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Single crystal coordinating solvent exchange as
a general method for the enhancement of the
photoluminescence properties of lanthanide
MOFs†

Eleni J. Kyprianidou,a Theodore Lazarides,b Spyridon Kaziannis,c

Constantine Kosmidis,c Grigorios Itskos,d Manolis J. Manos*b

and Anastasios J. Tasiopoulos*a

The discovery of new methods for the post-synthesis modification of materials is essential in order to

establish suitable strategies for the tuning of their properties in a rational manner. Here we present a

series of single-crystal-to-single-crystal (SCSC) transformations for the flexible [Eu2(CIP)2(DMF)2(H2O)2]

(UCY-8) [H3CIP ¼ 5-(4-carboxybenzylideneamino)isophthalic acid] and rigid [Eu2(N-BDC)3(DMF)4] (EuN-

BDC) (H2N-BDC ¼ 2-amino-1,4-benzene dicarboxylic acid) Metal–Organic Frameworks (MOFs) that

involve the replacement of their coordinating solvent molecules by terminally ligating organic molecules

with multiple functional groups including –OH, –SH, –NH– and –NH2 or their combinations, chelating

ligands, and two different organic compounds. The capability of the flexible MOF, which contains small

pores and channels (<4 Å), to exchange its coordinating solvent molecules by relatively bulky molecules

(such as pyridine, 2-hydroxymethyl-phenol, etc.) is shown to be the result of its breathing capacity.

Remarkably, the rigid MOF is also highly capable of replacing its coordinating solvent molecules by bulky

ligands, despite its small pores (2–5 Å) and lack of structural flexibility. Interestingly, the insertion of some

organic ligands into the rigid MOF results in a significant modification of its framework structure and

substantial expansion of its potential void space. Not only a plethora of exchanged analogues of these

MOFs have been isolated and crystallographically characterized, but also, in some cases, a tremendous

enhancement of their Eu3+-based photoluminescence (PL) signals, lifetimes and quantum yields (up to

�16 times) compared to those of the pristine materials has been observed due to the replacement of

terminal solvents by organic ligands being efficient sensitizers for the Eu3+ ion. Overall this work

indicates that the Single Crystal Coordinating Solvent Exchange (SCCSE) can be applied as a general

post-synthetic modification method for LnMOFs and also constitutes a highly efficient strategy for the

enhancement of the Ln3+-based PL.
Introduction

Metal–organic frameworks (MOFs) have attracted a tremendous
amount of attention not only because of their unique structures
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and topologies,1,2 but also due to their signicance in various
technological and scientic elds such as gas storage and
separation,3–6 magnetism,7 sensing,8 drug delivery9 and catal-
ysis.10 Although a large variety of MOFs have been reported, it
remains challenging to modify and tune their properties in a
rational manner. To this end, many research groups are now
focusing on the development of efficient methods for the post-
synthetic modication (PSM) of MOFs.11–13 It is preferable that
such post-synthetic modications proceed in a single-crystal-to-
single-crystal (SCSC) fashion in order to gain direct and accu-
rate structural information for the modied compounds. Such
SCSC modications involve mainly three different types of
structural alterations: (a) insertion/removal of guest mole-
cules,13–15 (b) modications of the organic ligands11,16–18 and (c)
changes in the coordination environment of metal
ions.11,13a,19,20,21 However, SCSC transformations of types (b) and
This journal is © The Royal Society of Chemistry 2014
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(c) are rarely observed because they result in the break of
covalent or coordination bonds and formation of new ones that
usually deteriorate the long-range structural order of the pris-
tine compounds. Ln3+ MOFs (LnMOFs) with polycarboxylate
ligands seem to be excellent candidates for studying SCSC
transformations of type (c), because they possess high stability
in air and weakly bound solvent ligands that could be easily
removed without collapse of their frameworks.21,22 Thus, we
have recently began to investigate the synthesis of new LnMOFs
and the study of their SCSC coordinating solvent exchange
properties. The rst result of these studies included the isola-
tion of a exible Nd3+ MOF [Nd2(CIP)2(DMF)2.8(H2O)1.2] (UCY-2),
based on the semi-rigid tricarboxylic ligand H3CIP [H3CIP ¼
5-(4-carboxybenzylideneamino)isophthalic acid], which showed
an extraordinary capability to undergo a series of SCSC trans-
formations.21 The latter involved the exchange of the coordi-
nating solvent molecules of UCY-2 by various terminal and
chelating ligands as well as anions and combinations of organic
molecules. These SCSC modications were not only highly
unusual but also resulted in the insertion into the structure of
UCY-2 of various unbound functional groups, including func-
tionalities such as –SH that have not been incorporated previ-
ously into MOFs.21 Furthermore, we have recently demonstrated
the usefulness of the coordinating solvent exchange capability
of UCY-5 (the Ce3+ analogue of UCY-2) for the selective sorption
of MeOH in the liquid phase.23

