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ABSTRACT: Lanthanide based crystalline coatings have a great potential for
energy conversion devices, but until now luminescent surface anchored
materials were difficult to fabricate. Thin films, called lanthanides surface
mounted metal−organic frameworks (SURMOFs) with tetrasubstituted halide
(fluorine, chlorine, and bromine) terephthalic acid derivative linkers as a basic
platform for optical devices, exhibit a high quantum yield of fluorescence visible
to the naked eyes under ambient light. We show that we can tune the
luminescent properties in thin films by halide substitution, which affords control
over the molecular structure of the material. We rationalize the mechanism for
the modulation of the photophysical properties by “antenna effect”, which
controls the energy transfer and quantum yields using experimental and
theoretical techniques for chelated lanthanides as a function of the type of atom
substitutions at the phenyl rings and the resulting dihedral angle between
phenyl rings in the linkers and carboxylate groups.
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INTRODUCTION

Luminescent lanthanide ions have attracted scientific and
technological interests due to their unique photophysical and
magnetic properties and applications in the fields of optics,
photonics, and biomedicine, security inks, lasers, and magnetic
resonance imaging.1,2 Their unique luminescent properties,
such as characteristic sharp emissions in the near IR and visible
spectral regions, long lifetime, large Stokes shifts, and high
color purity, can be combined with the structural properties of
metal−organic frameworks (MOFs). MOF is a class of porous
materials comprised of coordination bonds between metal
nodes or secondary building units (SBUs) and organic linkers
to form nets or frameworks. The nets are extended along two
dimensional (2D) or three dimensional (3D) chains, resulting
in a crystalline open framework with permanent porosity.
There is a large amount of available linker molecules and
inorganic building blocks for synthesizing MOFs, resulting in
an estimated number of about 70 000 different MOF types
developed so far,3 most of them in the form of powders. The
formation and processing of MOF thin films, also called
lanthanides surface mounted metal−organic frameworks
(SURMOFs), are required in advanced technological applica
tions, such as optical coatings and optoelectronic devices.4

Despite a multitude of potential applications of lanthanide
MOFs (Ln MOFs), real devices are still missing.5,6

Although there are many methods for producing thin film
MOFs, one of the most appealing procedures is the layer by

layer (LbL) assembly deposition because it offers an easy and
inexpensive way to produce high yield films with precise
composition control in relatively fast processes. The LbL
approach involves the sequential deposition of two or more
materials that can be held together physically or chemically.
This sequential deposition can take distinct routes of assembly,
such as immersive, spin, spray, or electromagnetic as well as
fluidic deposition (see Figure 1). The growth of MOF thin
films using this approach was first demonstrated by Shekhah et
al.7 In the immersive LbL process, the thin films were prepared
by sequentially dipping a chemically functionalized substrate
into the solutions of the different building units. Between steps,
the substrate was rinsed with the solvent to remove the
unreacted or weakly physisorbed reactants. In optimal
conditions, the number of deposition cycles determined the
final thickness of the thin films.
SURMOFs were rarely reported with LnIII ions as the metal

nodes (SBU) using a LbL approach. To the best of our
knowledge, only two LbL assisted Ln SURMOFs were
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reported so far: MOF 768 and Eu NDC.9 Ln SURMOFs are
mainly prepared with the following methods:

(1) solvothermal deposition,10 where a functionalized sur
face is exposed to a solution containing the mixture of
the MOF synthesis precursors (this process can be
electrochemically11 or microwave assisted12) and

(2) postsynthesized Ln MOF suspension, which can be
directly spin coated13 or electrophoretically14 deposited
on a surface; alternatively, LnIII can also be loaded inside
the pores of prefabricated SURMOFs.15

