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In this study, we investigate the photoluminescence and the self-assembly of three distinct europium
(Eu) complexes—[Eu(tta)s(bpy)] (tris(thenoyltrifluoroacetonate)europium(in)2,2’-bipyridine), [Eu(btfa)z(bpy)]
(tris(4,4,4-trifluoro-1-phenyl-1,3-butanedione)europium(in)2,2'-bipyridine), and [Eu(tta)s(H,0),] (tris(thenoy-
ltrifluoroacetonate)europium(in)dinydrate) —on a Au(111) surface. Utilizing scanning tunneling microscopy
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(STM), we explore the molecular topography and the ordered structures formed by these complexes,
providing insight into their surface interactions. The europium (Eu®*) ion, a member of the lanthanide
DOI: 10.1039/d5cp01079a series, is renowned for its unique photophysical properties, particularly its sharp emission bands and

relatively long-lived luminescence, which make it a valuable component in light-emitting devices, bio-
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1. Introduction

Rare-earth elements such as europium (Eu) have garnered
significant attention in materials science due to their unique
luminescent properties’”” which make them ideal candidates
for applications in optoelectronics,® sensors®® and spintronic
devices.'™"" Europium-based complexes, in particular, exhibit
strong photoluminescence,'” owing to their ability to undergo
efficient energy transfer to the Eu*" ion, which emits in the red
region of the electromagnetic spectrum. Furthermore, Eu®*
complexes have also been shown to exhibit luminescence after
excitation via an electron beam."® Scanning tunneling micro-
scopy (STM) experiments towards the luminescence of single
Eu®" jons are limited to nano islands on MgO'* and thin
films.'>'® However, the electronic and structural properties of
molecular Eu complexes, when interfaced with conductive
surfaces, remain insufficiently understood, which hinders their
integration into nanoscale devices.
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The investigation of organometallic complexes adsorbed
onto metal surfaces is critical for advancing both fundamental
surface science and practical applications, as surface interac-
tions can significantly alter the electronic structure and optical
properties of these materials. Among the most widely studied
surfaces, Au(111) stands out due to its well-defined atomic
structure, chemical inertness, and utility in surface-enhanced
techniques, making it an ideal substrate for self-assembled
monolayers of functional molecules.

In this study, we explore the fluorescence as well as
the growth and adsorption behavior of three europium(u)
complexes: [Eu(tta);(H,0),],>"?° [Eu(btfa);(bpy)],*'>* and
[Eu(tta)s(bpy)]>***** on Au(111) using STM. These complexes
differ in their ligands (btfa: 4,4,4-trifluoro-1-phenyl-1,3-
butanedione; tta: 2-thenoyltrifluoroacetone) and the presence
of either 2,2’-bipyridine (bpy) or water ligands. The importance
of organic ligands for light excitation and emission is
well known.'® However, each variation in ligand composition
is expected to influence the molecular adsorption
geometry, intermolecular interactions, and electronic coupling
to the gold surface, and to a lower extent the observed
fluorescence.

STM, with its high spatial resolution, allows for a detailed
study of the surface morphology and molecular ordering
of these Eu-complexes. By comparing the growth of these
three molecules, we aim to elucidate how ligand composition
affects their adsorption behavior on Au(111), providing
valuable insights into the design of surface-functionalized
materials for potential use in luminescent and electronic
applications.
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2. Experimental

2.1. Sample preparation

Low-temperature STM and measurements were carried out
using a homemade UHV STM (4.4 K, ~10"'° mbar).*®
Au(111) gold single crystals from MaTeck were cleaned by
repeated cycles of sputtering with Ar" ions with an energy of
1.5 keV, followed by annealing to a temperature of 500-600 °C.
A Kentax 3 cell evaporator was used for thermal sublimation
of [Eu(tta)s;(bpy)] and [Eu(btfa);(bpy)] complexes.
Photoluminescence spectra were recorded using a spectro-
meter (150 mm focal length) equipped with a grating of 300
groves mm . The optical resolution of this setup is about 2 nm
when the entrance slit is closed to 10 pm. All photon spectra
presented in the manuscript are corrected for the collection
efficiency of the detection setup. Excited state lifetimes were
measured using time-correlated single photon counting.

