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Luminescence tuning of MOFs via ligand to metal and metal to metal energy
transfer by co-doping of 2 [Gd,Clg(bipy)s]- 2bipy with europium and terbium+
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The series of anhydrous lanthanide chlorides LnCl;, Ln = Pr-Tb, and 4,4’-bipyridine (bipy) constitute
isotypic MOFs of the formula 2 [Ln,Clg(bipy)s]- 2bipy. The europium and terbium containing
compounds both exhibit luminescence of the referring trivalent lanthanide ions, giving a red
luminescence for Eu** and a green luminescence for Tb** triggered by an efficient antenna effect of the
4,4 -bipyridine linkers. Mixing of different lanthanides in one MOF structure was undertaken to
investigate the potential of this MOF system for colour tuning of the luminescence. Based on the
gadolinium containing compound, co-doping with different amounts of europium and terbium proves
successful and yields solid solutions of the formula 200[Gdz,x,yEubeyCl6(bipy)3]~2bipy (1-8), 0 = x,
y = 0.5. The series of MOFs exhibits the opportunity of tuning the emission colour in-between green
and red. Depending on the atomic ratio Gd:Eu:Tb, the yellow region was covered for the first time for
an oxygen/carboxylate-free MOF system. In addition to a ligand to metal energy transfer (LMET) from
the lowest ligand-centered triplet state of 4,4’-bipyridine, a metal to metal energy transfer (MMET)
between 4f-levels from Tb*" to Eu®* is as well vital for the emission colour. However, no involvement of
Gd* in energy transfers is observed rendering it a suitable host lattice ion and connectivity centre for
diluting the other two rare earth ions in the solid state. The materials retain their luminescence during

activation of the MOFs for microporosity.

Introduction

Since the invention of metal-organic framework (MOF)
chemistry including lanthanide elements, luminescence has been
discussed as a potential property for this class of coordination
polymers."* Two principles can be distinguished: (a) a process
triggered by an organic chromophore being responsible for both
the excitation and the emission process'>'¢ and (b) incorporation
of metal ions as luminescence centres’***'"-'? being mainly
focussed on the use of lanthanide ions. Different from
deactivation by radiation, either by a singlet-singlet transfer to
the ground state (molecular fluorescence, S; — Sy) or by a
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triplet-singlet transfer to Sy by the spin forbidden transition T,
— Sg (molecular phosphorescence) of the organic part of a MOF,
in the case of lanthanides, the emission is due to intra-configu-
rational f—f transitions within the 4f shell.?® As several trivalent
lanthanide ions provide sufficient band gaps between their 4f
states, they are useful as luminescence centres for the visible
range (Sm**, Eu**, Tb*", Dy**, Tm*") and the near-infrared
region (Nd**, Yb**, Er’* and to a lesser extent Pr’*, Sm**, Dy*",
Ho*, Tm?*");?® Gd*" can emit in the ultraviolet region.*
However, as the referring 4f—4f transitions are parity forbidden,*
these transitions are usually weak in intensity. Therefore and
although the photoluminescence of lanthanide ions can be an
efficient process, the lanthanides suffer from weak light absorp-
tion. As the molar absorption coefficients of the trivalent
lanthanides are smaller than ¢ = 10 L mol™! cm™!, for most
transitions in the absorption spectra, only weak amounts of
radiation are absorbed by direct 4f excitation. The intensity of
luminescence is proportional to the luminescence quantum yield
as well as to the amount of light absorbed. Consequently, limited
light absorption results in weak intensity of the luminescence.
This problem can be overcome by adding ligands to the system
that can be utilized as potential antennas for the metal ions, the
so-called antenna effect or sensitization. Regarding a MOF, its
linkers may undergo a non-radiative transition from the triplet
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state to an excited 4f state of the lanthanide ion.?> Subsequent to
this indirect excitation by energy transfer, the lanthanide ion may
undergo a radiative transition to a lower 4f state by characteristic
line-like photoluminescence, e.g. intense metal-centred lumines-
cence can be observed for lanthanide complexes with organic
ligands like salicylic aldehyde, benzoyl acetone, and dibenzoyl
methane upon excitation in an absorption band of the organic
ligand.*® A much higher amount of light can be absorbed by the
organic ligands than by the lanthanide ion itself because of the
intense absorption bands of the organic chromophores. Though
the phenomenon that the ligand in a system can be utilized for
a much more efficient excitation process was discovered almost
70 years ago,? it was correctly evaluated much later, while today
it is a prominent feature for luminescent lanthanide containing
MOFs.?* Providing a sufficient overlap of excited states of the
ligands with excited 4f states of the lanthanides, a ligand to metal
energy transfer (LMET) becomes available.?* Emission is then
provided by the lanthanide ions as the expected line emission of
the referring lanthanide ions. Because the partially filled 4f shell
is shielded from the chemical environment by the closed 5s* and
5p® shells, the ligands in the first and second coordination sphere
hardly perturb the electronic configurations of all trivalent
lanthanide ions except Ce**. This shielding is responsible for the
specific properties of lanthanide luminescence including the line
emission. We achieved luminescent MOFs that exhibit such
processes by utilizing 4,4'-bipyridine as antenna together with
trichlorides of europium and terbium accompanied by co-doping
of both ions into a gadolinium MOF matrix during MOF
formation. Gd** is substituted by Eu** and Tb** to give a series of
solid solutions. This enables complete colour tuning within one
homogeneous MOF material. Recently, we were able to show
that co-doping of lanthanide luminescence centres into coordi-
nation polymers is possible for alkaline earth imidazolates for
both divalent and trivalent lanthanide ions.*® Co-doping of
trivalent terbium and europium was observed quite recently for
a coordination polymer statistically distributing the different
lanthanide ions over the metal sites of the network?® and in
a lanthanum based carboxylate for very low doping amounts,*
rendering colour tuning accessible and corroborating our
observation.