As an expansion of this work, our research efforts are now
focused on the establishment of the Single Crystal Coordinating
Solvent Exchange (SCCSE) as a generally applied strategy for the
incorporation of functional groups into the structures of
LnMOFs. In addition, we aim to utilize this method for the
targeted modication or/and improvement of the properties of
these MOFs. A property of LnMOFs that could be enhanced by
applying the SCCSE strategy is their Ln3+-based photo-
luminescence (PL), which is known to be sensitive to the coor-
dination environment of the lanthanide ion.22 The
establishment of a facile and highly efficient method to improve
the PL of LnMOFs is of signicant importance because it can
lead to the development of superior photoluminescent mate-
rials. Such materials would be particularly attractive for various
applications related to lighting, sensing, optical devices, pho-
tocatalysis and photon harvesting in photovoltaic technology.22

We herein describe a plethora of SCSC solvent exchange
transformations for two different types of LnMOFs, the exible
[Eu2(CIP)2(DMF)2(H2O)2] (UCY-8) (ref. 23) and the rigid [Eu2(N-
BDC)3(DMF)4] (EuN-BDC) (N-BDC ¼ 2-amino-1,4-benzene
dicarboxylate).24 These modications comprise the exchange of
the coordinating and/or guest solvent molecules of UCY-8 and
EuN-BDC by (i) terminal ligands with multiple functional
groups (including among others relatively bulky organic mole-
cules such as 2-hydroxy-phenol and benzimidazole), (ii)
chelating organic ligands (imidazole or pyridine analogues),
(iii) two different terminal ligands and (iv) various organic
compounds – guest molecules. The SCCSE is thus shown to be
applicable for the post-synthesis modication of LnMOFs with
substantially different structural characteristics. In addition,
the PL properties of the various exchanged materials were
This journal is © The Royal Society of Chemistry 2014
investigated in detail indicating in some cases a huge ampli-
cation of the Eu3+ emission signals, lifetimes and quantum
yields compared to those of the as-preparedMOFs. Thus, SCCSE
is demonstrated as a general method for the targeted modi-
cation of the structures of LnMOFs and the enhancement of
their PL properties.

Results and discussion
SCSC transformations for UCY-8 and EuN-BDC

The presence of highly disordered coordinating solvent mole-
cules in UCY-8 and Eu-NBDC in combination with their rela-
tively open structure and excellent stability in air (for several
months) and various solvents (including water) prompted us to
investigate the SCSC solvent exchange properties of these
compounds. We have chosen exible (UCY-8) and rigid (EuN-
BDC) MOFs to check whether it is possible to apply the SCSC
coordinating solvent exchange method for various LnMOFs
independently of their structural characteristics. We have
focused on Eu3+ MOFs for these studies, as one of our main
targets was to investigate the effect of the incorporation of
various organic ligands on the Eu3+-based PL properties of these
materials.

UCY-8, recently reported by our group,23 crystallizes in the
monoclinic space group C2/c and contains the dinuclear
building block [Eu2(COO)6(DMF)2(H2O)2] [Fig. S1 in the ESI†] as
the secondary building unit (SBU). The compound displays a
three-dimensional structure (Fig. S2†) with a topology corre-
sponding to that of u-3,6-C2/c nets and narrow channels (3–
4 Å).21,23 UCY-8, which is based on the semi-rigid tricarboxylic
ligand H3CIP, is expected to present signicant structural ex-
ibility that may result in highly unusual SCSC transformations
as observed in the case of its analogue UCY-2.21

EuN-BDC, reported by Reedijk et al.,24 crystallizes in the
triclinic space group P�1 and is based on the rigid dicarboxylic
ligand N-BDC and dinuclear SBU [Eu2(COO)6(DMF)4]. EuN-BDC
displays a 3D-structure with a 412$63 topology (Fig. S3†) and
small pores (2–5 Å). Taking into account the narrow channels of
EuN-BDC that theoretically cannot allow the diffusion of bulky
organic molecules and its lack of structural exibility, it would
be challenging to investigate whether SCSC coordinating
solvent exchange is feasible with such a compound.