3. Results and discussion

3.1. Photophysical properties

The ligand antenna effect’’ >° plays a crucial role in the

efficient excitation of europium complexes, facilitating their
widespread use in luminescent applications. This phenomenon
involves the absorption of light by an organic ligand, which acts
as an antenna, followed by energy transfer to the Eu®' ion,
leading to its characteristic sharp emission bands (see scheme
in Fig. 1). Ligands with strong absorption in the ultraviolet or
visible range and suitable triplet-state energies are particularly
effective, as they enable efficient intersystem crossing and
resonance energy transfer to the lanthanide ion.

Eu*" complexes exhibit well-defined and sharp transitions
due to the characteristic 4f° electron configuration of the Eu®*
ion. The primary electronic transitions in these complexes
are f-f transitions within the 4f orbitals.***' These transitions
are inherently Laporte-forbidden in free Eu®" ions, but
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Fig. 1 Excitation and transition scheme of Eu complexes utilizing the
ligand antenna effect after.}232-34
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Fig. 2 (a) and (b) Photoluminescence spectra of sublimed (a) and drop-
casted (b) samples under excitation with 2 = 375 nm at room temperature.
The intensity of the PL spectra has been normalized to the integrated
intensity of the 5DO - 7F1 transition.

coordination environments can partially relax these selection
rules, resulting in distinct, narrow emission bands.

To ensure that the molecules remain intact when deposited
on a substrate, we prepared samples for photoluminescence
measurements using methods that are also suitable for STM
experiments. All three complexes were deposited via drop-
casting of an ethanol solution as well as vacuum sublimation
onto a glass substrate. In full agreement with previous experi-
ments, the emission spectrum shows prominent transitions
from the excited °D, state to the lower-energy 'F, levels (/= 0, 1,
2, 3, 4, 5, 6), with the °D, — ’F, transition being particularly
intense (see Fig. 2).

The integral intensity of this forced electric-dipole and
hypersensitive transition vs. the magnetic-dipole allowed and
insensitive transition to “F; has been used as an indicator for
symmetry in the local environment, because for a Eu®** ion at
a site with an inversion center, the °D, — ’F, transition is
forbidden."” From the observed spectra, we determined the
integrated intensity ratios (D, — ’F,)/(>Do — ’F,), which are
for all six samples in the range of 15 to 19, confirming the lack
of inversion symmetry expected from the metal center of the
complex being linked to two different ligands.

The peaks of the photoluminescence spectra of all three
molecules in ethanol solution, as a drop-casted film, in powder
form and as a sublimed film were fitted. The width of each peak
was weighted with the integrated intensity of the peak and the
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Fig. 3 Mean peak widths of photoluminescence spectra. For each spec-
trum, all peaks are fitted and normalized to the integrated intensity, then
the average peak width of the spectrum is calculated.

average width of all peaks in a spectrum taken (see Fig. 3). The
highest peak width is observed in the spectra of drop-casted
films, while sublimed molecules have the tendency to show
sharper emission bands. This can be rationalized by a more
well-defined local environment for the latter. The first may still
contain solvents in the film. In powder, micro crystallites may
still be present, resulting in a highly ordered environment.
While the influence of the local environment on the emis-
sion spectrum is small, more significant changes are expected
for the observed lifetime 7,5 Of the excited state, depending on
the chemical environment®® and the optical environment at
distances close to the wavelength of the emitted light.*® In
powder, [Eu(tta);(bpy)] and [Eu(btfa);(bpy)] show a lifetime of
about 800 ps. In agreement with previous work,*” the lifetime of
230 ps of [Eu(tta);(H,0),] is significantly shorter (see Fig. 4(a)).
These experimentally determined lifetimes in combination
with the integrated intensity of the °D, — ’F, emission bands
with respect to the total intensity allow us to estimate radiative
(Araq) and non-radiative (A,raq) decay rates, and the intrinsic
quantum yield">*® as summarized in Table 1. This analysis
explains the experimental results as follows: The radiative
decay rate A.,q for all three complexes is in the kHz range as
expected for the Eu®" ion with slightly lower values for
[Eu(tta);(bpy)] and [Eu(btfa);(bpy)] (see Table 1). The similar
values for the three complexes are expected from the similar
coordination of the Eu®". Tops= (Araa + Anraa) ~ Of [Eu(tta)s-
(H,0),] is significantly shorter, mostly due to a high non-
radiative decay rate (Anr.q) via OH vibrations.*® In the sublimed
thin film (see Fig. 4(b)), lifetimes of [Eu(tta);(bpy)] and [Eu(btfa);-
(bpy)] are slightly reduced while to,s of [Eu(tta);(H,0),] is
unchanged, because ambient humidity brings water to the
sublimed thin films, increasing An..q (decreasing tops) in the
films of [Eu(tta);(bpy)] and [Eu(btfa)s;(bpy)]. Anraa Of the sublimed
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Fig. 4 Observed lifetimes of [Eu(tta)s(H,O),] (blue), [Eu(tta)s(bpy)] (red)
and [Eu(btfa)z(bpy)] (black) in (a) powder, (b) sublimed film, (c) ethanol
solution, (d) drop-casted from ethanol solution after excitation with 1 =
375 nm.

