* through the impregnation of the
MOF crystals with organic ligands such as acetylacetonate (ACAC), butyl
sulfoxide (Butyl) and dimethyl sulfoxide (DMSO). X-ray diffraction
patterns show the preservation of the COK-16 structure in all the sam-
ples except for the ACAC. SEM images present the morphologies
consistent with the X-ray results,i.e. it is possible to observe the initial
intact COK-16 octahedral crystals deteriorating after the contact with
the ACAC ligand. The behaviour of the luminescence profiles presented
by the materials indicate the water/ligands substitution around the
Eu®". In addition, the Judd-Ofelt parameters Q, and Q4 suggest a less
symmetrical chemical environment around the rare earth ion due to the
presence of the coordinated ligands in the vicinity of the rare earth ion.
Finally, by reducing the coordinate water content, it was observed an
increase in the quantum efficiency for those systems.
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