Tuning luminescent properties in thin films require mastery
over the molecular structure, and conformation of how the
organic molecules are packed together, including an under
standing of how their behavior changes when they get excited,
e.g., by UV light or other external stimuli.16 Unlike
conventional amorphous LbL thin films, SURMOF formation
adds control over the conformation of the building block
molecules because they crystallize and can be grown in an
oriented way on a prefunctionalized substrate. The choice of
the building blocks for the SURMOFs allows the design of
responsive and functional MOF thin films for various advanced
technological applications. Due to their photophysical proper
ties, lanthanide ions are ideal luminescent centers for
SURMOFs. The shielding of the 4f valence orbitals and the
variety of electronic levels generated by the 4f electronic
configurations make trivalent lanthanide based materials
promising candidates for the preparation of wavelength
converting devices and sensitive probes. However, the
selection of suitable organic linkers has to be considered
with regard to the known “antenna effect”.17−20 Here,
terephthalate as a sensitizer chromophore is used as a light
harvesting antenna and subsequent excited state energy
transfer generates the emitting lanthanide centered excited
state. Since Ln trivalent cations (LnIII) themselves exhibit very
low absorption and emission probabilities, they need a strongly
absorbing ligand for energy transfer via antenna effect.
Terephthalic acid (t H BDC) and its derivatives (R BDC)
have been reported as successful linkers for numerous
lanthanide MOF synthesis.21−23 Tetrafluoroterephthalic acid
(t F BDC) is a remarkable and versatile ligand for the
construction of new coordination polymers and metal−organic
frameworks.21−24 It has been reported as a linker for MOF
single crystal synthesis with most of the trivalent lanthanides.
Only MOFs with the LaIII and LuIII, the largest and the
smallest lanthanide cations, as well as with the radioactive
PmIII, are still unknown.24 In addition, it is already known that

MOFs with perfluorinated linkers give rise to strong emission
because the quenching due to C−H related vibronic states is
strongly reduced.25

Recently, Smith et al.26 reported the synthesis of Ln MOFs
using tetrabromoterephthalic acid (t Br BDC) with most of
the trivalent lanthanides ions. The authors reported two series
of MOF structures and demonstrated for the first time that the
decrease in the lanthanide ions size results in a change in the
structure from a two dimensional (2D) MOF to a three
dimensional (3D) MOF. Ln MOFs with tetrachlorinated BDC
(t Cl BDC) ligands have so far been reported with only LaIII

ion27 forming five new structures by changing its crystallizing
medium. In a comparative study, the authors observed that,
although the ligand and the metal choices are very important
for the MOF design, the size of the carbonyl solvent molecules
in the synthesis also plays a determining rule, affecting the
coordination geometries around the LaIII ions, the coordina
tion modes of carboxylate groups, the packing arrangements,
and the void volumes of the overall crystal lattices.
Compared to the transition metals more commonly applied

for MOF synthesis, the design of Ln MOFs is more complex
due to the high and variable coordination numbers (CN) of
the trivalent lanthanide ions. On the other hand, the flexible
coordination geometry hampers the prediction and control of
the synthesized Ln MOF structures; however, on the other
hand, it opens the option to synthesize unusual and new
architectures.28−31 With the same lanthanide and organic
linker, it is possible to realize distinct crystal structures.23 Since
the pioneering synthesis by Reineke et al.,32 Ln MOF
syntheses with BDC and derivatives reported structures
crystallizing mostly in monoclinic and triclinic space groups.
Orthorhombic33−35 and cubic36 space groups were rarely
reported.
The BDC molecule and its halogenated derivatives have

distinct geometries. The dihedral angle between the benzene
ring and the COOH plane is nearly 90° for Cl and Br
substitutes, whereas these planes are nearly parallel for F and
H. Here, we investigate the correlation between the atom
substitution in the BDC structure with the photoluminescent,
the energy transfer, quantum yield results, and structural
properties of the resulting Ln SURMOFs.

RESULTS AND DISCUSSION
Luminescent SURMOFs with TbIII and EuIII were successfully
prepared using the dip coating LbL method with the halogen
tetrasubstituted terephthalic ligands. We studied the organic
linkers: tetrafluoroterephthalic (t F BDC), tetrachlorotereph

