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A series of lanthanide metal-organic frameworks (MOFs) of the general formula [Ln(Hodip)(H,O)]-nH,O
(Sm, 1; Eu, 2; Gd, 3; Tb, 4; Dy, 5; Er, 6; Hsodip = 5,5-oxydiisophthalic acid) have been prepared and
shown crystallographically to have isostructural three-dimensional frameworks. The fluorescence emis-
sion spectra of the europium compound 2, which is red, and the terbium compound 4, which is green,
show characteristic peaks for transitions involving the metal centres, whereas that for the gadolinium
compound 3 is dominated by transitions involving Hodip. Using a 1:1: 1 mixture of europium, gadolinium
and terbium nitrates in the synthesis resulted in the mixed-metal MOF [Gdg17Tbg19EUq g4(HOdip)
(H,0)I-nH,0 7, for which the ratio of the metal ions was determined using EDX spectroscopy. The fluor-
escence emission spectrum of 7 is dominated by europium emission bands reflecting the higher pro-
portion of Eu®* centres and quenching of the terbium fluorescence by metal-to-metal energy transfer.
A series of core—shell MOF materials based on the Ln(Hodip)(H,O) framework have been prepared in
order to isolate the lanthanides in different domains within the crystals. The emission spectra for materials
with Gd@Tb@Eu (8) and Tb@Eu@Gd (9) are dominated by terbium emissions, suggesting that physical
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only broad ligand bands and europium emissions. This confirms that core—shell MOFs have different
fluorescence properties to simple mixed-metal MOFs, demonstrating that the spatial distribution of the
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Introduction

Metal-organic frameworks (MOFs) that contain lanthanide
centres generally display different topologies and properties
from those of the d-block metals. The larger ionic radii of
lanthanide ions results in high coordination numbers, and
this in turn can lead to high connectivity, hence facilitating
the formation of stable three-dimensional networks, despite
the high ionic character of the metal-ligand bonds."*

The luminescent properties of lanthanide MOFs have
attracted considerable attention recently due to potential light-
ing and sensing applications.’> Emissions from discrete Ln**
ions are generally sharp and of low intensity, but on complexa-
tion with an organic ligand the luminescence can be signifi-
cantly enhanced. In this sensitisation process, the ligands act
as antennae, absorbing UV photons to excite electrons, then
transferring the excitation energies to the lanthanide(m)
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metals within a mixed-lanthanide MOF affects the fluorescence behaviour.

centres. This process is reliant upon the excited triplet state of
the ligand being higher in energy than the excited state of the
lanthanide ion. The high thermal stability of lanthanide
MOFs, coupled with the enhancement of luminescent pro-
perties by organic linkers, makes these materials attractive for
a range of applications including those involving second har-
monic generation® and temperature sensing.” ® The porosity of
MOFs means that these materials are also promising candi-
dates for other applications such as chemical sensing.>'*™"?
The emission properties of a lanthanide MOF can be tai-
lored by ligand design, in order to enhance the antenna effect,
or through changing the guest molecules included within the
pores.* Alternatively, combining lanthanides, especially Eu**
(red) and Tb*" (green), within the same material has proven
effective in tuning the wavelength of the emission from MOF
materials, either in the visible’*'® or the near infrared'® parts
of the spectrum. Although this can be done by physically
mixing materials, many lanthanide MOFs form isoreticular
series,'” whereby different lanthanide metals form isostructural
materials. As a consequence, using a mixture of lanthanide ions
in the synthesis can lead to mixed-metal MOFs."® For example,
Guo and co-workers reported a series of MOFs with the general
formula [Eu,_, Tb,(btc)(H,O)] (btc = 1,3,5-benzenetricarboxylate)

This journal is © The Royal Society of Chemistry 2018
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and varying Eu: Tb ratios. The structures show a change in the
intensity of the Tb®" emission with alterations in the Eu:Tb
ratio. As a result, the mixed-lanthanide structures range in
colour from yellow/green to red,'® whereas other systems have
been developed to emit white light.**>

Mixed-lanthanide MOFs typically have a random distri-
bution of the lanthanide centres throughout the structure.
This randomisation can lead to quenching of the colour emis-
sions through energy transfer between emitter centres, making
colour control difficult to achieve. One method to overcome
this quenching is to form ordered, heterogeneous structures in
which the different emitters are located within specific regions
of the structure. This has been demonstrated through the
formation of core-shell mixed-lanthanide systems based
on the frameworks of [Ln,(bhc)(H,0)s]-H,O (bhc = benzene-
1,2,3,4,5,6-hexacarboxylate).>®