Heterogeneous solvent-exchange reactions of single crystals
of UCY-8 or EuN-BDC with the organic molecules at 50 �C
resulted in single crystals that were macroscopically very similar
in size and shape to those of the pristine compounds (Fig. S4
and S5†). The solvent exchange reactions involving liquid
organic molecules were performed by immersing single crystals
of the MOFs into these liquids followed by the thermal treat-
ment of the mixtures at 50 �C. When, however, the organic
ligands were solids, their incorporation into the framework of
the MOFs was attempted via a solvent-exchange reaction of
single crystals of UCY-8 with a solution of the corresponding
organic molecule in a non-coordinating solvent (e.g. CHCl3 and
CH3NO2) at 50 �C. All these processes were proven to be SCSC
transformations by the determination of the crystal structures
of the exchanged compounds. Selected crystal data for
J. Mater. Chem. A, 2014, 2, 5258–5266 | 5259
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UCY-8/EuN-BDC and the exchanged analogues are given in
Tables S1–S6.† All compounds crystallize in the same space
group as the pristine materials with the exception of UCY-8/py
(see below). The retention of the crystallinity of these materials
is reected by the very good renement of their crystal struc-
tures (all reported R1 values are <8.2%, see Tables S1–S6†). Note,
that in all cases several single crystals were examined and found
to have identical unit cell parameters. Besides single crystal
X-ray crystallography, infrared spectroscopy (IR) also conrmed
the replacement of DMF solvent molecules (Fig. S6 and S7†).

A series of SCSC solvent exchange reactions have been per-
formed with imidazole (Im), various analogues of Im, and 3-
amino-1H-1,2,4-triazole (atzH), since such ligands have been
proved efficient sensitizers for Eu3+.25 Furthermore, their
insertion into the structure of the MOF as terminal ligands can
result in functionalized MOFs with free –NH–, –N], –NH2 or
combinations of these groups.21

Thus, the reaction of UCY-8 with Im afforded a compound
containing 2 Im terminal ligands per Eu3+ ion (Fig. 1). The
experiments with 2-methyl-1H-imidazole (2mIm), 4(5)-methyl-
1H-imidazole (4(5)mIm), 2-ethyl-5-methyl-1H-imidazole
(etmIm) and atzH yielded products with one Im derivative or
atzH and one solvent terminal ligand per Eu3+ ion (Fig. 1). The
solvent terminal ligands were H2O (UCY-8/4(5)mIm), DMF
(UCY-8/2mIm, UCY-8/atzH) or EtOH (UCY-8/etmIm). The latter
was not included in the reactionmixture but we speculate that it
comes from a partial decomposition of etmIm occurring under
the reaction conditions. The guests in these compounds are
water molecules; however, UCY-8/4(5)mIm contains also unco-
ordinated 4(5)mIm in its pores.

Reactions were also performed with organic molecules that
can act as chelating ligands, namely 1H-imidazole-4-carbalde-
hyde (Ima), 5-methyl-1H-imidazole-4-carbaldehyde (mIma) and
2-hydroxymethyl-pyridine (2hmp). Our intention was to replace
Fig. 1 SCSC transformations that resulted in the exchange of terminal
solvent ligands of UCY-8 by Im, 4(5)mIm, 2mIm, etmIm and atzH; only
the SBUs of the pristine and the exchanged products (excluding H
atoms) are shown for clarity. For emphasis, the free functional groups
are depicted as large balls.

5260 | J. Mater. Chem. A, 2014, 2, 5258–5266
the two terminal ligands with one chelating ligand for each
Eu3+, something that could enhance the Eu3+ PL signals (vide
infra). Indeed, in the compounds isolated from the SCSC solvent
exchange experiments, the terminal solvent ligands were
substituted by chelating Ima, mIma (coordinated through their
nitrogen and aldehydic oxygen atoms) or 2hmp (coordinated
through its pyridine N and hydroxylic O atoms), Fig. 2.

Solvent exchange reactions have also been carried out with
various other aromatic organic ligands, such as 2-hydrox-
ymethyl-phenol (2hpH2), benzimidazole (bzIm), pyridine (py)
and its analogue 2-methylpyridine (2mpy). The determination
of the crystal structures of these compounds indicated that only
2hpH2 and py were inserted as terminal ligands for the Eu3+

ions, and specically UCY-8/2hpH2 and UCY-8/py contain one
2hpH2/one DMF and one py/one H2O terminal ligand per Eu3+

ion respectively (Fig. S8†). UCY-8/py includes also 3 py guest
molecules (per formula unit) in its pores (Fig. S9†) and crys-
tallizes in the triclinic space group, P�1 as also observed for UCY-
2/py.21 The other organic molecules bzIm and 2mpy could not
be incorporated as ligands into the crystal structures of the
exchanged compounds, but only as guests in their pores inter-
acting through H-bonds with the terminal solvent (DMF and
H2O) ligands or carboxylate O atoms (Fig. S10 and S11†).