Figure 1. (a) Illustration of the LbL immersive route to produce homogeneous thin films and (b) the SURMOFs on top of silicon substrate after
several cycles.
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thalic (t Cl BDC), and tetrabromoterephthalic (t Br BDC)
acid. SURMOF growth with EuIII was only observed with the t
F BDC ligand. SURMOFs with the t F BDC linker, i.e.,
TbIII(t F BDC) and EuIII(t F BDC), can be prepared at room
temperature. In contrast, SURMOFs with t Cl BDC and t Br
BDC were prepared at an elevated temperature of 60 °C.
TbIII(t F BDC) and EuIII(t F BDC) prepared at room temper
ature are inhomogeneous and easily detached from the quartz
surface. Moreover, we observed large areas with strong
luminescence as well as totally uncovered areas. This limitation
could be tackled by two measures: (i) increasing the
temperature and (ii) adding MF to the organic linker solution.
A small rate of 1.35% of dimethylformamide (DMF) turned
out to be sufficient to obtain a good surface coverage. EuIII

SURMOFs with t Cl BDC and t Br BDC were not observed

either at room temperature or at 60 °C. The BDC ligand
without halogen substitution was also investigated under
distinct LbL approaches, but no luminescent crystalline thin
films were observed. See the Supporting Information for more
details.
Figure 2a compares EuIII(t F BDC), TbIII(t F BDC), TbIII(t

Cl BDC), and TbIII(t Br BDC) thin films under UV radiation
(254 nm) prepared on quartz substrates and its SPM
topologies characterization on Si surfaces.
AFM topology characterizations from both TbIII(t F BDC)

and EuIII(t F BDC) exhibit similar slightly elongated crystal
shapes covering Si surface (see Figure 2b.1,b.2,c.1,c.2). The
cross sectional SEM images also exhibited stacked elongated
crystals (Figure 2d.1,d.2). We observe EuIII(t F BDC) crystals
of about 100 nm in height and TbIII(t F BDC) crystals with a

Figure 2. (a) Thin films prepared on fused quartz substrates (1.5 × 1.5 cm2) under UV radiation (254 nm): EuIII(t F BDC), TbIII(t F BDC), and
TbIII(t Cl BDC) with 45 cycles and TbIII(t Br BDC) with 90 cycles. (b) Atomic force microscopy (AFM) topology (10 μm × 10 μm) of 1 EuIII(t
F BDC) and 2 TbIII(t F BDC) thin films with 45 cycles, and 3 TbIII(t Cl BDC) and 4 TbIII(t Br BDC) with 80 and 90 cycles, respectively. (c, d)
AFM topology (5 μm × 5 μm) of EuIII(t F BDC) and TbIII(t F BDC) on Si substrates with 45 cycles and their respective cross sectional scanning
electron microscopy (SEM) images.

Figure 3. Out of plane XRD and PL measurement data for the thin films. (a) Out of plane XRD data of thin films on silicon substrates of EuIII(t F
BDC), TbIII(t F BDC), prepared with 45 cycles, and TbIII(t Cl BDC) and TbIII(t Br BDC) with 90 and 85 cycles, respectively, and simulated XRD
pattern for the structures with CCDC nos. 1868639, 1444453, and 1445653. (b) Excitation and (c) emission spectra for the respective thin films
(1−3) with 45 cycles and (4) with 85 cycles prepared on fused quartz substrates.
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height of nearly 200 nm. The thin films prepared with TbIII(t
Cl BDC) and TbIII(t Br BDC) are luminescent but often
remain amorphous (see Figure 2b.3,b.4).
In addition, Figure 3a shows the out of plane X ray

diffraction (XRD) data for TbIII(t F BDC), EuIII(t F BDC),
TbIII(t Cl BDC), and TbIII(t Br BDC) on Si substrates.
TbIII(t F BDC) and EuIII(t F BDC) SURMOFs prepared
with only 45 cycles exhibit strong luminescence and
crystallinity. Only after a minimum of 90 deposition cycles,
weak XRD peaks could be observed, although often the surface
consists of amorphous thin films, which was also found by the
AFM topology analysis.
A series of Ln MOFs structures were reported with these