While studies on lanthanides MOFs containing rigid
linkers are relatively common, there have been few reported on
comparative systems with inherent linker flexibility.>* In order
to investigate this unexplored area, the formation of lantha-
nide MOFs using 5,5-oxydiisophthalic acid (H,odip, Fig. 1)
was investigated. Hyodip has the potential to act as a tetra-
carboxylate ligand following deprotonation of all its carboxylic
acid groups and has a flexible ether bridging group between
the benzene rings. Indeed, H,odip has previously been used to
prepare MOFs based on d- and p-block metals,>*® but no
lanthanide MOFs using this linker have been reported to date.

In this paper, we describe the formation of lanthanide-
Hodip MOFs using samarium(uy), europium(i), gadolinium(u),
terbium(ur), dysprosium(ur) and erbium(u). The products were
structurally characterised through single crystal and powder
X-ray diffraction methods, and the luminescence properties of
the products were analysed through fluorescence spectroscopy.
The possibility of tuning the emission of the lanthanide-Hodip-
containing frameworks was investigated through the synthesis
of isostructural, mixed-lanthanide materials, through employing
several metal salts in the synthesis and also through the for-
mation of core-shell materials. The fluorescence spectra of
these mixed-metal materials are compared to those of physical
mixtures of single-lanthanide MOFs.

Results and discussion
Synthesis and structural analysis

Reactions between the hydrated lanthanide nitrate salts,
Ln(NO;);-xH,0, with H,odip were carried out in water at 85 °C

CO,H HO,C l l CO,H

COH

HOLC o)

CO,H CO,H COLH

H,odip Hymdip

Fig. 1 The structure of Hsodip, in comparison to that of Hymdip.
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Fig. 2 The crystal structure of [Tb(Hodip)(H,O)]-2H,O 4, showing (a)
the metal coordination sphere, (b) the bridging Hodip lignd, (c) the car-
boxylate-bridged chains running along the a-axis, and (d) the gross
structure, with hydrogen atoms and included water molecules omitted
for clarity.

for 48 h. In all cases the reactions yielded colourless, crystal-
line water-stable products that were identified as [Ln(Hodip)
(H,0)]:nH,0 (Ln = Sm, 1; Eu, 2; Gd, 3; Tb, 4; Dy, 5; Er, 6).
Crystals of 1 and 3-6 were suitable for single crystal X-ray
diffraction analysis.f The five compounds were isostructural,
and the description herein is limited to the terbium com-
pound 4. The asymmetric unit of 4 is formed from one
terbium centre, one singly-protonated Hodip ligand, one water
molecule coordinating to the Tb centre and two included
water molecules, one of which is disordered over two posi-
tions. The terbium centre is eight-coordinate (Fig. 2a),

{ Crystal data for C;¢H;30,,Tb (4): M = 556.18 g mol ™", monoclinic, space group
P2y/n (no. 14), a = 9.8243(2), b = 12.7350(3), ¢ = 13.9772(3) A, f = 93.8140(19)°,
U = 1744.85(7) A*, Z = 4, T = 150(2) K, pu(CuK,) = 20.585 mm™*, Dy =
2.117 g em™*, 7002 reflections measured (9.404° < 20 < 145.672°), 3383 unique
(Rine = 0.0304) which were used in all calculations. The final R, was 0.0382 (I >
26(I)) and wR, was 0.0824 (all data).
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bonding to six different Hodip ligands and one water mole-
cule. Each Hodip ligand coordinates to six terbium atoms
(Fig. 2b), one carboxylate group binding in a x> mode, two
bridging between metal centres and the fourth, which remains
protonated, coordinating through a single oxygen atom, but
supported by a short hydrogen bond between the carboxylic
acid proton and a coordinated carboxylate oxygen atom in an
intramolecular ring designated by the graph set S(6)*
[0(9)---0(4) 2.591 A, H(9)---1.64 A, O(9)-H(9)---O(4) 177°]. The
terbium centres are inter-connected through pairs of bridging
carboxylate groups into 1D chains along the g-axis (Fig. 2c).
These chains are linked together by the Hodip ligands to form
a three-dimensional network (Fig. 2d).