We have also carried out SCSC solvent exchange experiments
with combinations of organic ligands, such as Im and atzH.
Thus, the reaction of single crystals of UCY-8 with an equimolar
mixture of Im and atzH in CHCl3 afforded UCY-8/Im-atzH,
which contains an imidazole and water terminal ligands per
Eu3+ ion as well as a guest atzH molecule forming relatively
strong hydrogen bonds (�2.8 Å) with the terminal water ligand
(Fig. S8†). Finally, SCSC exchange reaction was performed with
3-mercapto-1,2-propanediol (merpdH2) to check whether it is
possible to isolate a compound with free OH/SH groups, as
achieved for UCY-2.21 Indeed the elucidation of the crystal
structure of the exchanged compound UCY-8/merpdH2 revealed
the existence of one merpdH2 and one DMF terminal ligand per
Eu3+ ion (Fig. S8†). The merpdH2 ligand is coordinated through
its one OH, thus leaving free OH and SH groups.

SCCSE reactions with the same organic molecules were
also performed with EuN-BDC. The Im-exchanged EuN-BDC
Fig. 2 SCSC transformations that resulted in the exchange of ligated
solvent molecules of UCY-8 by the chelating ligands Ima, mIma and
2hmp.

This journal is © The Royal Society of Chemistry 2014



Fig. 4 SCSC transformations that resulted in the exchange of terminal
solvent ligands of EuN-BDC by atzH, bzIm, py, 2mpy and 2hpH2.
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(EuN-BDC/Im) contains two Im molecules terminally coordi-
nated per Eu3+ ion, whereas the exchanged compounds with the
analogues of Im [2mIm, 4(5)mIm and 5-hydroxymethyl-1H-
imidazole (hmIm)] include one 2mIm, 4(5)mIm or hmIm and
one DMF terminal ligands per Eu3+ ion (Fig. 3). Note that it was
not possible to isolate an exchanged EuN-BDC compound with
etmIm, although etmIm can be inserted into the structure of
UCY-8. However, we were able to synthesize an exchanged
analogue of EuN-BDC with hmIm, whereas the corresponding
analogue of UCY-8 could not be characterized (due to the poor
diffraction quality of its crystals).

It was also possible to insert a number of other terminal
ligands into EuN-BDC, such as atzH, bzIm, 2hpH2, py and
2mpy. Only one of such ligands is inserted per Eu3+ ion (or 0.5
2mpy ligands in EuN-BDC/2mpy), with the second terminal
ligand being DMF, mixed DMF–H2O or H2O (Fig. 4). Note that
EuN-BDC/bzim and EuN-BDC/2mpy contain the relatively bulky
bzIm and 2mpy as terminal ligands, whereas UCY-8/bzim and
UCY-8/2mpy incorporate these organic molecules as guests. In
addition, EuN-BDC/py contains py molecules only as ligands,
whereas in UCY-8/py there are py ligands and py guests as well.

We have also isolated exchanged materials with chelating
ligands instead of the terminal ones. Specically, EuN-BDC/Ima
and EuN-BDC/mIma include a chelating (through imidazole N
and aldehydic O) Ima or mIma ligand in place of two DMF
terminal ligands per Eu3+ ion (Fig. 5). The result of the exchange
of single crystals of EuN-BDC with 2hmp was quite surprising.
The two terminal DMF ligands were indeed replaced by a
chelating ligand, which however was 3-methyl-2-hydroxymethyl-
pyridine (m2hmp) and not 2hmp (Fig. 5). The same result was
obtained using either CHCl3 or CH3NO2 solution of 2hmp
(when pure 2hmp was used, the crystals were destroyed).
However, 2hmp (non-methylated) guest molecules are found in
the pores of the exchanged compound interacting through
hydrogen bonds (�2.7 Å) with the m2hmp ligands (Fig. S12†).
Themethyl-analogue of 2hmp incorporated into the structure of
EuN-BDC cannot be an impurity in the 2hmp reagent used
Fig. 3 SCSC transformations that resulted in the exchange of terminal
solvent ligands of EuN-BDC by Im, 4(5)mIm, 2mIm and hmIm.

This journal is © The Royal Society of Chemistry 2014
(since the 1H NMR spectrum of the 2hmp reagent showed no
presence of such a methyl-substituted compound), but is rather
formed in situ and then inserted as a chelating ligand into EuN-
BDC. Interestingly, a search in the Cambridge Crystallographic
Database revealed that 3-methyl-2-hydroxymethyl-pyridine has
not appeared in any crystal structure. The investigation of the
formation of m2hmp in the presence of EuN-BDC will be a
subject of future studies.