building blocks by regulating solvents where the distinct
configuration of the metal center can be achieved, or by
changing the ion size (La−Lu), as demonstrated for t Cl BDC
and t Br BDC ligands, respectively.26,27 A comparative analysis
is difficult since most Ln MOFs syntheses mix a variety of
solvents at different ratios. Here, we selected results obtained
under mild laboratory conditions and alcohol based main
crystallizing medium (ethanol or methanol) to search for
structures closer to those using the LbL process. In Figure 3a,
the thin film’s XRD data is compared to the simulated XRD
pattern for the selected Ln MOFs with t Br BDC, t Cl BDC,
and t F BDC (CCDC 1868639, 1444453, and 1445653). Most
Ln MOFs with t Br BDC ligand crystallize into a triclinic space
group with an eight coordinated coordination environment
when synthesized under mild condition, whether the
crystallizing media was only water (CCDC 1868639) or
ethanol (CCDC 952013).26,37 In an alcohol based solvent, the
triclinic group symmetry is also preferred for the t Cl BDC
ligand (with additional carbonyl molecules such as DMF,
diethylformamide (DEF), etc.).26,37 For the t F BDC ligand, a
monoclinic system is preferred for this crystallization
medium.22,24,38

The thin films seemed to grow in preferred orientations
because the number of peaks observed in the out of plane
XRD was reduced, giving rise to a structure assignment
difficulty. EuIII(t F BDC) and TbIII(t F BDC) seemed to be
isostructural, but TbIII(t Cl BDC) and TbIII(t Br BDC)
exhibited rather different XRD patterns.
Excitation and emission spectra of TbIII(t F BDC), EuIII(t F

BDC), TbIII(t Cl BDC), and TbIII(t Br BDC) thin films on
fused quartz substrates are shown in Figure 3b,3c. The thin
films with the t F BDC linker exhibit higher emission
intensities than the samples with the respective t Cl BDC
and t Br BDC ligands. Thin films were prepared with 45
cycles, except for TbIII(t Br BDC), for which the luminescence
effects have a rather weak intensity and needed about twice
more cycles so the luminescence effects could be monitored.
TbIII(t F BDC), TbIII(t Cl BDC), and TbIII(t Br BDC) exhibit
the characteristic narrow emission lines transitions of TbIII

arising from the 5D4 state to the 7FJ (J = 6−3) levels. EuIII(t F
BDC) similarly exhibits the characteristic narrow emission
lines of EuIII arising from the 5D0 state to the 7FJ (J = 1−4)
levels (see also Figure 3c). TbIII(t F BDC) and TbIII(t Cl
BDC) SURMOFs exhibit significantly stronger emission
intensity than the other halogen SURMOFs.
We investigated the photoluminescent quantum yield (QY),

defined as the ratio of the number of emitted photons and the
number of absorbed photons. Although there are numerous
Ln MOFs reported so far, most publications did not report QY
at all. Some of the reported QY values for Ln MOFs

synthesized with the t F BDC linker and the metals EuIII and
TbIII are summarized in Table 1. TbIII compounds usually

exhibit higher luminescence efficiency than EuIII compounds,
while the QY values reported for EuIII compounds are more
variable. Ln MOFs can be synthesized under rather mild
conditions, and small changes in the synthesis route can result
in different structures.38−41 The precise prediction and control
of Ln MOFs is challenging due to its high and variable
coordination number (CN). For the QY measurements (the
QY values are presented in Table 1), the syntheses of
luminescent powders were assisted by a simple sonochemical
method. The synthesizes were performed under mild
conditions at 60 °C in aqueous NaOH (25 mM in a mixture
of ethanol and water in a 3:1 ratio). The detailed synthesis
description can be found in the Supporting Information.
TbIII(t F BDC) powders prepared by a sonochemical

method achieved 66% QY, which is close to values reported
by Sobieray et al.24 The preparation of powder samples for
TbIII(t Cl BDC) and TbIII(t Br BDC) turned out to be more
difficult, and QYs could not be reliably determined. Details can
be found in the Supporting Information.

