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High-Purity ErsN@Cs, Films: Morphology, Spectroscopic

Characterization, and Thermal Stability

Jiirgen Weippert, Seyithan Ulas, Patrick Per Meyer, Dmitry V. Strelnikov,

and Artur Béttcher*

Films comprising the endohedral fullerene ErsN @Cg, are deposited onto highly
oriented pyrolytic graphite (HOPG) substrates in high purity enabled by per-
forming mass-selected low-energy deposition from a cation beam. In the initial
stage, the growth on HOPG is dominated by spontaneous nucleation of small 2D
islands both on intact terraces as well as the step edges. The island growth
exhibits strong differences from films comprising other fullerenes grown by the
same method. This behavior can be explained by the surface-diffusion-mediated
nucleation model presented in previous work: Dominant components in the
behavioural differences are a high intercage dispersion interaction and a lower
kinetic energy of cages migrating on the surface in comparison with previously
deposited materials. When annealed, the films undergo several competing
processes: A small fraction desorbs in the temperature range 700-800 K, another
fraction forms covalent intercage bonds instead of the previous purely dispersive
bonding mode, and a third fraction probably decomposes to small fragments.

corresponding oxide Ln,O; and introduc-
ing nitrogen via the gas phase.>®

Whereas many endohedral fullerenes,
especially those with a pure nonmetallic
interior, decompose upon thermal treat-
ment,”® Er;N@Cg, has been found to
be sublimable.”) Due to the lanthanide
atoms, NCFs have unique magnetic prop-
erites!’®' and also exhibit interesting
absorbtion and Iluminescence proper-
ties!>'®) making them a potential material
for photonic crystals.!"”)

In this work, Er;N@Cg, was chosen as
as a building block for the growth of solid
films. Its molecular structure is shown in
Figure 1. The cage structure does not cor-
respond to the structure of isolated Cg, of

1. Introduction

Among endohedral fullerenes, defined as fullerene cages with
encapsulated heteroatoms, lanthanide metal nitrogen cluster
fullerenes (NCFs) Ln;N@Cgy hold a special position. They
can be synthesized in relatively high yields!"~*! compared to other
endohedral species* using conventional Kritschmer—Huffman
generators® by doping the primary graphite material with the
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which two isomers with D,!'®2U and

Ds;*2 symmetries have been isolated.

Instead the cage has an I, symmetry,?***
which according to density functional theory (DFT) calculations
is the most stable structure of C$; *>%°\. Recently, a less abundant
isomer with Ds), symmetry!*’ has also been isolated. By magnetic
analysis!"® fluorescence measurements,?®! the lanthanide charge
state has been verified as Er*". In contrast to other heavy lantha-
nide NCFs such as Gd;N@Cgo* (of which even an isomer vio-
lating the isolated pentagon rule®” (IPR) has been isolated”®"))
and Tb;N@Cgo,*? the Er;N cluster is almost planar and
the Er atoms are oriented toward three hexagons in the cage.
Its orientation has been found to be rather affixed in contrast to
nitrideless lanthanide encapsulations, which have shown a more
dynamic behavior.””! The overall cross-section of the cage in com-
parison with the empty homologue has been found to increase by
just 0193, In bulk crystals, the cages assume an fcc packed
structure.?*!

In the last two decades we routinely applied the low-energy
cluster beam deposition technique (LECBD) to grow monodis-
persed IPR (Cso, Cy0) and non-IPR (Csg — Cyg and Cgg — Cg;)
fullerene films.*>=3”! The study of the film growth and thermal
stability has proven to be a valuable way to explore the inter-
action and possible reactions between the cages with respect to
their structure. In the unique case of the non-IPR fullerenes
the morphology of the films is primarily governed by the abi-
lity of the gently landed cages to form covalent intercage C—C
bonds bridging the nearest non-IPR sites. Despite this domi-
nating process, LECBD offers an important advantageous
property: The morphology of the films can be tuned by varying
1) the kinetic energy of impinging cages, 2) the excitation
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Figure 1. Structure of Er;N@l,-Cgo!?>?*): The cage itself has an I,, symme-
try, whereas the Er;N cluster is almost planar and oriented towards three
hexagons.

energy of the fullerene ion, and 3) the surface temperature.[**!
In this context it is also a question of interest to verify that
endohedral fullerenes with encapsulated material can be
deposited with this technique intactly and to explore eventual
differences in the growth mode with regard to the already
investigated species.