We can now show that higher amounts of trivalent lanthanide
ions enable additional energy transfer mechanisms, namely
a metal to metal energy transfer (MMET) from excited 4f states
of Tb** to excited 4f states of Eu** that can be further used for
the colour tuning of the emission. This energy transfer from
Tb** to Eu’* was also observed for a mixed europium/terbium
adipate framework® featuring the role of intercalated 4,4'-
bipyridine as non-coordinated organic sensitizer moieties in the
solid state of a carboxylate MOF. Further metal to metal energy
transfers were e.g. also shown between Tb** and Yb** resulting
in an IR emission at 980 nm, or between Ag* and Eu*
combined to major increase of the intensity of the hypersensitive
transition Dy — 'F, of Eu*" .23 It is evident that apart from
upconversion, the energy transfer can only be observed from
a higher or equal energy level of the sensitizer to an acceptor
energy level. The influence of activation for microporosity of
our materials on the luminescence was also investigated
retaining the luminescence after evaporation of the 4,4'-bipy-
ridine templates.

Results and discussion
Solvent free synthesis of 2IGd,_ yEu, Tb,Clg(bipy);] - 2bipy (1-8)

For the synthesis of the series of compounds 2 [Ln,Clg
(bipy)s]-(bipy), with Ln = Gd and Gd,_,_,Eu,Tb, (1-8)
a solvent-free reaction route via a self-consuming organic melt
synthesis was utilized.?! Mixtures of GdClz, EuCl; and TbCl;
were directly reacted with molten 4,4’-bipyridine to give the
MOF:s as a series of solid solutions. Thereby co-coordination of
unwanted solvent molecules is avoided. Providing a suitable
antenna for luminescence by the use of bipyridine as the linker of
the framework, the avoidance of solvent molecules can be
additionally valuable as quenching effects of the solvent are
suppressed. Instead 4,4'-bipyridine is incorporated in the
channels, which is known to act as a sensitizer even by radiation
only.?® Thereby molten organic ligands can act as both suitable
linkers and templates for the formation of a luminescent network
structure leading to two-dimensional coordination polymers or
MOFs.3* As the pure gadolinium containing MOF compound 1
constituted from GdCl; has not been known before, it was also
synthesized for comparison.

For 1 anhydrous GdCl; and for 2-8 different ratios of anhy-
drous chlorides LnCl; with Ln = Eu, Gd, and Tb were ground
with 4,4'-bipyridine and the batches were sealed in glass
ampoules under vacuum. The samples were slowly heated above
the melting point of the free ligand for reaction. The cooldown
process is used for annealing and increases the crystallinity of the
products. Powder X-ray diffraction PXRD measurements indi-
cate phase purity and confirm high yields of the compounds.

Crystal structure of i,[Gdz,x,yEubeyCl6(bipy)3] -2bipy (1-8)

The crystal structures of 1 and of the mixed lanthanide MOFs
2-8 are isotypic to one another and to the compounds
2 [Ln,Clg(bipy)s]- 2bipy with the lanthanides Ln = Pr, Nd, Sm,
Eu and Tb.3? This was proven by single-crystal as well as powder
X-ray diffraction. Refinement of the lattice parameters of 1 was
done on the diffraction pattern on a series of reflections with the
best possible resolution leading to a triclinic unit cell with no
unindexed reflections.® Comparison of the powder patterns of the
complete series 1-8 with simulated diffractograms on the basis of
X-ray single-crystal data of the isotypic Eu-MOF?? confirms the
isotypic character of 1-8, the co-doped frameworks being solid
solutions (see ESIt). Exemplarily for compounds 1-8, the results
of the PXRD investigation on the mixed crystal 7 are shown in
Fig. 1 in comparison to a simulated powder pattern of
2, [EusClg(bipy)s]- 2bipy derived from single-crystal data.