The network contains small pores which are occupied by
the included water molecules. The disordered water molecules,
based on O(12)/O(12A), have site occupancies of 80% and 20%
respectively, based upon electron density. The hydrogen atoms
relating to these water molecules could not be reliably located
and were therefore omitted from the refinement.

The X-ray analyses reveal differences in the occupation of
the included solvent, and confirm the identity of the products
as [Sm(Hodip)(H,0)]-1.65H,0 1, [Gd(Hodip)(H,0)]-2H,O 3,
[Tb(Hodip)(H,0)]-2H,O 4, [Dy(Hodip)(H,0)]-1.8H,O 5 and
[Er(Hodip)(H,0)]-1.8H,O 6. Single crystal X-ray analysis was
not possible for the europium compound due to low crystal
quality, so its formula is represented as [Eu(Hodip)
(H,0)]-nH,0 2.

Powder X-ray diffraction analyses for 1-6 are shown in
Fig. 3. These patterns show that the compounds are isostruc-
tural, in accord with the X-ray single crystal findings, though
the presence of a broad peak at ~12° in several cases suggests
the co-presence of an amorphous phase. The experimental
powder X-ray patterns are similar to those simulated from the
single crystal structures, confirming the presence of a single
crystalline phase in all cases.

The chain and gross structures of 4 (Fig. 2c and d) are
similar to those observed in the methylenediisophthalate
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Fig. 3 Powder X-ray diffraction patterns for [Ln(Hodip)(H,O)]:-nH,O
(Ln = Sm, 1; Eu, 2; Gd, 3; Tb, 4; Dy, 5; Er, 6).
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(mdip, Fig. 1) analogue (NMe,H,)[Tb(mdip)(H,0)],>* despite the
fact that this framework is anionic, with the ligand fully depro-
tonated and the charge balanced by included dimethyl-
ammonium ions. In (NMe,H,)[Tb(mdip)(H,O)], the terbium(i)
centre is nine-coordinate, with the coordinated carboxylic acid
group in 4 replaced by a k*-carboxylate. The angle between the
two benzene rings of the Hodip ligand in 1 and 3-6 is 72° in all
structures, which is greater than that observed in H,odip-H,O
(52°, for details of this structure see ESI}) and comparable to
the equivalent angle in (NMe,H,)[Tb(mdip)(H,O)] (68°).

Fluorescence spectroscopy studies of H,odip and [Ln(Hodip)
(H,0)]-nH,0 (Ln = Eu, Gd, Tb)

The solid-state fluorescence excitation and emission spectra of
H,odip are shown in Fig. 4. The excitation spectrum, produced
with Aoy = 420 nm, shows a broad band centred around
370 nm. The emission spectrum was recorded using an exci-
tation wavelength equivalent to the excitation maximum (A =
370 nm) and shows a broad band centred at 420 nm. This
arises from =n-m* transitions and gives the compound an
overall blue emission.

Fluorescence studies were conducted on samples of 2 and 4
due to the characteristic emissions of Eu** (red) and Tb**
(green) in the visible region. The fluorescence activity of 3 was
also investigated, as for Gd*'-containing compounds this is
often dominated by ligand emission. This is because the
lowest excited (emitting) level in Gd>* typically lies above the
excited triplet level of organic ligands.>®

The solid-state fluorescence excitation and emission spectra
of 2, 3 and 4 are shown in Fig. 5. The excitation spectra of the
europium MOF 2 and the gadolinium MOF 3 are dominated
by a broad band at 370 nm similar to that observed for
H,odip. The emission spectrum of 2 shows three peaks at
594 nm, 615 nm and 693 nm, which correspond to the
*Do-"F;, Dy-"F, and *Dy-"F, transitions of Eu®", respectively.’
The Eu’" transitions are overlapped by the broad emission
band which is indicative of luminescence sensitisation of the
Eu’* centres by the ligand. The emission spectrum of 3 shows
only the ligand emission, indicating no ligand sensitisation is
occurring, which is consistent with the high energy of the Gd**
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o o o o o