THEORY AND MODELING
To elucidate the antenna effect as a function of the halogen
atom substitution in the BDC ligand molecules, we
investigated the correlation between atom substitution and
the QY of the lanthanide SURMOFs with electronic structure
calculations. Such a substitution of atoms induces a change of
the dihedral angle of the phenyl rings within the BDC linkers
relative to the COO plane coordinated to the lanthanide
cations as illustrated in Figure 4. These geometrical features
are due to the imposed steric effects in the sizes of the atoms
(H, F, Cl, Br). For further details, see also Figure S6 and the
theory part in the Supporting Information.
We used a molecular cluster model to study the excited

states of the systems shown in Figure 4. It consists of one
center EuIII cation surrounded by four acetate groups and a
BDC linker. This smallest molecular model represented the full
crystalline structures of the synthesized SURMOFs. The use of
simplified structures with only one BDC linker effectively
reduced the complexity of the systems and allowed us to
efficiently study the effect of hydrogen substitution in the
phenyl ring with halogen atoms and estimated the QY. The
relaxed structures of BDC with H and F functionalized phenyl
rings have almost flat dihedral angles (Figure 4a), whereas
replacing them with Cl and Br caused a rotation of the phenyl
ring to an almost perpendicular position relative to the COOH
plane, see Figure 4b. The large dihedral angles in Cl and Br
BDC compounds hindered the crystallization of the structures
in SURMOF growth as described in the Experimental Section
(Figure 3). To study the effect of the dihedral angle alone, we
calculated the QY of each halide with different dihedral angles

Table 1. QY Values for Ln(III) Compounds with t F BDC
Linker and the Metals TbIII and EuIII

EuIII MOF overall QY
(%)

TbIII MOF overall QY
(%) reference

53 67 Sobieray et al.24

9 42 Mikhalyova et al.48

13 66 this work



between the phenyl group and COO group connected to the
EuIII cation (see Figure S6).
First, we described the process of the antenna effects

(Jablonski diagram) of the linkers to lanthanides ions, with
their corresponding energy levels (eV) shown in Scheme 1.
For the ligands (F substituted BDC) alone, we calculated the
energy level using the density functional theory (DFT) level.

On the abscissa of Scheme 1 are the states of a fluorinated
BCD linker and europium complex, and the ordinate is the
energy level for each state. Under irradiation by UV light, a
singlet excitation is localized on an antenna BDC ligand from
So to a singlet excited state (upright violet arrow line). The
commensurate between the experimental absorption and
excitation spectra of lanthanide complexes with the corre
sponding spectra of the individual ligands suggests that the
lowest excited states are localized on individual ligands, instead
of being delocalized over the lanthanide complex.42,43 Fast
nonradiative relaxation from internal conversion subsequently
brings the linker to the lowest singlet states S1 (wiggle red
arrow line). From the S1 excited state geometry, the linker can
be deactivated by internal conversion, fluorescence, or
intersystem crossing (ISC) to the closest triplet excited states.
Nonradiative fast relaxation is followed from any triplet excited
states to the local minimum of the lowest triplet states T1
(wiggle red dashed line).44,45 From local minima of triplet

excited state T1, energy transfer from the linkers to lanthanides
(EuIII and TbIII) proceeds nonradiatively (black dash arrow
lines).42,43,46−48 Finally, lanthanides ions are relaxed to the
lowest radiative levels: 5D0 for Eu

III and 5D4 for Tb
III (wiggle

black dashed lines).49−51

To investigate the effect of H substitution by halogen atoms
and dihedral angles of COO to the phenyl ring plane, we used
semiempirical methods integrated into LUMPAC (lanthanide
luminescence software package) using the RM1 Sparkle
Model52 implemented in MOPAC for geometry optimization.
This was followed by singlet and triplet excited state energy
calculations for the lanthanide complexes with INDO/S CIS
approach in ORCA.53−55 The values of these excited states
agree with our TD DFT results for the linkers. However, the
LUMPAC workflow is only limited to a single Europium
compound. By simplifying the theoretical model, we expected
the QY to mainly depend on the dihedral angle and the type of
atom at the phenyl rings.
First, we estimated the initial values of the Judd−Ofelt

intensity parameters (Ω2, Ω4, Ω6)
56,57 of our systems from the

extracted values of the emission spectra in Figure 5 for EuIII

compounds. We used these parameters as an initial prediction
of the semiempirical Judd−Ofelt intensity parameters and

Figure 4. Geometrically optimized molecular model of the Eu complex. Eu (purple), O (red), C (brown), F (gray), Cl (green), and H (white). (a)
H and F−BDC dihedral angles between the COO plane with the phenyl ring plane in the BDC linkers are 4−6°. (b) Dihedral angles between the
COO and the phenyl ring planes with Cl and Br BDC linker are 80−85°.