All compounds crystallize in the triclinic space group P1. The
trivalent Ln*" ions can be located on one crystallographic site
and exhibit a coordination number of 7 with a pentagonal
bipyramidal configuration. The metal ions are coordinated by
two terminal (n') and two bridging (p?) chloride anions as well as
three additional neighbouring N atoms of 4,4'-bipyridine mole-
cules. Thereby an edge connected pentagonal-bipyramidal SBU
(secondary building unit) is formed. The single crystallographic
site of Ln** is statistically occupied by the corresponding Ln**
ions in 2-8 due to their similar ionic radii (Eu** = 115 pm, Gd** =
114 pm and Tb** = 112 pm at C.N. = 7).** The match in radii
together with the similarity in oxidation state and chemical
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—[Gd, ,Eu, ;Tb, ,Cl,(bipy),]-2(bipy) (7, measured)

05 0176

—[Eu, CI ,(bipy),]-2(bipy) (simulated)

Mo-Ka. (2. = 0.7092 A)

normalized intensity / a.u.

201/°

Fig. 1 Powder diffractogram of 7 (measured) compared to the powder
diffractogram of the isotypic % [Eu,Clg(bipy)s]- 2bipy (calculated).

behaviour is the key to the formation of a series of mixed crystal
for all ratios of the three lanthanide ions allowing much higher
and variable concentrations of the Iuminescence centres
compared to a usual co-doping of a host lattice. The intercon-
nection of the SBUs via six bipy molecules leads to a 2D layer
structure (Scheme 1) with mmm symmetry for each layer. The
layers are horizontally shifted to one another along the Ln,Clg-
dimer longitudinal axis, creating 180° twisted trapezoid like
channels with intercalated template bipy molecules. This leads to
a reduction of the overall symmetry to P1 (Fig. 2). As the
structure and mainly interatomic angles and distances were
already discussed in ref. 32, the reader is referred to it for further
information.*?

Vibrational spectroscopy

For the series of MOFs 1-8 MIR spectra were recorded. They
show combined signals for the vibrations of 4,4'-bipyridine that
derive from coordinated and intercalated bipy and their vibra-
tion nodes. The vibrational behaviour of the coordinated species
resembles that of the known complex compounds M(bipy)Cl,
with M = Zn, Cu, and Cd** or LnCl;(bipy),-H>O,, with Ln = Dy,

Scheme 1 Connectivity of a single layer sheet of 2 = [Ln,Clg(bipy)s] (1-8).
The layers exhibit a 4,4-topology.
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Fig. 2 Depiction of the 2D layer structure of % [Ln,Clg(bipy)s]- 2bipy.
View along the longitudinal axis of the Ln,Clg dimers.

o

c

Ho, Er, Tm, and Yb,*® and of course the series of isotypic
frameworks with Pr, Nd and Sm. While the linking 4.4’-bipy-
ridine molecules are almost planar, the aromatic rings of the
intercalated 4,4'-bipyridine are rotated to a non-staggered posi-
tion along its longitudinal axis. Therefore theoretical calculations
for the vibration modes of polycrystalline 4,4'-bipyridine (planar
molecules) are of limited use for exact identification of bands.?¢

However differences due to binding of the ligand can be
identified: the centre of the v(CH) bending nodes (~3060 cm™") is
raised by ~35 cm™!' (4,4-bipy = 3024 cm™') and v(CN) ring
stretching nodes (~1601 cm™") are shifted by ~5 cm™' to higher
frequency (4,4'-bipy = 1588 cm™!). Additionally, indication for
M-L bonding can be found at ~1003 and ~990 cm~'. The single
pyridine breathing mode (4.,4’-bipy = 988 cm™") is split into two
signals corresponding to the coordinated (higher energy) and
intercalated (lower energy) 4,4'-bipy. Further signal splitting can
be observed in the fingerprint area at 1218, 1038 and 606 cm™'.

Photoluminescence spectroscopy

The series of solid solutions %o[Gdz,x,yEubeyClé(bipy)3] -2bipy
(2-8) exhibits photoluminescence (PL) properties by excitation
with UV-light (max. A, = 302 nm, see Fig. 3), whereas the pure
gadolinium network compound 1 does not exhibit any lumines-
cence emission, even the characteristic 4f—4f transition of Gd** at
311 nm is not visible. Accordingly, only europium and terbium
take part in the emission. A fluent change of the visible PL
emission colour between green, yellow, orange and red can be
achieved by variation of the terbium and europium content.
Therefore the ratio of the lanthanide ions can be used to establish
complete tuning of the emission colour as an additive effect of the
participating ions in this homogeneous MOF series with an
oxygen-free lanthanide coordination sphere. Referring beha-
viour was also reported for doping low amounts of Eu** and Tb*
into a lanthanum carboxylate” and direct mixing of the two
lanthanide ions without further host lattice metal ions like
Gd3+.26

In comparison to the visual impression, the PL emission
spectra (Agxe = 307 nm) of 2-8 are depicted in Fig. 4. The
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2[Gd,, Eu,Tb Cl(4,4-bipy).]-(4,4'-bipy),

