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1 Introduction

Since the 1950s, when the first species were trapped in cryogenic noble gas ma-
trixes [], matrix isolation spectroscopy has become a well-established and widely
used experimental technique to determine the optical properties (vibrations and
electronic transitions) of isolated species. For matrix isolation, the species of inter-
est is co-condensed onto a cold surface with an excess of matrix gas. The surface
temperature has to be below 7K for neon, and below 36 K for argon [2, B]. Thus a
solid noble gas crystal is created, in which the deposited species are isolated from
each other. At these low temperatures, the species are usually in their electronic
and vibrational ground state, which, in combination with suppressed rotation for
most species [#], greatly simplifies the assignment of the observed absorptions.

In the isolating noble gas environment, it is also possible to store ionic species. In
the simplest experiments, the ions are generated by discharge in the gas phase
close to the cold surface and subsequently co-condensed, or they are generated
in the matrix from trapped precursor molecules by photoionization [5]. However,
while the generation of charged species is possible in such experiments, one always
obtains a mixture of different species and charge states. To distinguish the different
species, mass-to-charge selection prior to the isolation in the matrix is necessary.

In the 1990s, the first such experiments have been reported [6, Z]. However, only
ions could be measured, for which high intensity ion beams (several tens on nano-
Amperes of ion current) could easily be achieved. Furthermore, for the species stud-
ied, the low ion current of the mass-selected species prevented the determination of
many spectroscopic properties. In principle, low ion currents can be compensated
by increased deposition time. Since no degradation of the isolated species inside
the cryogenic matrix occurs, deposition times of several days are possible. How-
ever, such prolonged depositions demand a clean UHV environment to prevent
the accumulation of impurities in the matrix, which greatly reduce the quality of
the noble gas crystal and hinder the spectroscopic characterization of the deposited
species. In most matrix isolation experiments, this demand is not met, deposition
of molecules or ions is only possible for a relatively short time, preventing the ac-
cumulation of rare species. The combination of mass-selection and matrix isolation
spectroscopy of ions is still not widely used today because of the difficult sample
preparation, i.e. the required high intensity ion beam and the clean UHV environ-
ment.
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The standard ionization technique used in most experiments for deposition of mass-
selected molecular ions into noble gas matrixes is electron impact ionization (EI) of
sublimated molecules. With EI, high ion currents of up to several tens of nano-
Amperes can be generated, and since the molecules can be sublimed in UHYV, it
is a very clean technique. It is also possible to generate fragments of the parent
ions, or multiply charged ions, albeit with lower intensity than the singly charged
parent ion. Still, in previous matrix isolation experiments of fullerene ions, only
the Cgp and Cyj cations have been investigated, the Cg, cation in the IR and NIR,
the C7 cation only in the visible range as its ion current was not sufficient for IR
measurements [8, 9].

In electron impact ionization, only stable species survive the sublimation, and the
subsequent electron bombardment. Large and fragile species cannot be ionized by
EIL One of the actively developing methods for the generation of large and frag-
ile molecular ions from solution is electrospray ionization (ESI) [I0]. The solution
containing the species of interest is sprayed from a thin needle at high bias volt-
ages via a capillary into the vacuum setup. Subsequent mass-to-charge separation
allows the selection of specific ionic species.

One of the drawbacks of ESI is that the produced ion current is inherently low, typ-
ically below 100 pA, and can be much lower for some species. Even with highly
sensitive spectroscopic methods such as laser induced photoluminescence, the de-
posited amount of ions is critical. Additionally, the ions are generated at ambient
pressure from a solution and then transferred into the vacuum setup. To generate
a high quality matrix, it is imperative to efficiently reduce the contamination by
residual air and solvent molecules prior to deposition: from the ion source to the
deposition region, the pressure has to be reduced by a factor of 10'2. No combina-
tion of ESI and matrix isolation spectroscopy has been reported so far.

In this thesis, the improvement of a setup for matrix isolation of mass-selected ions
is reported, especially regarding the ion beam intensity, and the residual back-
ground pressure. The improved setup allows for the IR spectroscopy of ionic
species with a low production rate, for the first time fullerene multications and
tullerene fragments are studied with optical spectroscopy. The combination of
electrospray ionization and matrix isolation spectroscopy is reported for the first
time.

Similar to matrix isolation, isolated molecular monomers at low temperatures can
be studied by scanning tunneling microscopy (STM) [1]. A sharp metal tip (ideally
the apex has to consist of a single metal atom) is positioned above the molecules
of interest, which are adsorbed on a metallic substrate. Measuring the tunneling
current through the molecule not only allows to study the electronic and magnetic
properties, but also the vibrational excitations of molecules can be probed by in-
elastic electron tunneling spectroscopy (IETS). In contrast to matrix isolation spec-
troscopy, in which always an ensemble of molecules or complexes is probed, STM
allows the study of specific single and addressable molecules.



However, the spatial selectivity of single molecule measurements comes at a price:
the species of interest is adsorbed on a substrate. While for most species this is not a
drawback, and even is desired for others, some elusive species cannot be prepared
on surfaces. For example, the molecular geometry relaxes, charge transfer to the
surface occurs, or, as is the case for the hydrogen molecule, the excited spin state is
unstable.

Isolation of metal atoms [[I7, 3], metal complexes [[4, 5], and molecules [16, 17]
from the surface is possible by incorporating these species into fullerene cages.
STM studies of metal atoms and clusters inside fullerene cages have shown that the
electronic properties of the fullerene cage are modified by the endohedral species.
For example, La@Cg, shows a metallic behavior at room temperature and is semi-
conducting below 28 K [[[8], while ScsN@Cs, exhibits conductance switching due to
induced transitions between different conformers of the endohedral ScsN complex
[T9]. For Gd@Csg,, a strong dependency of the DFT calculated vibrational excita-
tions on the position of the metal atom inside the cage has been predicted [20].