We could also isolate the exchanged analogue of EuN-BDC
with a combination of one Im and one atzH terminal ligands
per Eu3+ ion (Fig. 5). Interestingly, the incorporation of two
different terminal ligands per Eu3+ ion was not possible for
UCY-8, which contains one of these molecules as a terminal
ligand and the second one as guest (vide supra). Finally, we have
attempted to insert merpdH2 into the structure of EuN-BDC, but
this was not feasible.
Fig. 5 SCSC transformations that resulted in the exchange of terminal
solvent ligands of EuN-BDC by Ima, mIma, m2hmp and combination
of Im/atzH.
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Fig. 6 Overlay of the net of EuN-BDC (red) with those of (a) EuN-
BDC/Ima, (b) EuN-BDC/mIma and (c) EuN-BDC/m2hmp. In these
nets, plotted using the X-SEED software,30 each octahedral node
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Modications in the frameworks of UCY-8 and EuN-BDC upon
insertion of organic molecules

The insertion of various organic molecules into UCY-8 and EuN-
BDC results not only in changes in the coordination environ-
ment of the Eu3+ ions and/or type of guest molecules in the
lattice, but also in signicant modications in some other
structural characteristics of their frameworks. Thanks to these
structural changes, UCY-8 and EuN-BDC are capable of
absorbing relatively bulky organic compounds, although both
of these MOFs contain small pores and narrow channels with
sizes 2–5 Å.24,26 Specically, the absorption capability ofUCY-8 is
due to the breathing of its structure favoured by its signicant
exibility, as also shown for other MOFs with exible struc-
tures.21,27 Examination of the unit cell and solvent accessible
volumes28 and the sizes of the pores and channels for the
exchanged materials revealed signicantly greater values than
those of the pristine materials, indicating an expansion of the
framework upon the diffusion of the organic molecules. The
solvent accessible volumes for compounds UCY-8/py, UCY-8/
2mpy and UCY-8/bzIm (40.5%, 43.2% and 49.4% respectively),
which were calculated aer excluding all guest molecules from
the pores, are �30–60% greater than the corresponding one for
UCY-8 (which is 31%). This shows the signicant effect of the
breathing phenomenon in the absorption capability of bulky
organic molecules by UCY-8.

In the case of EuN-BDC, although the solvent accessible
volumes of some exchanged MOFs, including EuN-BDC/2mIm,
/4(5)-mIm, /hmIm, /2hpH2 and /Im, are only slightly different
(��10%) from that of the pristine EuN-BDC MOF (20%), those
of a few other exchanged analogues are signicantly or even
dramatically changed. Thus, the solvent accessible volumes of
EuN-BDC/bzim (14%), EuN-BDC/atzH (29.1%), EuN-BDC/Ima
(35.1%), EuN-BDC/mIma (45.4%), EuN-BDC/m2hmp (39.7%)
and EuN-BDC/2mpy (41.5%) are 30–127% greater or smaller (in
the case of EuN-BDC/bzim) than that of as-prepared EuN-BDC.
Noticeably, the insertion into the structure of the EuN-BDC of
the bulky bzIm and 2hpH2 molecules reduced the solvent
accessible volume, presumably because these ligands situated
inside the cavities occupy more free space than the DMF
terminal ligands of the pristine material. We have also calcu-
lated the theoretical nitrogen-accessible surface areas and
maximum pore size/pore limiting diameter for the pristine
EuN-BDC and EuN-BDC/mIma (that showed the highest
solvent accessible volume) by using the program pore-
blazer_v3.0.29 The results showed that the EuN-BDC/mIma has
more than three times greater potential surface area (316 m2

g�1) than that of the pristine material (90 m2 g�1). In addition,
the maximum pore size/pore limiting diameters of EuN-BDC/
mIma (7.15/3.09 Å) are signicantly larger compared to those of
as-prepared EuN-BDC (5.31/1.88 Å). Therefore, SCSC coordi-
nating solvent exchange may be a useful method to enhance
the porosity of LnMOFs; studies towards this direction are in
progress.

Apart from the solvent accessible volume and pore size
diameters, there are also other signicant modications taking
place in the frameworks of EuN-BDC and UCY-8 upon the
5262 | J. Mater. Chem. A, 2014, 2, 5258–5266
insertion of the various organic ligands. We will only describe
the changes occurring in EuN-BDC, since they are rather
unexpected for the theoretically rigid framework of this MOF.
These modications are apparent by overlaying the nets of EuN-
BDC and those of e.g. EuN-BDC/2hmp, /mIma and /Ima, in
which the dinuclear SBUs are shown as single octahedral nodes
(Fig. 6). It can be seen that the nets of EuN-BDC/2hmp, /mIma
and /Ima have substantially different orientations from that of
pristine EuN-BDC. Although the node/node distances (11.2–
14.6 Å) are similar for these nets, there are signicant differ-
ences concerning the angles among the nodes (EuN-BDC: 61.2�,
80.4� and 99.7�; EuN-BDC/m2hmp: 110.6�, 54.7� and 98.7�;
EuN-BDC/Ima: 50.79�, 84.49� and 72.72�; EuN-BDC/mIma:
72.3�, 63.7� and 88.9�).