250 300 350 400 450 500
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Fig. 4 The solid-state fluorescence emission (red) and excitation (blue)
spectra of Hjodip. The emission spectrum was recorded using Aex
370 nm, and the excitation spectrum was produced with ¢, 420 nm.
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Fig. 5 Solid-state emission (red) and excitation (blue) spectra for
(a) Eu(Hodip)(H,0)-nH,O 2, (b) Gd(Hodip)(H,0)-2H,O 3, (c) Tbh(Hodip)
(H20)-2H,0 4. The emission spectra for 2 and 4 show the term symbols
for the terminus of each transition. These originate from °Dg (for Eu®*)
and >D, (for Tb**).

excited states.”® The emission spectrum of the terbium MOF,
4, shows four peaks at 480 nm, 545 nm, 580 nm and 620 nm
which correspond to the *D,~"Fg, >D4~"Fs, °Dy~"F4 and °D,~"F;
transitions between energy level states of Tb** respectively.'

The excitation spectra of 2-4 show similar features and are
dominated by bands whose high intensity and broad nature is
suggestive of ligand to metal charge transfer (LMCT). Such
transitions are consistent with ligand sensitisation of the
metal centres.”* Similar bands have been observed in the exci-
tation spectra of other lanthanide materials, but are absent
from the spectra of simple lanthanide salts.*’

Overall, the emissions of 2-4 are observed in the red, blue
and green regions of the visible spectrum, respectively. The
potential therefore exists to produce compounds which have
colour-tuned emissions by combining these metal centres to
produce mixed-lanthanide frameworks with the Hodip linker.

The mixed-lanthanide species [Gd, 1;Tby 19Eu, ¢4(Hodip)
(H,0)]-nH,0

A mixed-metal MOF with the Ln(Hodip)(H,O) framework was
prepared by combining the nitrates of gadolinium, terbium

This journal is © The Royal Society of Chemistry 2018
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and europium in a 1:1:1 ratio with Hyodip in H,O and
heating to 85 °C for 48 h. The reaction yielded a colourless
crystalline product, 7, which was analysed by powder X-ray
diffraction and shown to be poorly crystalline, though the peak
positions were consistent with those observed for 1-6
(Fig. S27). The presence of Gd, Tb and Eu in 7 was confirmed
by EDX spectroscopy. Scanning electron microscope (SEM)
images of the sample show that the product is not homo-
geneous, with some particles appearing darker than others
(Fig. 6).

The dark coloured particles correspond to materials which
contain only light elements, and EDX analysis identified these
as an organic material, most likely Hyodip. The lighter par-
ticles contain europium, gadolinium and terbium ions. Five of
these particles were analysed by EDX spectroscopy to deter-
mine the percentage of the different lanthanides present, and
the analyses gave average metal compositions of 63.9(13)% Eu,
19.4(4)% Tb and 16.7(12)% Gd. This gives an average formula
for 7 of [Eue4Gd.17Tbo.10(Hodip)(H,0)], omitting included
water molecules. The five crystallites that were analysed con-
tained similar lanthanide ion ratios suggesting that little com-
positional variation is present (see ESIT for further details).

Visual observations of 7 under a UV lamp showed the
product to be red when illuminated with light of 2 = 254 nm.
Solid-state fluorescence emission spectra were therefore
recorded at room temperature through excitation at this wave-
length (lex = 254 nm) and at excitation of the ligand (lex =
370 nm) and these are shown in Fig. 7a.

Both emission spectra are dominated by the high intensity
emission bands of Eu** at 594 nm and 618 nm. Some evidence
of Tb®" emission is present, with a band at 545 nm, and the
tail of the broad ligand emission band can also be observed
(400-500 nm), which suggests sensitisation of the Ln®*
luminescence.

The excitation spectra were recorded through excitation of
the ligand (442 nm), Tb>" (545 nm) and Eu** (618 nm) and are
shown in Fig. 7b. Excitation of Eu®* shows a strong, broad

300 pm

Fig. 6 SEM image of the product 7 formed from the reaction between
Hsodip and a 1:1:1 mixture of Eu(NOs)s:nH,O, Gd(NOs)s-:6H,O and
Tb(NOs)35-5H,0.

Dalton Trans., 2018, 47, 2360-2367 | 2363
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Fig. 7 The solid-state fluorescence (a) emission and (b) excitation
spectra for [Eug ¢4Gdg.17Tbg 19(Hodip)(H,O)]-nH,O 7.

band at 250-350 nm, likely due to LMCT, and sharper bands
at 361 nm, 377 nm, 394 nm and 465 nm, which arise from
Eu’" transitions. The excitation of Tb** and the H,odip have
similar features to one another, both showing a broad band at
250-340 nm with a lower intensity to that of the analogous
band in the Eu®" excitation spectra, and a band at 370 nm
characteristic of the ligand.