Scheme 1. Jablonski Diagram of the Ligands and
Lanthanides Atoms in the Complexa

aLanthanides ion EuIII (purple), O (red), C (brown), F (gray), and H
(white).

Figure 5. Experimental intensity parameters calculations for EuIII(t F
BDC) compounds. The initial experimental Judd−Ofelt Intensity
parameters Ω2 = 8.44 × 10−20 cm2 and Ω4 = 11.48 × 10−20 cm2 are
calculated based on the typical lifetime of 0.5 ms and refractive index
of 1.5. The insert shows the emission color of the compound.
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calculated the energy transfer, back transfer rates, quantum
efficiency, and overall QY of the Ln complexes (Table 2).58 In
this calculation, we used the emission lifetime of typical Eu
BDC compounds of 0.5 ms. The energy transfer rate was
dominated by singlet excited state energy transfer from the
ligand to 5D4 excited state of EuIII cation via electromagnetic
multipolar mechanism (WetMM) and the triplet state of the
ligand to 5D0 and

5D1 via an exchange mechanism (WetEX).
The details were tabulated in Table 2.
The theoretically predicted QY of the compounds are

compared in Table 3. Simulated QY values are much lower

than the experimentally observed values of crystalline
compounds since our model only included the effect of a
single Europium atom and a single BDC linker, and replaced
the rest of the coordination of BDC linkers with acetates. With
this setup, we could focus on the effect of halogenation and
dihedral angles of a single BDC linker coordinated to an EuIII

ion. We reported the QY as ranges in Table 3 because we
explored the effect of dihedral angle changes to the quantum
yield by fixing the Eu and acetate molecules and COO plane
next to the Eu atom as the phenyl ring in the BDC linker was
rotated in the angle range of 0−180°. We found that the
dihedral angle did not affect the QYs significantly. The
illustration is shown in Figure S6.
The estimated QY is not correlated directly to the dihedral

angle; instead, only the type of atom replacing the H results in
a large QY gain. The substitution of H atoms with F was
predicted to result in the highest average quantum yields, and
this agreed with the experimental finding.

We also predicted that the Cl compound may have relatively
high QY, which was observed for Tb thin films. We could not
test it directly for Eu due to the difficulties of synthesizing Cl
compound with Eu in both powder and thin film forms. We
note that in Tb based MOF, our experiment showed 6 times
higher luminescence intensity in Cl compound than that in Br
compound (Figure 3c). The Br thin film preparation needed
about twice more deposition cycles (45 vs 85) than Cl thin
films and yet Br thin films exhibited luminescence intensity
peaks of nearly 1 order of magnitude weaker than the Cl thin
films.

CONCLUSIONS

In this manuscript, the fabrication of luminescent Ln
SURMOFs thin films with halogen tetrasubstituted tereph
thalic acid ligands using an immersive layer by layer method in
a short production time is presented. We studied fluorine,
chlorine, and bromine terephthalic acid derivatives as building
blocks for new Ln SURMOF thin films. The change in the
lateral substitutes for the BDC linker, which sterically induces
different dihedral angles, shows drastic effects in both
measured and calculated QY and affects the Ln SURMOFs
photophysical and structural properties. Calculations show that
the QY is not correlated directly with the dihedral angle, but
with the electronic structure of the complex substituting
hydrogens. At the same time, halogen substitution has an effect
on the thin film structural conformation, which correlates with
the dihedral angles, i.e., it is only possible to synthesize
crystalline thin films with halogen substitution. With F
substitution, isostructural crystalline coatings with Eu and Tb
were obtained; however, for Cl and Br compounds, coatings
with poor crystallinity exhibited rather distinct XRD patterns.
Fluorine and chlorine linker based thin films exhibited strong
luminescence, whereas thin films within the bromine linker had
significantly suppressed luminescence. This phenomenon
agrees with the theoretical QY calculation. SURMOFs with
fluorine linkers could be synthesized at room temperature and
exhibit high crystallinity, whereas the luminescent thin films
with chlorine and bromine linkers could only be prepared at an