film of [Eu(tta);(H,O),] is still determined by the non-radiative
decay via hydrogen-bond vibrations in the water ligands and
thus 7.4 is almost identical to the bulk value. This is taken as an
indication of [Eu(tta);(H,0),] being intact after sublimation and
their water ligand not being cleaved off. In the ethanol solution
(see Fig. 4(c)), the reduced refractive index leads to a decrease of
Araq (see Table 1). Here, we assumed a refractive index of 1.55 for
the solid state' and 1.33 for ethanol. For [Eu(tta);(bpy)] and
[Eu(btfa);(bpy)], this decrease in A;,q does not translate to an
increased 7.5, because of the enhanced radiation-less deactiva-
tion (enhanced A,;,q) caused by the surrounding ethanol mole-
cules, i.e. non-radiative decay mediated by higher harmonics of
hydrogen-bond vibrations.">*°™** In the case of [Eu(tta);(H,0),],
quenching by OH vibrations® is intrinsic to the molecule and
Anraa is even higher for the powder and sublimed samples
compared to the ethanol and drop-casted samples. Thus, the
reduced refractive index of ethanol leads to a small increase of
Tobs iN the case of [Eu(tta);(H,0),]. The drop-casted film from the
ethanol solution shows intermediate values of A.q, indicating
residual ethanol molecules (see Fig. 4(d)) in the dried film. The
ratio Tops/Traq iS an estimate for the internal quantum efficiency
and is significantly lower for [Eu(tta);(H,O),] compared to
[Eu(tta);(bpy)] and [Eu(btfa)s;(bpy)] (see Table 1), due to the
quenching by OH vibrations, which is in agreement with previous
literature.*”** Judd-Ofelt (JO) parameters were estimated using
values for the reduced matrix elements from literature’**®** in
order to ensure comparability with the values in Stavale et al.*?
Overall, the JO parameters Q, and Q, of the three complexes
agree well with previous work.”? A large Q, is derived from the
very intense *D, — ’F, transition and much smaller Q, and Q¢
arise from the corresponding low intensity lines. The drop-
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Table 1 Judd-Ofelt parameters, radiative (A;ag) and non-radiative (Anaq) decay rates and intrinsic quantum yield estimated from the intensity ratios
following Binnemans et al.*? and references therein and the experimentally observed lifetimes. Suffixes e, d, s, p denote ethanol solution, drop-casted,

sublimed and powder samples respectively

Sample Q, [107%° cm?) Q, [107%° cm? Q6 [1072° cm?) Araa [s71] Anraa [s7'] Dine
Eu(tta);(H,0),]e 34.98 7.69 9.32 893.43 1738.15 0.34
Eu(tta);(H,0),]d 17.64 8.24 10.95 747.57 2193.61 0.25
Eu(tta);(H,0),]s 26.75 9.96 16.34 1067.0 3280.82 0.25
Eu(tta);(H,0),]p 31.22 7.02 7.11 1145.25 3202.57 0.26
Eu(tta)s(bpy)]e 33.26 7.38 9.26 852.53 1779.05 0.32
Eu(tta);(bpy)]d 24.3 8.61 23.74 973.26 — —