Overall, the solid-state fluorescence emission and excitation
spectra of the mixed-lanthanide framework 7 shows a domi-
nance by Eu**, which confirms the visual observations as the
sample appears red under UV irradiation. This is likely to be
due to the higher concentration of europium within the
sample in comparison to terbium and gadolinium, but may
also reflect quenching of the terbium fluorescence by the euro-
pium centres. Metal to metal energy transfer is known to occur
between Tb>* and Eu’" ions in close proximity to one
another.”® Electrons in the excited states of Tb** are trans-
ferred to lower lying Eu’* states, resulting in a quenching of
Tb*" transitions and a predominance of the Eu®" transitions.
Similar observations were made for mixed-lanthanide systems
based on [Ln,(bhc)(H,0)s]-H,0.*

Mixed-lanthanide core-shell species

The formation of core-shell lanthanide MOFs has previously
been shown to prevent energy transfer between lanthanide
ions within a mixed-metal system.>’> In order to explore
whether that was the case for lanthanide-Hodip MOFs, three
core-shell species were prepared through growth of one
lanthanide-containing MOF onto the surface of a MOF with
similar topology but containing a different lanthanide. The
materials prepared in this manner were [Gd(Hodip)(H,O)]®@
[Th(Hodip)(H,0)] @[Eu(Hodip)(H,0)] 8, [Tb(Hodip)(H,0)j@

2364 | Dalton Trans., 2018, 47, 2360-2367
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[Eu(Hodip)(H,0)] @[Gd(Hodip)(H,0)] 9, and [Eu(Hodip)(H,O)]
®@[Gd(Hodip)(H,0)]@[Tb(Hodip)(H,0)] 10. Compounds 8-10
each possess three domains, one containing each of europium,
terbium or gadolinium centres. Overall, the three materials
differ only in the ordering of the domains.

For 8, [Eu(Hodip)(H,0)]-nH,O was first synthesised through
the reaction of europium(m) nitrate with H,odip in water at
85 °C for 48 h. The resulting crystals were decanted from the
supernatant and placed in fresh water three times over 72 h to
remove any unreacted reagents. The [Eu(Hodip)(H,O)]-nH,O
crystals were placed in an aqueous solution of terbium(ur)
nitrate and H,odip and heated to 85 °C for 48 h to form
[Tb(Hodip)(H,O)]@[Eu(Hodip)(H,O)]. The resulting core-shell
crystals were washed with water, then placed in an aqueous
solution of gadolinium(im) nitrate and Hyodip and heated to
85 °C for a further 48 h to form the final core-shell structure.
The other core-shell materials 9 and 10 were prepared in a
similar manner but varying the order of treatment with the
lanthanide reagents. Compounds 8-10 were all isolated as col-
ourless crystalline materials.

Powder X-ray diffraction analyses on 8-10 revealed them to
be isostructural with 1-6 (Fig. S47), though 9 was of lower crys-
tallinity than 8 and 10. EDX spectroscopy was carried out on
8-10, with four or five particles of each analysed for their gado-
linium, europium and terbium content. This gave average
lanthanide compositions of 82.2(76)% Gd, 14.3(14)% Tb and
3.6(9)% Eu for 8, 88.6(67)% Tb, 10.6(65)% Eu and 0.8(2)% Gd
for 9 and 85.2(64)% Eu, 12.8(64)% Gd and 2.0(5)% Tb for 10.
Compounds 8-10 show similar proportions of the lanthanides
within the corresponding domains of the products. Each
product contains 82-89% of the lanthanide forming the outer-
most shell, 10-14% of the lanthanide from the middle shell
and 1-4% of the lanthanide from the core. This distribution is
consistent with expectations given that EDX is a surface ana-
lysis technique, so would be expected to be dominated by the
outermost shell in each case.

The solid-state fluorescence emission and excitation spectra
were recorded for 8-10 at room temperature and are shown in
Fig. 8-10 respectively. For each product, emission spectra were
recorded by excitation of the ligand at 370 nm and at 254 nm.