It is remarkable that EuN-BDC showed very similar capability
to UCY-8 to exchange its coordinating solvent molecules with
various organic ligands, taking into account that EuN-BDC
contains small pores (2–5 Å) and theoretically has no structural
exibility (in contrast to UCY-8) that could help the diffusion of
the organic ligands due to the breathing phenomenon.
However, as revealed above by the comparison of the structural
characteristics of pristine EuN-BDC and its exchanged
analogues, it is apparent that there are signicant structural
changes taking place upon the insertion of some organic
ligands into EuN-BDC, which are reminiscent of a behavior of a
exible rather than a rigid structure.
represents a dinuclear SBU.

This journal is © The Royal Society of Chemistry 2014



Fig. 8 Corrected solid state emission (solid lines) and excitation
(dashed lines) spectra of UCY-8 (red), UCY-8/py (green) and UCY-8/
4(5)mIm (black). Inset: the emission spectrum ofUCY-8 exciting at 435
nm; (*) denotes instrument artifacts.
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Photophysical properties

The photophysical properties of the Eu3+ MOFs were studied at
room temperature in the solid state (microcrystalline powders) by
steady state and time resolved luminescence spectroscopy. The
Gd3+ analogues were also studied as controls as the high energy
of Gd3+ excited states precludes ligand to metal energy transfer.

The solid state photoemission spectrum of Eu-NBDC (Fig. 7),
upon excitation at 370 nm, in agreement with the ndings of
Reedijk et al.,24 shows the characteristic sharp peaks due to
luminescence originating from the 5D0 /

7FJ transitions of the
Eu3+ ion at 595 nm (J ¼ 1), 618 nm (J ¼ 2), 653 nm (J ¼ 3) and
700 nm (J ¼ 4). The time resolved luminescence spectrum of
EuN-BDC clearly shows a monoexponential decay of emission
intensity corresponding to a lifetime of 260 � 12 ms (Fig. S13†).
This is consistent with the ndings from the structural char-
acterization of EuN-BDC, which show a single Eu3+ site. The
energies of the N-BDC S1 and T1 excited states are estimated
from the onsets of ligand uorescence and phosphorescence in
GdN-BDC at ca. 24 100 cm�1 and ca. 19 700 cm�1 respectively
(Fig. S14†). In principle both of these states may transfer energy
to the lower-lying 5D0 (17 500 cm�1) excited state of the Eu3+ ion.
The fact that no residual ligand uorescence and phosphores-
cence (even aer application of a 40 ms time delay) could be
detected in the emission spectrum of EuN-BDC shows that,
efficient ligand to metal energy transfer takes place possibly
from both the N-BDC S1 and T1 excited states. The close prox-
imity between the energy donor and the acceptor in Eu-NBDC
(the average distance between the center of the aromatic ring
and the Eu3+ ion is 5.65 Å) favors efficient sensitization of the
Eu3+ luminescence by the antenna effect as was observed in
various Eu3+ coordination polymers.22a–c,31

In the case ofUCY-8, excitation at 265 nm (Fig. 8) gives rise to
weak Eu3+ emission at 595, 620, 654 and 701 nm (Eu3+ 5D0 /
7FJ, J¼ 1, J¼ 2, J¼ 3 and J¼ 4 transitions respectively). The time
resolved luminescence decay of UCY-8 ts to a short lifetime of
18 � 4 ms. When UCY-8 is excited at 435 nm, the emission
spectrum is dominated by a broad signal with a maximum at ca.
550 nm (Fig. 8, inset). UCY-9 (the Gd3+ analogue of UCY-8)
shows a weak emission tail which levels off at ca. 750 nm upon
Fig. 7 Corrected solid state emission (solid lines) and excitation
(dashed lines) spectra of EuN-BDC (red), EuN-BDC/Im (green) and
EuN-BDC/m2hmp (black).
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excitation at 265 nm (Fig. S15†). Excitation of UCY-9 at 435 nm
gives rise to a weak and broad emission with a maximum at ca.
608 nm. The combined luminescence results from UCY-8 and
UCY-9 suggest that the CIP3� ligand sensitizes Eu3+ lumines-
cence primarily through its higher excited states. However, the
presence of low-lying excited states in CIP3� may lead to strong
quenching of the Eu3+ emission by thermal back energy trans-
fer.32 Moreover, the exibility of the CIP3� ligand and the
coordinated water molecule in UCY-8 may provide additional
non-radiative deactivation pathways through coupling of the
Eu3+ excited states to matrix vibrations.33