Eu(tta),(bpy)]s 22.36 10.22 26.38 932.74 791.4 0.54
Eu(tta);(bpy)]p 17.27 7.12 11.02 715.12 550.71 0.56
Eu(btfa)(bpy)e 26.31 6.09 9.29 692.61 1746.41 0.28
Eu(btfa),(bpy)]d 22.83 6.84 14.79 899.16 1061.62 0.46
Eu(btfa);(bpy)]s 25.63 7.67 19.23 1030.56 556.74 0.65
Eu(btfa),(bpy)]p 20.0 6.39 10.92 789.28 460.72 0.63

casted [Eu(tta);(H,0),] sample deteriorated due to humidity and
thus has not been measured.

3.2. Surface deposition and STM analysis of [Eu(tta);(H,0),]

Although our photoluminescence experiments do not indicate
a decomposition of sublimed molecular complexes, it cannot
be fully excluded. It has been reported that heating of
[Dy(tta);(H,0),] in ultra-high vacuum (UHV) conditions results
in sublimation of the anhydrous [Dy(tta);].*> For this reason,
[Eu(tta);(H,0),] molecules were deposited by vacuum spray
deposition as reported before.*®*” Therefore, the Au(111) sam-
ple was placed underneath a pinhole opening in a vacuum
chamber with a pressure of ~1 mbar. A 2 pL dichloromethane
solution with a concentration of 1 mg mL ™" was sprayed onto
the Au(111) surface followed by annealing to 100 °C for 2 min in
UHV conditions resulting in samples with a sub monolayer
coverage (see Fig. 5(a)). Islands of [Eu(tta);(H,0),] selectively
nucleate next to the pinched elbows of the herringbone recon-
struction of the Au(111) surface where the fcc domains are
maximized. The molecules form a stripe-like pattern with a
periodicity of about 1.22 nm (see Fig. 5(b) and (e)) and a
preferred orientation perpendicular to the (121) direction.
Bulged elbows are mostly decorated by decomposed molecules
or solvent residues. A similar behavior is well documented for
atoms and molecules.*®*° Depending on the molecule adsorp-
tion, hcp or fce domains, and in bulged or
pinched elbows, can be preferred energetically which, for
instance, results in the formation of Cg, islands with a uniform
orientation.”?

Both the overall arrangement of the molecules on the
Au(111) surface (see Fig. 5(a) and (b)) and the shape of indivi-
dual molecules (see Fig. 5(c)) strongly resemble the corres-
ponding STM images reported for [Dy(tta);(H,0),].*> This
suggests that spray deposition (which includes the necessary
post-annealing to 100 °C) also results in [Eu(tta);(H,O)s]
adsorbed in a similar configuration. Fig. 5(c) shows the mole-
cular model superimposed to scale based upon this assump-
tion. In this model, the typical shape is then identified with one
tta ligand pointing upward (see 3D model in Fig. 5(d)), which is
consistent with the distance between the two protrusions as
determined by a double peak fit (see Fig. 5(f)).

turn,
50,51
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Fig. 5 (a) Large scale STM overview of a sub monolayer amount of
[Eu(tta)s(H,0),] on Au(111) (STM parameters: —2.6 V, 2 pA). The inset shows
the chemical structure of [Eu(tta)z(H,O),]. (b) Less ordered portions of the
sample allow to identify individual building blocks and the periodicity of
the stripe pattern (2 V, 4 pA). (c) Close-up STM of few [Eu(tta)z(H,O),]
molecules with the molecular model superimposed to scale (2 V, 4 pA).
(d) Suggested configuration of [Eu(tta)z(H,0),] on the surface. (e) Cross-
section across a chain of individual [Eu(tta)s(H,O),] molecules (2.7 V, 4 pA).
(f) Cross-section across an individual [Eu(tta)s(H,O),] molecule with dou-
ble Gaussian fit (2 V, 4 pA).