Visual observations under a UV lamp (254 nm) show that 8
is pale yellow. Both emission spectra (Fig. 8a) show the presence
of peaks corresponding to the energy states of Tb** (490 nm
and 545 nm) and Eu®" transitions (590 nm and 618 nm).
The highest intensity peaks are those of the Tb*" transitions,
possibly due to the europium being confined to the inner-core
of the crystals. This is in contrast to the mixed-lanthanide
system 7 which was formed by one-pot reaction and displayed
emission spectra dominated by Eu®*. A broad band at
400-500 nm is also present which originates from the ligand.

The excitation spectra were recorded through excitation of
the ligand (442 nm), Tb*" (545 nm) and Eu’" (618 nm)
(Fig. 8b). Excitation of either Eu*" and Tb*" gave spectra con-
taining a broad, high intensity band from 250-340 nm. This
band, also present in the spectra of 2 and 4, is believed to
arise from charge transfer from the ligand to the metal

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Solid-state fluorescence (a) emission and (b) excitation spectra
for [Gd(Hodip)(H,O)l@l[Tb(Hodip)(H,O)l@l[Eu(Hodip)(H,O)] 8 at different
excitation wavelengths.

(a) F5 (Tb)

7F, (Eu)

——254nm

——370nm
7F, (Eu)

380 430 480 530 580 630 680
Wavelength (nm)

——442 nm
——545 nm

——618 nm

250 300 350 400 450
Wavelength (nm)

Fig. 9 Solid-state fluorescence (a) emission and (b) excitation spectra
for [Tb(Hodip)(H,0)l@[Eu(Hodip)(H,0)l@[Gd(Hodip)(H,0)l 9 at different
excitation wavelengths.

centres. In the case of 7, these bands are high in intensity for
both Eu®" (1 = 618 nm) and Tb*>" (1., = 545 nm) excitation,
demonstrating that excitation of the core-shell compound
between 250 nm-340 nm will result in emissions in both the
green (terbium) and red (europium) regions. The band arising
from excitation of Tb>" has the higher intensity of the two, sup-
porting the visual observations of an overall pale yellow
appearance of 7 under UV excitation. Bands associated with
the ligand (370 nm) and Eu®* (394 nm) are also present at a
lower intensity.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Solid-state fluorescence (a) emission and (b) excitation spectra
for [Eu(Hodip)(H,0)l@[Gd(Hodip)(H,0)l@[Tb(Hodip)(H,0)] 10 at different
excitation wavelengths.

Visual observations showed that when irradiated with UV
light (254 nm) 9 was pale yellow in appearance. Solid-state
fluorescence emission and excitation spectra are comparative
to those of 8 with emissions corresponding to the ligand
(380-480 nm), Tb*" transitions (490 nm, 545 nm) and Eu®"
transitions (587 nm and 618 nm) (Fig. 9a). As with 8, the
higher intensity of the Tb’" transitions is indicative of the
core-shell ordering in the material.

The excitation of both Eu*" (e = 618 nm) and Tb*>" (A, =
545 nm) show the presence of a LMCT band from 250 nm-
340 nm (Fig. 9b). Excitation of the ligand (lex = 442 nm) is
dominated by the band at 370 nm. Overall, the two mixed-
lanthanide core-shell structures 8 and 9 show high emission
contributions from Eu*" and Tb*" centres. Some changes in
relative intensities of the Eu*" and Tb*>* emissions can be seen
between the two core-shell materials. This demonstrates that
segregation of the lanthanide species into single domains
within the core-shell structure together with the ordering of
the shells allows some degree of control over the emission of
the resulting material.

In contrast to 8 and 9, visual observations on 10 show that
the compound appears purple when illuminated with UV light
(254 nm). The solid-state fluorescence emission spectra
(Fig. 10a) show a broad band from the ligand (400-500 nm)
and peaks associated with the Eu’’ transitions (593 nm,
618 nm) which accounts for the purple appearance of the com-
pound when irradiated with UV light. No Tb®" transitions are
observed in the emission spectra, which is a likely conse-
quence of the Tb*" centres being confined to the innermost
shell of the structure rather than energy transfer from Tb** to
Eu®" due to the separation of these lanthanides by the Gd*'-
containing layer.