Gd,,

. Gd1.4
Tb0.5
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(A, =302 nm)

Fig. 3 Photoluminescence of the series of solid solutions
2[Gdy_y yEu, Tb,Clg(bipy);]- 2bipy under UV light (A = 302 nm), 2-8
being arranged in increasing number from left to right.

intensity of each spectrum was normalized on its highest emis-
sion peak. The colour assignment is chosen according to the
visual impression of the emission colours. The spectra show the
typical intra 4f—4f transitions of Eu** and Tb** ions. The centre of
the Tb*" transitions Dy — "F¢_ can be detected at 488 nm,
546 nm, 588 nm, 621 nm, 652 nm, 667 nm and 680 nm. The centre
of Eu’" transitions Dy — "F, 4 can be observed at 579 nm,
590 nm, 616 nm, 653 nm and 702 nm.?°

An overlap of different transitions of Eu** and Tb** between
570 and 660 nm leads to mixed transition peaks. Spectroscopi-
cally pure Tb*" transitions are measured solely at 488 nm and
546 nm, and for Eu®* solely at 702 nm, allowing a clean spec-
troscopic distinction between both lanthanides. It is remarkable
that the strongest transition for Eu** is identified by Dy — "Fy,
and not by the ’F, state. This observation was previously
reported for mnon-centrosymmetric distorted coordination
spheres like the pentagonal bipyramid,®” and is discussed to be
combined to a high polarizability of the coordinating ligands.?” A
higher ligand polarizability results in a larger overlap between
the lanthanide and the ligand orbitals and thus a change in the
degree of covalency between cations and ligands,* resulting in an

——Gd 75% + Eu 25%
1,2 ——Gd 70% + Eu25% + Tb 5%
——Gd 65% + Eu 25% + Tb 10%
Gd 50% + Eu 25% + Tb 25%
104 Gd 65% + Eu 10% + Tb 25%
Gd 70% + Eu 5% + Tb 25%

Gd 75% + Tb 25%

0,8+

0,6

rel. intensity / a.u.

0,4

0,24

VA

—T T T T T T T 1T 1T T T 1
450 475 500 525 550 575 600 625 650 675 700 725 750

0,0

wavelength / nm

Fig. 4 Depiction of normalized PL emission
(Agxe = 307 nm).

spectra of 2-8.

increase of the Q4 parameter of the Judd-Ofelt analysis.* The
latter characterizes the intensity of the *Dy, — ’F, transition.
However, there is no theoretical prediction for this sensitivity to
macroscopic properties so far.*

The energetic positions of the transitions, their intensity
distribution and the hyperfine structure of the spectra of 2 and 8
resemble the non-doped isotypic compounds that contain
a concentration of 100% luminescent centres 2 [Ln,Clg(bipy)s]-
2bipy, Ln = Eu and Tb. Therefore we assume a random distri-
bution of the emitting Eu** and Tb*" ions on the single lantha-
nide crystallographic site of the Gd structure, leading to
a statistically mixed crystal series, corroborating the discussion
of a direct mixing of terbium and europium for carboxylate
coordination polymers and MOFs.?*

Tuning of the emission colour can be quantitatively charac-
terized by the use of colour coordinates according to the CIE
1931 diagram.*' Colour coordinates for compounds 2-8 are
given in Table 1 and visualized in Fig. 5.

In addition a metal-to-metal energy transfer (MMET) between
Tb** and Eu®* can be observed. Compounds 5-8 contain the
same amount of Eu** and changing proportions of Gd** and
Tb** ions. The absolute intensity of the spectroscopic pure Eu**
transition *Dy — ’F,4 increases with an increasing amount of
Tb** while the Eu** amount remains constant (Fig. 6). Therefore
we assume a direct energetic relation between the two different
luminescent centres, as observed for a mixed terbium/europium
adipate framework.?®

The series of MOFs 2-8 shows an additional energy transfer:
the PL excitation spectra (Agy, = 702 nm, Eu**: °Dg — 7F,4) of 5-8
(Fig. 6) show a large, broad excitation band in the UV area with
a maximum at 307 nm. This band can be identified with the
excitation of 4,4'-bipyridine Sg — S;. Followed by a singlet—
triplet transfer the ligand reaches an excited state with a lower
energy. As the emission spectra recorded for this excitation
maximum show lanthanide emission only and no organic fluo-
rescence, the networks show an efficient ligand-to-metal energy
transfer (LMET) from 4,4’-bipyridine to the corresponding Eu**
and Tb*" ions, which is called the antenna effect (see Fig. 7 for the
energy transfer processes).*