The solid state emission spectra of the EuN-BDC and UCY-8
exchanged products containing various ancillary ligands (exci-
tation at 370 and 265 nm respectively) show similar spectral
features to those of the pristine compounds, however with
signicantly different intensities. In particular, the various
exchange products of EuN-BDC generally show a substantial
increase in luminescence intensity when compared to the
pristine compound (Fig. 7). Especially, in the EuN-BDC/m2hmp
exchange product the integrated intensity of the Eu3+ 5D0 /

7F2
transition increases by a factor of 10 when compared to that of
the pristine compound, a difference that can clearly be seen by
the naked eye (Fig. 9). The low energy part of the excitation
spectrum of EuN-BDC/m2hmp shows two signals at ca. 373 and
400 nm. By comparison with the excitation spectrum of the
pristine compound (Fig. 7), we assign the peak at 400 nm to the
m2hmp ligand. This shows that the observed increase of
emission intensity in EuN-BDC/m2hmp is partly the result of
the presence of an additional strongly absorbing ligand which
can also transfer excitation energy to Eu3+.

On the basis of eqn (1),34 we may estimate the emission
quantum yield value of the Eu3+ ion, FEu, in the UCY-8 and EuN-
BDC derivatives by using the measured emission lifetime
values, sobs, of the solid samples and the radiative lifetime, sR,
of Eu3+.

FEu ¼ sobs
sR

(1)
J. Mater. Chem. A, 2014, 2, 5258–5266 | 5263



Fig. 9 Observed emission from crystals of EuN-BDC and EuN-BDC/
m2hmp crushed on a filter paper and irradiated by a standard labo-
ratory UV lamp (lexc ¼ 365 nm).
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The radiative lifetime of Eu3+ can be calculated using eqn (2)34

where AMD,0 is the probability for spontaneous emission for the
5D0 /

7F1 transition in vacuo (14.65 s�1), Itot/IMD is the ratio of
the total integrated intensity of the corrected Eu3+ emission
spectrum to the integrated intensity of the magnetic dipole 5D0

/ 7F1 transition and n is the refractive index (1.5 for solid state
metal–organic complexes).35

1

sR
¼ AMD;0n

3 Itot

IMD

(2)

The emission lifetimes along with calculated sR and FEu

values for the EuN-BDC and the UCY-8 exchange products are
summarized in Table 1. In the case of the Eu-NBDC series, the
exchanged products show similar or signicantly higher FEu

values in comparison to the pristine compound. The adducts of
EuN-BDC with 4(5)mIm, m2hmp and Im showed the most
pronounced increase (by a factor of�2) in the emission lifetime
(495 � 15, 530 � 15 and 550 � 27 ms respectively) compared to
the pristine compound (260 � 12). This corresponds to an
increase in FEu from 15.1% in EuN-BDC to 24.6%, 24.1% and
31.6% in the EuN-BDC/4(5)mIm, EuN-BDC/Im and EuN-BDC/
m2hmp exchanged products respectively.
Table 1 Luminescence data of the pristine EuN-BDC and UCY-8
MOFs and selected exchanged analogues

Compound lexc/nm sobs/ms sR
a,b/ms FEu

a,c (%)

EuN-BDC 370 260 � 12 1721 15.1
/Ima 370 180 � 12 1395 12.9
/mIma 370 230 � 12 1528 15.0
/2mIm 370 300 � 15 1817 16.5
/hmIm 370 310 � 10 1717 18.1
/4(5)mIm 370 495 � 15 2014 24.6
/Im 370 550 � 27 2280 24.1
/m2hmp 370 530 � 15 1676 31.6
UCY-8 265 18 � 4 2017 0.9
/2hmp 265 68 � 7 1753 3.9
/mIma 265 238 � 15 2000 11.9
/py 265 118 � 4 1926 6.1
/2mIm 265 122 � 5 2064 5.9
/4(5)mIm 265 238 � 15 2227 10.7
/Im 265 303 � 22 2111 14.4

a Estimated error values: sR (�20%) and FEu (�20%). b Calculated using
eqn (2) (see the main text). c Calculated using eqn (1) (see the main text).
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UCY-8 and its exchange products generally show signi-
cantly weaker Eu3+ luminescence in comparison to that of the
EuN-BDC series. However, among the UCY-8 series we observe
the most pronounced differences in sobs and FEu (Table 1). For
example, in UCY-8, sobs and FEu are 18 � 4 ms and 0.9%
respectively, while in UCY-8/Im these values increase by a factor
of �16 to 303 ms and 14.4% respectively. The emission (lexc ¼
265 nm) and excitation spectra (monitoring at the 5D0 / 7F1
peak) of UCY-8, UCY-8/py and UCY-8/4(5)mIm, three represen-
tative members of the UCY-8 series, are shown in Fig. 8. The
excitation spectrum of UCY-8 shows a weak and broad signal at
ca. 255 nm attributed to p–p* transitions of the CIP3� ligand. In
contrast, UCY-8/py and UCY-8/4(5)mIm show much more
pronounced peaks at 275 and 255 nm respectively attributed to
p–p* transitions of the py and 4(5)mIm ligands respectively.
This shows that the additional aromatic ligands can sensitize
Eu3+ luminescence more effectively than the CIP3� ligand.
However, in the low energy part of the excitation spectrum of
UCY-8/4(5)mIm we observe two sharp signals of signicant
intensity at ca. 396 and 465 nm assigned to direct excitation of
the Eu3+ ion to the 5L6 and