Table 2. Table of Fluorescence Propertiesa

atom type H F Cl Br

energy state
RL singlet 6.4767 4.6032 3.5803 4.2376
RL triplet 5.5437 3.6662 3.6752 4.2614
singlet E 36 270.1 33 093.1 37 012.9 36 950.1
triplet E 22 180.3 20 954.5 22 358.8 24 342.9

energy-transfer rate (s−1)
WetMM (singlet → 5D4) 1.88 × 101 1.03 × 104 9.56 × 103 1.37 × 103

WetEX (triplet → 5D1) 3.89 × 102 3.96 × 105 5.86 × 105 1.35 × 104

WetEX (triplet → 5D0) 2.99 × 102 4.03 × 105 4.33 × 105 6.34 × 103

energy back-transfer rates (s−1)
WetMM (singlet → 5D4) 1.54 × 10−17 3.56 × 10−8 2.22 × 10−16 4.28 × 10−17

WetEX (triplet → 5D1) 1.05 × 10−4 3.89 × 101 6.74 × 10−2 1.14 × 10−7

WetEX (triplet → 5D0) 1.98 × 10−8 9.68 × 10−3 1.22 × 10−5 1.31 × 10−11

arad (s−1) 463.07 463.07 463.77 473.94
anrad (s−1) 1532.45 1536.9 1536.23 1526.06
quantum efficiency (%) 23.38 23.15 23.19 23.7
quantum yield (%) 0.16 21.81 20.91 3.88
aDetails of the quantum yield calculations. RL is the distance between the donor and acceptor, WetMM (s−1) is the energy transfer/back transfer
through electric multipole mechanism, and WetEX (s−1) is the energy transfer through an exchange mechanism. Arad is the radiative rate, and
anrad is the nonradiative rate.

Table 3. Calculated QY for EuIII Compounds with BDC and
Its Halogen Derivatives

compound
quantum yield
(QY) [%]

atomic
mass

ground state dihedral
angle (°)

EuIII(t-H-BDC) 0.2 6.0 1 5
EuIII(t-F-BDC) 19 21 19 5
EuIII(t-Cl-BDC) 13 21 35 72
EuIII(t-Br-BDC) 0.4 3.9 79 84



elevated temperature of 60 °C but still show poor crystallinity.
The construction of Ln SURMOFs is a versatile platform, not
only due to their structural diversity and access to its unique
photophysical properties but also because they enable different
coordination symmetries of lanthanide centers.

EXPERIMENTAL SECTION
Europium(III) nitrate hexahydrate (99.9%) and terbium(III)
trifluoromethanesulfonate (98%) were obtained from Across Organics
and Alfa Aeser, respectively. Tetrabromoterephthalic acid and
tetrafluoroterephthalic acid (97%) were obtained from Sigma Aldrich.
Tetrachloroterephthalic acid (95%) was obtained from abcr. The
reagents were used without any further purification. Ethanol (absolute
AnalaR NORMAPUR from VWR), fused quartz, microscopy glass
slides, and the Si(100) wafers (with a 2 nm native layer of SiO2) were
used as substrates for the thin film growth.
SURMOF Preparation. The thin films were prepared using an

automatic LbL coating system (SILAR CONTROLLER, Model No.
HO TH 03). The metal and organic linker solutions were prepared in
ethanol with concentrations of 0.35 and 0.15 mM, respectively. The
immersion times were 30 s in the metal, 5 s for the organic linkers. A
rinsing step of 3 s in pure ethanol was added before immersion in
each solution to prevent cross contamination between solutions.
Additionally, an idle time of 10 s was added after each immersion
step.
Substrate Preparation. The Si wafers with a native oxide layer

were first cleaned and activated with ozone radiation for 30 min. The
SURMOF growth started immediately after this cleaning procedure.
The glass substrates were cleaned with KOH solution and then
activated with ozone radiation before the SURMOF growth.
X-ray Diffraction (XRD). The out of plane (co planar orienta