Furthermore additional but rather weak intra 4f—4f transitions
of Tb** ("F¢ — **'L at 345-395 nm, 'Fg — D, — at 488 nm)
and Eu** ("Fy — D4 at 361 nm, 'Fy — °Ds at 393 nm and "F, —
D, at 464 nm) can be observed confirming the possibility of
additional direct excitation of the luminescent centres via their
intraconfigurational 4f—4f transitions (see Fig. 8). However,
direct excitation of Tb* and Eu’" is weak compared to the
excitation via the linker ligand. Gadolinium is neither present in
the excitation nor in the emission parts of the PL spectra

Table 1 Colour coordinates of 2-8 according to CIE 1931
2 [Ln,Clg(bipy)s]- bipy, No. X Y

A Gd,; 5Tbgs 2 0.401 0.510
B Gd; 4Eug1Thg 3 0.470 0.468
C Gd, 3Eug,Tby s 4 0.510 0.445
D GdEuy 5Tbg s 5 0.555 0.414
E Gd1,3Eu0,5Tb0A2 6 0.572 0.394
F Gd1_4Ell0_5Tbo_1 7 0.607 0.380
G Gd, sEug s 8 0.643 0.346
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CIE-1931

Fig. 5 Colour coordinate diagram of compounds 2-8.
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Fig. 6 PL emission spectra (Agxc = 307 nm) of 5-8 shown as absolute
intensities identifying the increase of Eu emission by MMET.

indicating that it is neither directly excited nor present in the
emission process (307 nm). In principle, Gd** can be involved in
a LMET as its excited 4f state matches with the excited S; state of
bipy. Due to the short lifetime of the excited singlet states of the
aromatic ligand, this probability is low combined to a possible
energy backtransfer process to the ligand. Different from Eu*
and Tb** that can populate excited °D, states close in energy on
a reduced energy level that are reached by non-radiative relax-
ation?® reducing the amount of energy backtransfer significantly,
Gd* only provides a large band gap to the ground state (see
Fig. 9). An energy transfer from the T state of the ligand to Gd**
is not possible as gadolinium does not provide energy levels in the
referring region. The impact of Gd** is its utilization as a matrix
to dilute the two other lanthanide ions within a majority of
gadolinium connectivity centres and thereby reducing the
amount of luminescence centres and thus a potential quenching
by concentration.

Activation and adsorption experiments

For the series of MOFs 1-8 activation under evaporation of the
template 4.,4’-bipyridine molecules was investigated. Therefore

B emission

uv . ¢
Blpy\\ FoA Bipy

P
‘ AQA Bipy—Eu Tbh— Bi W
D WL £y

Bipy Bipy

~

C emission

backtransfer

excitation

L

uv

Blpy‘& \ N - i)
w Bipy-;; Gd Eu/Th = Bipy W
NN
Blpy Blpy excitation

f energy transfer x

Fig. 7 Schematic depiction of the energy transfer processes between
metal ions and ligands in 2-8 in comparison with the crystal structure.

the MOFs were outgassed at a vacuum of 10-2 mbar for 72 h at
varying temperatures ranging from 100 to 315 °C. Nitrogen
adsorption—desorption isotherms were recorded at —196 °C in
the relative pressure range 10° to 1 atm. The results were
compared to the non-activated framework 1. While the non-
activated MOF is simply dense due to the templates, increasing
amounts of N, can be incorporated (up to 172 cm?® g*' for an
activation of 1 at 315 °C, Fig. 10) with regard to the activation
temperature. This corresponds to a surface area of sggt = 660 m?
g '. The isotherms acquired by activation at 300 °C and 315 °C
indicate that in addition to the microporosity of the framework’s

1,0 4
——Gd 50% + Eu 25% + Tb 25%
—— Gd 65% + Eu 25% + Tb 10%
dud ——Gd 70% + Eu 25% + Tb 5%
5 ——Gd 75% + Eu 25%
© Ag, =702 nm
2 064
(7]
=
2
=
B 044
N
©
E
S o024
TFy—"D;
TFy— D,
0,0 4 A

Y g ¥ T ¥ T L T L T ¥ T ¥ T € 1
300 325 350 375 400 425 450 475 500
wavelength / nm

Fig. 8 PL excitation spectra (A, = 702 nm) of 5-8 shown as absolute
intensities.
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Fig.9 Excitation and emission processes between metal ions and ligands
in 2[Gd,_._,Eu,Tb,Cly(bipy)s]-2bipy (2-8).

crystal structure a low mesoporosity is observed, which is also
present in the pore size distribution ranging from 0.6 to 1.8 nm
for N, adsorption. The activated luminescent MOFs 2-8 retain
their luminescence upon activation, indicating that the frame-
work structure is also maintained. Higher activation tempera-
tures under vacuum are not suitable as the MOFs then release
framework constituting bipy molecules. In order to further
investigate and corroborate these findings, X-ray powder
diffraction and simultanecous DTA/TG investigations were
carried out to monitor the activation process. Thermal analyses
show that the non-coordinating molecules are released first prior
to release of the coordinating bipy molecules (see ESIT). XRPD
including temperature dependent investigations matches this
observation as the diffractograms exhibit a significant change
upon release of coordinating 4,4'-bipyridine molecules as this
also implies a constitutional change of the network (see ESIT).
Accordingly, activation temperatures have to be kept below.