2. Experimental and Computational Details

To achieve maximal purity in the deposited films, the film prep-
aration was performed in the LECBD setup, which has been
described before.’” The Er;N@Cg, source material (LUNA
Innovations [Trimetasphere] or SES Research, 95-97%) was sub-
limed at a temperature range of 900-1200 K building on experi-
ments by Stibor et al.”. The resulting neutral molecular beam
was subsequently ionized by electron impact ionization (impact
energy ~70 eV). For more details on the sublimation process and
the ion source, please refer to the Supporting Information. From
the mixed ion/neutral molecular beam, cations were selected by
means of a quadrupole bender. The desired species was selected
by a quadrupole mass filter (Extrel Merlin, 1-4000 p) and finally
directed to the substrate, at which a retarding potential was
applied to ensure “soft-landing” conditions (impact energy
~6eV). As substrates highly oriented pyrolytic graphite
(HOPG, SPI supplies, SPI-2 grade equivalent to ZYB) and gold
substrates for surface enhanced Raman spectroscopy (SERS,
Klarite) were used. HOPG was chosen as a substrate as it is con-
ducting and rather inert and is a tried and tested substrate for
fullerene film growth with this particular method.?*-73% The
nominal coverage was determined by integrating the ion current;
it has previously been determined®® that in this setup 20 nAmin
of fullerenes corresponds to 1 monolayer (ML) equivalent.

The samples were characterized in situ by ultraviolet photoelec-
tron spectroscopy (UPS, Thermo VG Scientific UVL-HI-384
radiation source with 21.22 eV, Omicron EA 125 energy analyzer),
X-ray photoelectron spectroscopy (XPS, Omicron DAR-400 Mg Ko
radiation source with 1253.6 eV, same analyzer), Raman spectros-
copy (Kaiser Optical Systems RXN1, Invictus Excitation Laser,
785 nm), and temperature programmed desorption spectroscopy
(TPD, FHI-ELAB GO74 temperature controller and detection by
Extrel Merlin mass filter, 1-4000 p). Atomic force microscopy
(AFM) was performed ex situ (Autoprobe CP2, Veeco Instruments
with HALCYONICS Micro 40 drive unit).
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TPD spectra were analyzed using the Redhead equation!*”’

E,/RT, =In (”1[;[1’) 364 1)

To determine the desorption activaton energy E, from the
desorption rate maximum temperature Tj, at a certain heating
rate f§, the Cg, frequency factor 10132 Hz*! was used.

DFT calculations — geometry optimization and harmonic vibra-
tional analysis!*?! — were performed using Turbomole**** with
the BP86 functional®*®l and the def2-SVP basis set'*”) in RI
approximation.*®! This level of theory has been proven to provide
good agreement between theoretical and experimental vibrational
spectra of neutral and charged fullerenes before!*>*% with mild
redshifts for wavenumbers < 700 cm™! and small blueshifts for
wavenumbers > 1300 cm~!. Raman intensitites were calculated
both in a static and dynamic polarizability approach.>

3. Results and Discussion

3.1. Characterization of the as-Prepared Films

ErsN@Cg, films of various thicknesses were deposited at room
temperature (RT). To explore cage—cage and cage—surface inter-
actions, we compared the morphology of the Er; N@Cg, films to
the well-known IPR fullerene Cg, and the best-studied non-IPR
fullerene Csg upon whose film growth numerous works have
been published (see refs. [38,52,53]).

Figure 2A shows the representative topography of a 1 ML thick
Cgo film comprising IPR-I,-Cg, cages, exclusively. The surface
topography is dominated by planar round islands (=1 cage high)
pinned by the step edges of the substrate. The second Cg layer
starts to grow before the completion of the first layer. Small den-
dritic islands appear on top of the Cg(111) islands of the first
layer. This scenario has been explained by different corrugations
of the involved surfaces, C(001) and Cg,(111), which govern the
surface mobility of the adsorbed cages.’ The growth of planar
compact islands of the first layer results from extremely low dif-
fusion and rotation barriers (13 and 28 meV, respectively), which
critically facilitate the surface mobility of the Cg, cages at room
temperature at which the thermal energy kg T corresponds to
26 meV.>* The binding energy of a C4y—Cg, dimer is lower than
270 meV; that is, a cage terminating the rim via a single van der
Waals (vdW) bond can be easily decoupled from the periphery
already at room temperature. It migrates as long as it gets stabi-
lized by a higher coordinated adsorption site in the already
formed Cgy network. When a cage adsorbs on top of a densely
packed Cq(111) island, its surface mobility is significantly hin-
dered by the high diffusion barrier of 168 meV?®* and conse-
quently rather dendritic islands grow. Thus, this growth mode
originates from the differences in the diffusion barriers for an
IPR cage on C(001) and Cgy(111) surfaces.