3.3. Surface deposition and STM analysis of [Eu(tta);(bpy)]

[Eu(tta);(bpy)] is composed of the same three tta ligands as
[Eu(tta);(H,0),], but does not contain water but a 2,2'-
bipyridine ligand. Together with improved stability in the
sublimation process, this also avoids a possible quenching of
the luminescence signal due to energy dissipating via OH
vibrations.'>*** [Eu(tta);(bpy)] complexes were deposited onto
clean Au(111) via sublimation for 3 min at a crucible tempera-
ture of 160 °C which results in a submonolayer coverage as
shown in Fig. 6(a). [Eu(tta);(bpy)] molecules on a Au(111)

Phys. Chem. Chem. Phys., 2025, 27,13984-13990 | 13987
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Fig. 6 (a) STM topography of [Eu(tta)s(bpy)] molecules on Au(111) with
sub-monolayer coverage (1 V, 4 pA). The inset shows the chemical
structures of [Eu(tta)s(bpy)l. (b) Close up view of molecules arranging in
chains (1 V, 4 pA). (c) Close up view of three [Eu(tta)s(bpy)] with molecular
models superimposed to scale (1V, 4 pA). (d) Suggested configuration of
[Eu(tta)sz(bpy)l on the surface. (e) Cross-section along a molecular chain
(1V, 4 pA). (f) Cross-section of a single [Eu(tta)s(bpy)] molecule (1V, 4 pA).

surface form one-dimensional chains with a periodicity of
about 0.65 nm roughly following the pattern of the herringbone
domains (see Fig. 6(b) and (e)). Similarly to [Eu(tta);(H,0),],
single isolated [Eu(tta);(bpy)] typically show two separated
lobes, which we tentatively identify with one tta ligand pointing
upward (see Fig. 6(d)) as indicated by the molecular models
superimposed to scale in Fig. 6(c). A double peak fit to the
cross-section results in a distance of about 0.67 nm (see

Fig. 6(f)).

3.4. Surface deposition and STM analysis of [Eu(btfa);(bpy)]

The [Eu(btfa);(bpy)] complexes were deposited onto clean
Au(111) via sublimation at 150 °C for 3-5 min depending on
the desired coverage. At low coverages, we observe that
[Eu(btfa);(bpy)] molecules adsorb at the elbows of the herring-
bone reconstruction, with a highly preferred orientation
perpendicular to the (121) mirror symmetry axis of Au(111)
(see Fig. 7(a)). In contrast to [Eu(tta);(bpy)], the two lobe
structure of the molecule form highly ordered structures, at
high coverages, as displayed in Fig. 7(g). Three molecules in
different orientations as shown in Fig. 7(b) allow us to unam-
biguously identify the molecular motif of two lobes separated
by a nodal plane, similar to [Eu(tta);(H,0),] and [Eu(tta);(bpy)]-.
Based on this similarity, we assume the analogous configu-
ration on the surface (see Fig. 7(c)). The distance between the
two lobes as inferred from a cross-section (see Fig. 7(e)) appears
to be larger than for single [Eu(tta);(bpy)] and [Eu(tta)s;(H,0),]
molecules, which can be explained by the chemical difference
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Fig. 7 (a) STM topography of low coverage of [Eu(btfa)s(bpy)] on Au(111)
(—=3V, 1 pA). The inset shows the chemical structures of [Eu(btfa)s(bpy)]. (b)
Close up view of three [Eu(btfa)s(bpy)] with molecular models super-
imposed to scale (—3 V, 1 pA). (c) Suggested structure configuration of
[Eu(btfa)s(bpy)] on the surface. (d) Coverage of close to 1 ML (=0.4 V, 5 pA).
(e) Cross-section of a single [Eu(btfa)s(bpy)] molecule (-3 V, 100 pA). (f)
Coverage > 1 mL with almost perfect order on large scale (2.5 V, 5 pA).
Orientation of molecular domains is indicated by red arrows. The black
circle indicates a domain boundary (2.5 V, 5 pA). (g) Close up unit view
of ordered [Eu(btfa)s(bpy)] with molecular models superimposed to scale
(=3V, 100 pA).