250 4
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Fig. 10 N, adsorption isotherms at —196 °C for % [Gd,Cle(bipy)s] - 2bipy
(1) in cm?® g~' uptake depending on the variation of the activation
temperature of the MOF.

Conclusions

The MOF system %[Ln,Cle(bipy)s]-2bipy can be successfully
used for an efficient tuning of the emission colour. During MOF
formation different ratios of Eu** and Tb** can be implemented
into the MOF by mixing their trichlorides with GdCl; under
solvent free melt conditions of 4,4'-bipyridine, as the three
trivalent lanthanides form a series of mixed crystal MOFs.
Depending on the ratio of the three lanthanides networks of the
formula %o[Gdz_x_yEubeyCl6(bipy)3]-2bipy, 0.1 =x,y=0.5,
are formed. 4,4-Bipyridine functions as an antenna providing
a ligand to metal T; — 4f energy transfer (LMET) to both Eu**
and Tb*. The combination of europium and terbium further
renders an additional partial metal to metal energy transfer
(MMET) available from Tb** to Eu®* excited 4f states. This leads
to an increase of the emission in the red region due to the
increasing intensity of the Eu** emission. In the combinatorial
observation emission of both europium and terbium is visible
depending on their ratio and emission intensities. As the
strengthening of the red region balances our eye being more
sensitive in the green region, a perfect series of luminescence
tuned hybrid material can be formed that covers the complete
visible spectrum in-between green and red emission including
yellow and orange. As Gd** is not involved in the radiative
processes it can be utilized as a matrix to dilute the two other
lanthanide ions within a majority of gadolinium connectivity
centers providing a series of isotypic solid solutions of all three
ions. The materials become even more interesting as lumines-
cence is retained during activation of the MOFs for microporous
materials.

Experimental

All manipulations were carried out under inert gas atmosphere
using a glovebox (MBraun Labmaster, Ar atmosphere), Schlenk
technique and DURAN™ ampoules as well as vacuum line
techniques. Heating furnaces with Al,O; tubes together with
Eurotherm 2416 control elements were used for the purpose of
heating the ampoule experiments. Trichlorides LnCl;, Ln = Gd,
Eu and Tb, were prepared by the published ammonium halide
route®® using the oxides Ln,O3 (ChemPur, 99.9%), HCI solution
(10 mol 17!, reagent grade) and ammonium chloride (Fluka,
99.5%), and purified by decomposition of the trivalent ammo-
nium chlorides under vacuum and subsequent sublimation of the
products. 4.4-Bipyridine (Alfa Aesar, 98%) was used as
purchased. All products are air and moisture sensitive. For
microanalysis, PXRD, vibrational spectroscopy as well as pho-
toluminescence spectroscopy the microcrystalline materials were
purified by evaporating excess 4,4’-bipyridine.

General consideration on the synthesis of
21Gd;_,_,Eu,Th,Clg(bipy)s]- 2bipy (1-8)

For the synthesis of 1-8 the reagents were mixed by grinding and
sealed in evacuated Duran glass ampoules. The reaction mixtures
were heated to 90 °C in 4 h and to 120 °C in 30 h. This
temperature was maintained for 48 h. The reaction mixture was
then cooled to 95 °C in 250 h and to room temperature within
another 12 h. The products obtained were purified by
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evaporation of excess 4,4'-bipyridine in a temperature gradient
120 °C — RT. The reactions led to microcrystalline, colourless
powders.

Synthesis of 2,[Gd,Clg(bipy)s]- 2bipy (1)

GdCl; (0.5 mmol = 132 mg) and 4,4-bipyridine (C;oHgN,,
1.5 mmol = 234 mg) were ground and transferred into an
ampoule. The corresponding experimental procedure including
the heating program is described above. Yield: 272 mg = 83%.
Anal. Calcd for C50C16H40N10Gd2 (Mr = 1308.16 g mol"): C,
45.90; N, 10.70; H, 3.08. Found: C, 45.37; N, 10.64; H, 2.97%.
MIR (KBr): (3055 m, 1602 vs, 1533 s, 1485 m, 1414 m, 1318 w,
1225 m, 1073 wsh, 1056 m, 1043 m, 1002 m, 989 m, 801 vs, 729 m,
676 w, 625 s, 608 s, 570 m, 518 s) cm .