The growth of islands consisting of non-IPR fullerene cages
differs substantially from that shown in Figure 2A for IPR-Cg,
films.1** The growth modes of Csg islands on HOPG were stud-
ied in detail by combining AFM, STM, XPS, UPS, and Raman
spectroscopy.*® All these studies commonly exposed the role of
the adjacent pentagon motifs governing the reactivity of the car-
bon cages. The most stable Cs3 cage has a Cj, symmetry and
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Figure 2. Comparison of AFM micrographs of untreated fullerenes deposited onto HOPG at room temperature. A) Cgo; B) Csg; and C) ErsN@Cq.

exhibits six isolated and three adjacent pentagon sites. These
cages may form bonds both via vdW interaction and via polymeri-
zation that may occur both directly at the adjacent pentagon site
and in its vicinity.?”) Figure 2B shows one example illustrating
the initial growth stage of Csg islands on HOPG. All imperfec-
tions in the basal plane are more reactive than the sp?-hybridized
network of the graphene layer and consequently act as pining
sites where the nucleation of small 2D-Csg islands onsets. A
sticking of Csg to an undefected basal plane has never been
observed. The growth of the dendritic Csg islands has been
attributed to the formation of covalent intercage bonds that are
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mediated by thermal surface diffusion.*® Due to the importance
of the latter, the dissipative conversion of the impact energy
of an ion impinging from the gas phase into translational energy
perpendicular to the surface is a crucial factor for the film
growth.

Figure 2C shows the topography of a 2 ML Er;N@Cg, film. In
contrast to the expectations, the topography of the ErsN@Cg,
islands differs essentially from that we found for [,-Cg, islands
discussed earlier and from Er;N@Cg, on metal surfacest>>%
for which flat densely packed films had been observed. Already
at very initial growth stages the flat terraces are decorated by
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compact 3D islands (average 4 nm height and <200 nm width).
One cannot distinguish between one monolayer high 2D
smooth-rimmed islands and some dendritic islands in the second
layer. Moreover, in contrast to I;,-Cg films, for which the islands
grown are pinned by the step edges, the majority of the Er;N@Cg,
aggregates are randomly distributed over the flat terraces. The
mean lateral density of the islands of ~25pum~2 depends only
slightly on the width of the terraces. The mean distance between
the adjacent islands of <200 nm compares roughly with the mean
free diffusion length.*® This finding indicates that in comparison
with Cg a smaller fraction of the impact energy of the impinging
ions is converted into translational energy. The formation of com-
pact, clod-like aggregates as observed in later growth stages dem-
onstrated by the topographies of thick Er;N@Cg, films in Figure 3
confirms a high interaction energy between the cages that was
observed for other NCFs.*”)

On films with various multilayer coverages, UPS were acquired.
A representative example along with the theoretical density of
states (DOS) can be found in Figure 4. It has the usual shape
of a fullerene UPS**®): The binding energy range 4-9 eV consists
of a series of strong, broad features, whereas the range 0—4 eV con-
tains some weaker but highly cage-specific emission peaks. The
spectrum is in good agreement with the DOS; note that if
Ers N@Cg, was deposited directly from an effusion source without
the mass spectrometric purification (see Supporting Information),
this quality of agreement would not be achieved and would require
extensive additional chromatographic purification otherwise.>>%°!
In a more detailed theoretical work by Tang et al.*"’ on the BLYP/
DNP-DFT level®>®* additionally a partial DOS of Er;N has been
calculated. It shows that the cluster has its major direct contribu-
tions to the DOS in the binding energy range of 6-10 eV. At lower
binding energies, the major contribution to differences from UPS
of pure Cg, (see Supporting Information and Cummins et al.l'"}),
therefore, results from the different cage symmetry that is caused
by the negative charge on the carbon grid.