of a btfa instead of a tta ligand that points upward. At higher
coverages, but still below 1 ML, the [Eu(btfa);(bpy)] molecules
start to loosely arrange in chains, similarly to [Eu(tta);(bpy)]
(see Fig. 6(d) and 7(a), (b)). At a coverage above 1 ML,
[Eu(btfa)s;(bpy)] forms ordered layers over distances of several
tens of nanometers (see Fig. 7(f)). A similar highly ordered
pattern was not observed for the [Eu(tta);(bpy)] molecules that
only differ to [Eu(btfa);(bpy)] in the sulfur being present in the

This journal is © the Owner Societies 2025
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ligands. Sulfur is well known to act as an anchor, enhancing the
adsorption of the ligand to the gold surface.”® This however
restricts the diffusion of the [Eu(tta);(bpy)] molecules, suppres-
sing the ordering into a lattice. The lattice directions of
[Eu(btfa);(bpy)] are indicated by red arrows in Fig. 7(f). It can
be seen that one of them (shorter red arrow in Fig. 7(f)) mostly
follows the local herringbone reconstruction, i.e. one of the
(112) directions. The domain boundaries between these
domains are located at the elbows of the reconstruction and
aligned along the (211) mirror axis of the surface (see Fig. 7(f)).
The more open first layer at these domain boundaries is where
the second layer nucleates. At the lower right of the STM scan
shown in Fig. 7(f) a single domain spans across two elbow areas
and almost 40 nm without interruption of the molecular order,
indicative of a high mobility of the molecular complexes on the
surface and a strong molecule-molecule interaction. The per-
iodicity of the ordered structure is indicated by the vectors of
the unit cell v and W as displayed in Fig. 7(g). This leads to a
unit cell size of 1.2 nm? containing two molecules with an
elongated motif, as shown by superimposed molecular models
in Fig. 7(g). Crystallographic data of monoclinic [Eu(btfa);(bpy)]
has been reported with unit cell vectors of @ = 11.122 A, b=
22.860 A, ¢ = 15.870 A and Z= 4.2! The surface spanned by @ x b
is about 2.5 nm?. This is equivalent to four times the footprint
of one [Eu(btfa);(bpy)] complex that we determined from the
unit cell to 0.61 nm”.

The single molecule (see Fig. 7(c)) appears larger in compar-
ison to the ordered structure at higher coverages. Besides the
fact that there is always a convolution of the density of states of
the tip with that of the sample, which typically leads to an
increase of the apparent size of an isolated object, the observa-
tion of a densely packed self assembled layer is taken as an
indication for a strong intermolecular interaction compared to
the interaction between molecule and substrate.

4. Conclusions

The chemical similarity of the three investigated Eu®* com-
plexes [Eu(tta);(H,0),], [Eu(tta);(bpy)] and [Eu(btfa)s;(bpy)]
reflects in their photophysical properties: All three show very
similar photoluminescence spectra resulting from °D, — F;
transitions with intense hypersensitive lines, independently of
the preparation method of the sample. The observed lifetimes,
however, are clearly sensitive to the local environment i.e. to the
presence of non-radiative decay pathways via hydrogen-bond
vibrations. Our UHV STM studies of thin films deposited on
atomically flat Au(111) surfaces show very similar appearances
of the isolated entities for all three molecular complexes.
Typically, there are two bright lobes of similar size distinguish-
able, separated by a darker nodal plane. When it comes to
higher coverages close to 1 ML, the chemical differences of the
ligands do play a role: While [Eu(tta);(H,0),] and [Eu(tta)s;(bpy)]
show only partial order along one direction, perfectly ordered
films over tens of nanometers can be achieved for [Eu(btfa);-
(bpy)] molecules. This indicates that the self-assembly process

This journal is © the Owner Societies 2025
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for lattice formation is suppressed by sulfur that is present in
the ligands of [Eu(tta);(H,O),] and [Eu(tta)s;(bpy)] but not
[Eu(btfa);(bpy)]. This is consistent with the sulfur enhancing
the gold ligand adsorption,®® thus competing with the inter-
molecular interaction.

These results pave the way toward studies of the photophy-
sical properties in the well-defined environment of thin films
that will help to disentangle the influence of various para-
meters on the excitation-emission process in Eu** molecular
complexes.

Data availability
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