Synthesis of f,o[Gdl_sTbg_sClﬁ(bipy)3]~2bipy 2)

GdCl; (0.375 mmol = 99 mg), TbCl; (0.125 mmol = 33 mg) and
4,4'-bipyridine (CjoHgN», 1.5 mmol = 234 mg) were ground in
a mortar and transferred to an ampoule. The corresponding
experimental procedure is described above. Yield: 278 mg = 85%.
Anal. Calcd for C50C16H40N10Gd1'5Tb0'5 (Mr = 1308.99 g
mol™'): C, 45.89; N, 10.70; H, 3.08. Found: C, 45.09; N, 10.65; H,
3.07%. MIR (KBr): (3059 m, 1602 vs, 1531 s, 1487 m, 1413 m,
1319 w, 1216 m, 1070 wsh, 1060 m, 1043 m, 1003 m, 991 m, 800
vs, 731 s, 675 w, 625 s, 608 m, 571 m, 520 s) cm™'.

Synthesis of % [Gd; 4Euq ; Ty sClg(bipy)s]- 2bipy (3)

GdCl; (0.350 mmol = 92 mg), EuCl; (0.025 mmol = 7 mg),
TbCl3 (0.125 mmol = 33 mg) and 4.4’-bipyridine (C;oHgN,,
1.5 mmol = 234 mg) were ground in a mortar and transferred to
an ampoule. The corresponding experimental procedure is
described above. Yield: 262 mg = 80%. Anal. Caled for
C50C16H40N10Gd1A4E110A1Tb0‘5 (Mr = 1308.46 g mol’l): C, 4590,
N, 10.70; H, 3.08. Found: C, 44.82; N, 10.66; H, 3.04%. MIR
(KBr): (3059 m, 1601 vs, 1531 s, 1488 m, 1413 m, 1319 w, 1222 m,
1070 wsh, 1060 m, 1043 m, 1003 m, 990 m, 801 vs, 731 s, 674 w,
624 s, 610 m, 572 m, 519 s) cm™".

Synthesis of 2,[Gd; sEug 2 Tbo sCl(bipy)s] - 2bipy (4)

GdCl; (0.325 mmol = 86 mg), EuCl; (0.050 mmol = 13 mg),
TbCl3 (0.125 mmol = 33 mg) and 4.4’-bipyridine (C;oHgN,,
1.5 mmol = 234 mg) were ground in a mortar and transferred to
an ampoule. The corresponding experimental procedure is
described above. Yield: 281 mg = 86%. Anal. Caled for
C50C16H40N10Gd1A3Eu0A2Tb0A5 (M,- =1307.94 g mol’l): C, 4592,
N, 10.71; H, 3.08. Found: C, 44.92; N, 10.69; H, 3.06%. MIR
(KBr): (3059 m, 1602 vs, 1531 s, 1488 m, 1413 m, 1319 w, 1220 m,
1070 wsh, 1060 m, 1043 m, 1003 s, 991 m, 800 vs, 730 s, 676 w,
625's, 608 m, 570 m, 518 s) cm™".

Synthesis of %Q[GdEuo,sTb0‘5C16(bipy)3] -2bipy (5)

GdCl; (0.250 mmol = 66 mg), EuCl; (0.125 mmol = 32 mg),
TbCl; (0.125 mmol = 33 mg) and 4,4'-bipyridine (C;oHgN>,
1.5 mmol = 234 mg) were ground in a mortar and transferred to
an ampoule. The corresponding experimental procedure is

described above. Yield: 254 mg = 78%. Anal. Calced for
C50C16H40N10GdEu0,5Tb0_5 (Mr =1306.35 g mol"): C, 4597, N,
10.72; H, 3.09. Found: C, 44.95; N, 10.55; H, 3.07%. MIR (KBr):
(3059 m, 1601 vs, 1530 s, 1487 m, 1413 m, 1318 w, 1217 m, 1072
wsh, 1060 m, 1040 m, 1003 s, 990 m, 800 vs, 730 s, 676 w, 623 s,
609 m, 571 m, 518 s) cm™".

Synthesis of %o[Gdl.3Eu0‘5Tb0_2Cl6(bipy)3]-2bipy 6)

GdCl; (0.325 mmol = 86 mg), EuCl; (0.125 mmol = 32 mg),
TbCl; (0.050 mmol = 13 mg) and 4.4’-bipyridine (C;oHgNy,
1.5 mmol = 234 mg) were ground in a mortar and transferred to
an ampoule. The corresponding experimental procedure is
described above. Yield: 277 mg = 85%. Anal. Caled for
C50C16H40N10Gd1_3E110_5Tb0_2 (Mr =1305.85 g mol’l): C, 4599,
N, 10.73; H, 3.09. Found: C, 44.29; N, 10.48; H, 3.04%. MIR
(KBr): (3060 m, 1601 vs, 1531 s, 1488 m, 1413 m, 1318 w, 1218 m,
1075 wsh, 1060 m, 1040 m, 1004 s, 990 m, 800 vs, 731 s, 676 w,
609 m, 572 m, 520 s) cm™".