5D2 states respectively. This indicates
that, even though the presence of strongly absorbing imidazole
ligands results in more effective sensitization of Eu3+ lumines-
cence, the overall antenna effect in the UCY-8 series is still
rather weak.

We therefore reach the conclusion that the enhancement of
Eu3+ luminescence in UCY-8 and EuN-BDC upon exchange of
the coordinating solvents with various ancillary ligands is
mainly the result of (i) improved sensitization of Eu3+ lumi-
nescence due to the presence of additional strongly absorbing
aromatic ligands, (ii) increased protection of the metal from the
quenching effect of mobile solvent molecules and (iii) the
structural changes induced by the coordination of the new
ligands possibly leading to less effective thermal deactivation
due to lattice vibrations. One more important quenching
mechanism present in both the EuN-BDC and UCY-8 series is
vibrationally assisted Eu–Eu energy transfer facilitated by the
short intermetallic distances in these compounds. The shortest
Eu–Eu distances in EuN-BDC and UCY-8 are 4.07 and 4.02 Å
respectively. These distances do not differ signicantly in the
exchange products (the shortest distances found are 3.96 and
3.98 Å for the EuN-BDC/m2hmp and UCY-8/2hmp respectively)
and therefore the contribution of quenching by Eu–Eu energy
transfer is expected to be similar within both series.

Conclusions

In conclusion, we have performed a series of SCSC coordinating
solvent exchange reactions for two types of Eu3+ MOFs, the rigid
EuN-BDC and exible UCY-8. The compounds exhibit an
exceptional capability to exchange their coordinating solvent
molecules by imidazole and its derivatives, mercapto-propane-
diol, amino-triazole, chelating ligands and various bulky
aromatic molecules. Thus, a large variety of free functional
groups can be incorporated into the structure of these
compounds including –NH–, –OH, –NH2, –SH or combinations
of them. Although the exibility and breathing capacity of
This journal is © The Royal Society of Chemistry 2014
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UCY-8may facilitate the diffusion of bulky ligands into its small
pores, it is really remarkable that EuN-BDC with no structural
exibility and narrow pores can also allow the incorporation of
relatively large organic molecules into its structure. In fact, the
insertion of some organic molecules into EuN-BDC substan-
tially modies its structure, thus revealing the presence of
signicant exibility in a theoretically rigid framework. This
may change the way we are thinking about the rigid LnMOFs
that seem to be capable for the absorption of a variety of organic
molecules including bulky ones even in the cases that these
MOFs contain small pores and channels. Probably, the weak
connection of the terminal neutral solvent molecules to Ln3+

ions and their high mobility are the main driving forces for the
capability of LnMOFs for SCSC coordinating solvent exchange
that surpass various structural limitations (e.g. lack of structural
exibility, small pores, etc.). It is also interesting that the
insertion of some organic ligands into EuN-BDC results in the
signicant expansion of its potentially void space indicating
that Single Crystal Coordinating Solvent Exchange (SCCSE) can
be also useful as a method to induce or enhance the porosity of
LnMOFs. Overall these results for the SCSC transformations of
UCY-8 and EuN-BDC demonstrate that SCCSE may be appli-
cable to a large variety of LnMOFs independently of their
structural characteristics. In addition, investigation of the
photophysical properties of UCY-8 and EuN-BDC and their
analogues revealed that the incorporation, via SCCSE, of ligands
with capability to efficiently transfer energy to Eu3+ resulted in a
substantial enhancement of the emission lifetimes and
quantum yields. Thus, the insertion via SCCSE of appropriate
organic molecules into the structures of LnMOFs appears to be
a rational and effective strategy for the development of superior
photoluminescent materials. Finally, the SCSC coordinating
solvent exchange studies on photoluminescent LnMOFs, as
those presented here, may be a useful tool to unearth possible
chemical sensing properties for these materials, taking into
account the dramatic increase or decrease of the PL signal upon
coordination of specic organic molecules to Ln3+ ions.
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