The excitation spectrum recorded at the excitation
maximum of the ligand (442 nm) (Fig. 10b) shows bands
characteristic of the ligand at 370 nm. Excitation at 618 nm
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shows bands from the ligand (370 nm) and Eu®* (394 nm). The
predominance of the ligand and europium transitions, to the
detriment of those arising from terbium, in 10 contrasts with
observations for 8 and 9, and is consistent with the order of
the domains in these systems influencing the fluorescence
properties of the core-shell material. Alteration of shell order-
ing and thickness may therefore be exploited as a means of tai-
loring the optical properties of core-shell lanthanide MOFs.

Physical mixtures of [Ln(odip)(H,0)] compounds 2-4

Physical blending of lanthanide compounds in order to
produce colour tuneable materials has been demonstrated pre-
viously. Therefore, the optical properties of a physical mixture
of 2, 3 and 4 were investigated and compared to those of the
mixed-lanthanide MOF 7 and the core-shell MOFs 8-10.
Compounds 2-4 were combined together in a 1:1:1 ratio
post-synthesis. Observations of this mixture under UV
irradiation showed the sample to appear green with blue and
red speckles (Fig. S77), indicative of its heterogeneous nature.
Solid-state fluorescence emission spectra of the mixture were
collected at room temperature using excitation wavelengths of
254 and 370 nm and are shown in Fig. 11a. Both spectra
show similar features with bands at 490 nm and 545 nm
corresponding to Tb**, 587 nm and 618 nm corresponding to
Eu®’, and the tail end of the broad peak at 390-470 nm typical
of the ligand. The highest intensity transitions are those of
Tb?', supporting the green colour of the mixture observed
visually.

The excitation spectra recorded at optimal excitation wave-
lengths of the ligand (442 nm) and Eu*" (618 nm) are shown in
Fig. 11b. A broad, high intensity band is present from
250-350 nm along with bands associated with the ligand
(370 nm) and Tb** (394 nm). Both the emission and excitation
spectra are similar to those of the core-shell MOFs 8 and 9,
confirming that these mixed-lanthanide MOFs behave in a
similar way to the combined single lanthanide systems.

@) 7F; (Tb)

——254

'F,(Eu) F:(Eu) — 310

390 440 490 540 590 640
Wavelength (nm)

—545

200 250 300 350 400 450
Wavelength (nm)

Fig. 11 Solid-state fluorescence (a) emission and (b) excitation spectra
for a physical mixture of 2, 3 and 4 at different excitation wavelengths.
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However, in contrast to the heterogeneous appearance of the
physical mixture, the core-shell materials exhibit uniform
appearance across the sample. This is of particular interest in
applications such as light emitting devices which require
uniform emission in order to produce an evenly dispersed and
stable material.

Conclusions

Lanthanide MOFs of the form [Ln(Hodip)(H,0)]-nH,O (Ln =
Sm, Eu, Gd, Th, Dy and Er) have been prepared and shown to
have isostructural three-dimensional network structures. Using
a 1:1:1 mixture of europium, terbium and gadolinium
nitrates in the reaction mixture led to the formation of
[Gdy.17Tbg.19Eu, 64(Hodip)(H,0)]-nH,O 7. The emission spec-
trum of 7 is dominated by Eu®* transitions, with the additional
presence of lower intensity Tb** and ligand transitions, and
appears red upon excitation with UV light.

Three mixed-lanthanide core-shell MOFs have also been
prepared. The fluorescence emission spectra of the
Gd@Tb@Eu and Tb@Eu@Gd systems, 8 and 9, are dominated
by terbium(m) emissions, though europium(m) and ligand
transitions are also observed. Excitation over a broad wave-
length (250-350 nm) results in high intensity emission of both
green (Tb) and red (Eu) light. This is advantageous for lantha-
nide systems as, if the material maintains its emission pro-
perties on changing excitation source, it is likely to be more
versatile in potential applications.

In contrast, the Eu@Gd@Tb system, 10, shows an emission
spectrum with only Eu®*" and ligand transitions present. As the
Tb*" and Eu’* domains are separated by the Gd*" layer,
quenching of the Tb*' transitions through metal to metal
energy transfer cannot be occurring. This suggests that placing
the Tb®" centres in the core of the particles is sufficient to
ensure that their emission is not observable. The ordering and
thickness of the domains in core-shell structures clearly influ-
ences the optical properties of the resulting material. This is
likely to provide a route to emission colour tailoring of lantha-
nide MOFs, and this is the subject of current investigations.
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