Synthesis of 2 [Gd, 4Eug sThy Clg(bipy)s]- 2bipy (7)

GdCl; (0.350 mmol = 92 mg), EuCl; (0.125 mmol = 32 mg),
TbCl;y (0.025 mmol = 7 mg) and 4,4'-bipyridine (C;oHgN>,
1.5 mmol = 234 mg) were ground in a mortar and transferred
into an ampoule. The corresponding experimental procedure is
described above. Yield: 261 mg = 80%. Anal. Caled for
C50C16H40N10Gd1'4Eu0A5Tb0A1 (Mr =1305.68 g mol’l): C, 4600,
N, 10.73; H, 3.09. Found: C, 44.57; N, 10.58; H, 3.03%. MIR
(KBr): (3061 m, 1598 vs, 1531's, 1489 m, 1411 m, 1316 w, 1218 m,
1073 wsh, 1065 m, 1043 m, 1002 m, 986 w, 800 vs, 731 s, 675 w,
625s, 610 m, 573 m, 520 s) cm™".

Synthesis of % [Gd, sEu, sClg(bipy)] - 2bipy (8)

GdCl; (0.375 mmol = 99 mg), EuCl; (0.125 mmol = 32 mg) and
4.4'-bipyridine (C;oHgN», 1.5 mmol = 234 mg) were ground in
a mortar and transferred to an ampoule. The corresponding
heating program is mentioned above. Yield: 272 mg = 83%.
Anal. Caled for C50C16H40N10Gd1‘5E110'5 (Mr = 1305.51 g
mol™'): C, 46.00; N, 10.73; H, 3.09. Found: C, 44.68; N, 10.64; H,
3.03%. MIR (KBr): (3060 m, 1602 vs, 1531 s, 1487 m, 1413 s,
1318 w, 1225 m, 1072 wsh, 1060 m, 1043 wsh, 1003 m, 989 m,
814 msh, 800 vs, 729 m, 675 w, 626 s, 607 m, 570 m, 518 s) cm~"'.

X-Ray diffraction

The solid solutions 200[Gdz,x,},EubeyCl6(bipy)3]-(bipy)2 (1-8)
were investigated by X-ray powder diffraction and compared to
each other as well as to the results of 1 (see ESIt).3? The inves-
tigations confirmed the isotypic structural relation to
2 [Ln,Clg(bipy)s]- 2bipy. X-Ray powder diffraction data were
collected in the Debye—Scherrer geometry on a STOE Stadi P
powder diffractometer with Ge(111)-monochromatized Mo-Ka,
(A = 0.70926 A) and Cu-Ko; (A = 1.54056 A) radiation. The
powder pattern of 2Z[Gd,Clg(bipy)s]-2bipy (1) was also
compared to a simulated pattern of the isotypic phase
2 [Eu,Clg(bipy)s]-2bipy based on single-crystal X-ray data.324
Furthermore temperature dependent XRPD was carried out on 1
to identify the range of possible activation temperatures of the
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MOF (see ESIt). Indexing and refinement of the lattice para-
meters of 1 were done on a series of reflections with the best
possible resolution leading to a triclinic unit cell without unin-
dexed lines.** 22 characteristic reflections with an average 6(20)
of 0.08° were used for the refinement (7' = 293(2) K, a = 1091(2)
pm, b = 1113(1) pm, ¢ = 1196(2) pm, « = 101.8(2)°, 8 =
103.9Q2)°, v = 99.2(2)°, and V = 1346(3) 10° pm?).*s

Photoluminescence and vibrational spectroscopy

Excitation and emission spectra were recorded with a Horiba
Jobin Yvon Fluorolog 3 photoluminescence spectrometer
equipped with a 450 W Xe lamp, an integration sphere, Czerny—
Turner double grating (1200 grooves per mm) excitation and
emission monochromators and an FL-1073 PMT detector.
Excitation spectra were recorded from 250 to 600 nm and cor-
rected for the spectral distribution of the lamp intensity using
a photodiode reference detector. Emission spectra were recorded
from 300 to 750 nm and corrected for the spherical response of
the monochromators and the detector using typical correction
spectra provided by the manufacturer. Additionally, the 1% and
2" harmonic oscillations of the excitation source were blocked
by edge filters (400 nm).

FTIR spectra were recorded using a Bruker FTIR-IS66V-S
and a Thermo Nicolet FTIR-380 spectrometer. Samples were
measured in dried KBr pellets under inert conditions.

Gas adsorption properties

Volumetric uptake and specific surface areas were determined by
nitrogen adsorption—desorption isotherms at —196 °C (N,
99.999%) obtained on a Quantachrome Autosorb 1C apparatus.
Prior to the adsorption measurements, the samples were out-
gassed at a vacuum of 107> mbar for 72 h at varying temperatures
ranging from 100 °C to 315 °C. The results were compared to the
non-activated framework 1.

Thermal analysis

For thermal analysis the products were purified by evaporation
of excess 4,4'-bipyridine at 110 °C under vacuum. The products
were studied using a simultaneous DTA/TG (NETZSCH STA-
409) with a heating rate of 10 °C min~' from 20 °C to 1000 °C. All
treatments were carried out in a constant Ar-flow of 50 ml min~".
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