25 ML Er;N@Cgo/HOPG at RT

Figure 3. AFM micrographs of an untreated thick Er;N@Cg, film with a
clod-like surface topography on HOPG.
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Figure 4. UPS of an untreated, 50 ML thick Er; N@Cg, film on HOPG in
good agreement with a DFT-calculated DOS. According to Tang et al.®"!
direct photoemission from the cluster takes place at binding energies
>6 eV, whereas smaller binding energies are dominated by emission from
the cage.

The vibrational structure of Er;N@Cg, has been explored by
SERS in comparison with Raman spectra of the bulk powder. In
Figure 5A experimental as well as calculated Raman spectra are
shown. The powder spectra exhibited a strong luminescent back-
ground, which heavily lowered the signal-to-noise ratio. In the
Supporting Information, a table of all reproducible SERS peaks,
the unsubtracted bulk powder spectrum, and a Molden file for
the visualization of all calculated vibrations can be found.

At low wavenumbers, the first apparent feature in SERS is
three well-separated bands at 229, 260, and 295 cm~! which also
occur in the bulk spectra at the identical positions. As Figure 5B
shows, both calculation methods reconstruct these bands
decently with the aforementioned redshift!*>*® which in this
range amounts to 11 cm~!. All three bands correspond to strong
cage deformation vibrations in which the cluster moves along
with the surrounding carbon atoms; for the 229 cm ™! band this
cluster motion is the strongest. Raman measurements on other
NCFs!®* have shown a single dominating band, which has been
assigned to an out-of-plane &g,_y_g, vibration of the cluster.
Here, neither the experimental nor the theoretically calculated
spectra show a pronounced & band; it only appears as a side fea-
ture in the dynamic calculation. In the bulk spectrum there is a
minor elevation in the area of 275 cm ™12, but it does not suffice
for the assignment of a § peak.

Up to 900 cm ™, radial vibrations of the cage are dominant. It
has to be remarked that in contrast to Sc;N@Cg,, which has
exhibited a single pronounced symmetric vy, y stretching
vibration®? our calculations show that in the region 350—
500 cm~! there are actually multiple vibrational modes consist-
ing of a strong radial motion in the form of multiple wave packets
migrating along the grid while the cluster performs a weak sym-
metric motion. The modes in the region 500-900 cm™! are also
radial but involve simultaneous motion of all cage atoms with a
weaker amplitude than in the previous group; among these, a
band at 672 cm™! is the most pronounced one, which in FTIR
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Figure 5. Experimental and theoretically calculated Raman spectra; black
line: SERS of 0.25 ML ErsN@Cgp; green line: bulk powder (impure); red
line: static polarizability calculation; blue line: dynamic polarizability calcu-
lation. A) full spectral range with general peak assignments; B) detailed
view of low wavenumbers.

spectral®®® has been observed as a side component of the anti-
symmetric stretching vibration v,y at 703 cm 1.

In the range 1000-1600 cm™!, transversal modes of the
cage that consist of various combinations of ring breathing
can be found.

In summary, the vibrational analysis has shown a significant
difference in comparison with other M3 N@ Cg, fullerenes as pro-
nounced peaks correlated to pure cluster vibrations as the § or a
single vs ¢, peak was not observed. Now that the RT state of the
films is well characterized, let us consider high-temperature (HT)
effects.

3.2. Investigations of Thermally Induced Effects

Films of various thicknesses on HOPG were annealed to 1100 K.
In Figure 6a temperature programmed desorption (TPD) for a
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Figure 6. TPD spectrum of 0.2 ML Er;N@Cg, from HOPG; f=4.25Ks ™"

in comparison with coverage normalized spectra of Cgy and Cy. The

ErsN@Cgo peak maximum of 667 K corresponds to a desorption energy
of 1.83 eV.