tion) XRD measurements were collected on a Bruker D8 Advance
diffractometer equipped with a position sensitive detector Lynxeye in
θ−2θ geometry. Variable divergence slit and 2.3° Soller slit were used
on the secondary side. The measurement was carried out in the range
of 2θ = 6−24° at a scan step of 0.018° at 40 kV and 40 mA utilizing
Cu Kα1,2 radiation (λ = 0.154018 nm). For the samples prepared on
Si substrates, after background correction, the peak positions were
calibrated using the substrate diffraction peak positions Si(400),
which were measured additionally at the end of each run.
Photoluminescence Spectroscopy. Excitation and emission

spectra were recorded with a resolution of ±1 nm using a
photoluminescence spectrometer Horiba Jobin Yvon SpexFluorolog
3 (Horiba Jobin Yvon, Bensheim, Germany), equipped with a 450 W
xenon lamp, double monochromators, Ulbricht sphere, and photo
multiplier as the detector (90° angle between excitation source and
detector). The determination of the absolute QY was performed as
suggested by Friend.59 The diffuse reflection of the sample was
determined under excitation. Afterward, the emission was measured
for the respective excitation wavelength. Integration over the reflected
and emitted photons in the wavelength range of 390−720 nm using
an Ulbricht sphere allowed for the absolute QY calculation. Standard
corrections were used for the spectral power of the excitation source,
the reflection behavior of the Ulbricht sphere, and the sensitivity of
the detector. The QY was obtained for powder samples that were
deposited in quartz glass tubes. The sample holder for determining
the absolute QY in an Ulbricht sphere was constructed according to
Friend.59

Scanning Electron Microscopy (SEM). The SEM measurements
were performed on a ZEISS Gemini Leo 1530. The condition of a
high vacuum was applied to all samples using 5 keV acceleration
voltage.
Atomic Force Microscopy (AFM). The AFM topology measure

ments were performed at room temperature on an Asylum Research
MFP 3D BIO atomic force microscope in the alternating current
mode (AC mode) with the scan rate of 0.4 Hz and 416 scan lines. A
minimal number of modifications were performed in the raw data,
which was modified by a masked flattening process.

Ground and excited state molecular calculations. All structures of
the t F BDC ligand in the ground state were fully optimized using the
hybrid B3LYP functional.42−44 The S1 and T1 geometries were
optimized using unrestricted time dependent density functional
theory (TD DFT). Stationary points were characterized as the real
minima on the potential energy surface by calculating the harmonic
vibrational frequencies. The self consistent calculation (SCF)
convergence threshold was set to 10−8 and “grid 3” option was
used. For all atoms, triple ζ valence plus polarization (def2 TZVP)54

atomic orbital basis sets were used. All simulations were performed
within TURBOMOLE 7.4 DFT package.60
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TURBOMOLE: Modular Program Suite for Ab Initio Quantum
Chemical and Condensed Matter Simulations. J. Chem. Phys. 2020,
152, No. 184107.



 

 

 

 

 

 

Repository KITopen 

 

Dies ist ein Postprint/begutachtetes Manuskript. 

 

Empfohlene Zitierung: 

 

Santos, J. C. C.; Pramudya, Y.; Krstić, M.; Chen, D.-H.; Neumeier, B. L.; Feldmann, C.; 

Wenzel, W.; Redel, E. 

Halogenated Terephthalic Acid "Antenna Effects" in Lanthanide-SURMOF Thin Films 

2020. ACS applied materials & interfaces, 12 

doi: 10.554/IR/1000127661 

 

 

 

Zitierung der Originalveröffentlichung: 

 

Santos, J. C. C.; Pramudya, Y.; Krstić, M.; Chen, D.-H.; Neumeier, B. L.; Feldmann, C.; 

Wenzel, W.; Redel, E. 

Halogenated Terephthalic Acid "Antenna Effects" in Lanthanide-SURMOF Thin Films 

2020. ACS applied materials & interfaces, 12 (46), 52166–52174. 

doi:10.1021/acsami.0c15392 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Lizenzinformationen: KITopen-Lizenz 

https://publikationen.bibliothek.kit.edu/1000127661
https://publikationen.bibliothek.kit.edu/1000127661
https://publikationen.bibliothek.kit.edu/1000127661
https://doi.org/10.1021/acsami.0c15392
https://www.bibliothek.kit.edu/cms/kitopen-workflow.php