thin submonolayer film is shown. In order to avoid issues
due to the transmission of the analyzer (see supplement of
ref. [37]), we measured the intensity of ErsN@CZ/, which is
expected to be similar to the single charged species® at our set-
tings. The desorption takes place around a maximum of 667 K,
which is 110 K higher than for Cgq (see also Ulbricht et al. and
Weippert et al.’”*!) and 70 K higher than for C;,. A Redhead
analysis provides a binding energy of 1.83 eV, which is 0.3 eV
higher than the energy of Cgy and 0.2 eV higher than that of
Cy. This reflects the aforementioned stronger dispersive inter-
action of ErsN@ Cgy; however, a single-shot desorption spectrum
of Cg (see Supporting Information) has its peak in a similar tem-
perature range, which indicates that the binding energy increase
is mostly due to the cage size. It is also worth mentioning that the
overall desorption intensity is a factor of 5 lower than it would be
for a corresponding Cg, film in our setup. This indicates that the
desorption is not complete and a large fraction of the film goes to
other process channels.

Some of these channels can be explored by AFM (see Figure 7)
and photoelectron spectroscopy (Figure 8). Figure 7 shows the
AFM topography of initially 2 and 50 ML thick EryN@Cg, films
after annealing the sample up to 1100 K. As expected from the
TPD experiments, the heating procedure applied does not
remove all the deposited material. The step edges that pinned
large Er; N@Cg islands in the as-prepared samples are now de-
corated by differently shaped aggregates of 4-8 nm height and
100-200 nm width. Note that the size of the aggregates does
not depend on the initial coverage 6, and different sizes can
be observed in identical samples. In contrast to the as-prepared
samples the flat terraces that were covered are now completely
empty. Thus, the thermal treatment applied here removed all
the material stored on the terraces and considerably modified
the aggregates pinned by the step edges. The surface topography
of the HT samples resembles features we observed when apply-
ing the same thermal treatment to thin fullerene films consisting
of non-IPR-Cg, cages and we found spectral evidence for the ther-
mally activated fusion of the cages at step edges./*” We observed
nearly the same AFM topography of the surface created by
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Figure 7. AFM micrographs of Er; N@Cg, films on HOPG after annealing
to 1100K. A) 6y =2 ML with narrower aggregates; B) 6, =2 ML with
broader aggregates; C) 6, =50 ML with aggregates that are not higher
than in the 8, =2 ML case.

heating thin Csg films deposited by LECBD on HOPG.” The
Csg aggregates covalently pinned by step edges (surviving the
HT treatment) were identified as oligomers consisting of fused
or/and multifold covalently interlinked Csg cages. Yet, we have to
acknowledge the possibility that these aggregates are not fused
but rather debris that resulted from the cages cracking in a simi-
lar manner as N@Cg, does'”! at elevated temperatures.

As the surface is not free of coverage, the UPS (Figure 8A) of
HT ErsN@Cg, does not revolve to the original HOPG shape
and even exhibits a significant DOS at the Fermi level, which
indicates that the fusion products or debris are metallically con-
ducting. An XPS analysis of Er4d (Figure 8B) provides further
insight: RT Er;N@Cg, exhibits a typical Er** signal” with an
asymmetric shape due to the overlapping Erdd;), and Er4ds ),
components. After annealing, the emission is still in the Er’*
region, but down to 5% of the initial value. The fact that the bind-
ing energy has not changed significantly speaks for a cage fusion
with surviving Er;N clusters instead of the cage cracking alterna-
tive. As the desorption of intact cages and the surface remainders
seem not to add up to 100%, we have to conclude that a large
fraction of the fullerenes decomposes and desorbs as small
fragments.
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Figure 8. Photoelectron spectra of 50 ML Ers N@Cg, as-prepared (red) and
after HT treatment (green). A) UPS in comparison with pure HOPG (black);
B) XPS of the Er 4d peak, intensity normalized with respect to the C 1s emis-
sion, HT spectrum scaled by a factor of 3 for better visibility.

4, Conclusion

The analysis of high-purity ErsN@Cs, films has demonstrated
that the LEBCD method is also suitable for the growth of endo-
hedral fullerene films. The growth mode differs from the empty
IPR fullerene Cg most likely due to the higher dispersion inter-
action and the lower mobility of the cages. In the vibrational
structure differences to other NCFs regarding the role of cluster
movement could be demonstrated. Upon heating only a part of
the fullerenes desorbs intactly, whereas another part remains on
the surface forming chemically bound aggregates with some
analogy to the behavior of non-IPR fullerenes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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