While metal atoms and complexes show a strong hybridization with the carbon
cage, endohedral hydrogen only interacts by weak van der Waals forces with the
fullerene [?1]. In this thesis, a system is created by deposition of H,@Cg, onto
surfaces, in which the fullerene is physisorbed on the surface, while the endohedral
molecular hydrogen is quasi-free. In this way, while being addressable, weakly
interacting hydrogen molecules are studied by STM.

First, a short introduction to the research methods is given in this thesis. The funda-
mentals of density functional theory (DFT) are explained, followed by a description
of on the experimental methods used, matrix isolation spectroscopy and scanning
tunneling microscopy. The experimental setups, which were used for the measure-
ments, are presented.

The measurement results are presented in three chapters. In chapter B, optical spec-
troscopy measurements of different charge states of the fullerenes Cyy and Cr, are
presented, for the first time absorptions of Co /* and Cz4 are identified. IR spectra
of the reactive non-IPR fullerene Cs5 and its ions are reported. The azafullerene
Cs9N was studied as stable dimer and radical monomer, and IR absorptions of the
monomer ions are identified. In chapter B, the capability of the combination of ma-
trix isolation and electrospray ionization is demonstrated with laser-induced pho-
toemission spectroscopy of rare and elusive lanthanoid diketonate species, which
could not be studied in the gas phase or in condensed phase mixtures. STM mea-
surements vibronic excitations of Cgy and of ortho- and para-hydrogen isolated in
fullerene Cg cages are reported in chapter B.
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A summary of the experimental results and some suggestions for further measure-
ments and for improvements of the measurement equipment is given in chapter
B.



2 Methods

2.1 Density Functional Theory Calculations

2.1.1 Density Functional Theory

According to Hohenberg and Kohn [27], the ground state properties of a molecu-
lar system are unambiguously assigned by functionals of the position dependent
electron density p(7). Therefore, knowledge of p(7) allows the determination of the
ground-state potential of the system, and of all other observables O by

O = Olpo] = <‘I’[POHOA“I’[P0]>

with the ground state density py, as a functional of the electron density. The most
important observable is the ground state energy E[p).

Density functional theory (DFT) is a widely used method, nowadays applied for
large systems with up to a hundred atoms, or even more. DFT allows the calcula-
tion of properties, e.g. the binding energy, electronic states, structure, and excita-
tions of molecules. For molecular energies, the accuracy of DFT calculations is often
within 0.2 eV [23, 24], and can be better for small or highly symmetric systems.

Calculation of the IR excitation spectra of molecules in their electric ground state
is possible in DFT, including relative intensities of the transitions. Second order
derivatives of the total molecular energy with respect to nuclear displacements
characterize vibrational frequencies [25, 26, D7].

Electronic excitation energies, and hence the electronic spectrum, can be obtained
from the response of a molecule to a time dependent external field (time dependent
density functional theory, TD-DFT) [28].

Standard DFT treats systems within the Born-Oppenheimer approximation. How-
ever, molecules and their ions often exhibit properties which cannot be accurately
described within the Born-Oppenheimer approximation. Most of the time, elec-
tronic excitations cannot be decoupled from a change in structure, for example
the Renner-Teller effect in linear molecules, the static and dynamic Jahn-Teller ef-
fect, where a structural change induces a change in the electronic states, and vice
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Figure 2.1: Two electronic potential surfaces E; and E,. A vibrational excitation
from the lower state £ can lead to a crossing to E,. The graph is
only for illustration.

versa, and the Teller-Herzberg intensity borrowing. The latter two will be briefly
addressed in the following paragraph.

2.1.2 Beyond Born-Oppenheimer: Jahn-Teller and
Teller-Herzberg Effect

In the Born-Oppenheimer approximation, the equations for electronic motions are
solved under the assumption of stationary nuclei. This provides the adiabatic po-
tential energy surface (APES), which is the effective potential for the vibrational
states. If the lowest energy APES is well separated from all other potential surfaces,
the influence of these potentials can be ignored. However, if two or more APES
intersect at energies, which are within the range of vibrational levels, all low lying
potentials have to be included [?9].

The dynamic Jahn-Teller effect originates from the coupling of electronic states to
vibrational modes. In short, intersections of different APES (E;, E>) enable the
transition from the electronic state E; to E, by vibrational excitation. This results
in a broadening of the spectral features. Additionally, vibrational excitations are
possible in Ej, resulting in a deviation from the ground state vibrations. This can
lead to further broadening, or to the emergence of new vibrational tranisitons. Nor-
mal vibrational modes, which allow crossing of the intersections, and hence couple
electronic excitations to vibrations, are called Jahn-Teller active modes. A simpli-
tied scheme of the Jahn-Teller effect is shown in figure 271

In IR spectra, the presence of Jahn-Teller distortions is inferred from the broaden-
ing of vibrational transitions [B0]. If the Jahn-Teller effect is large for a molecule,
simple DFT calculations are insufficient to accurately describe the corresponding
electronic states, and in particular to describe transitions between them.
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The Herzberg-Teller effect explains, why some weak or symmetry-forbidden vi-
bronic transitions are observed in the experiment. This ‘intensity borrowing” is un-
derstood as a dependence of the dipole moment of the electronic transition on the
nuclear displacement of the vibration. In the measurement, additional transitions
appear which are not expected, or gain in strength in comparison to the calcula-
tions. Some examples of the importance of the associated non-adiabatic effects are
shown in Domcke et al. [371].

The described effects are not taken into account in the theoretical calculations pre-
sented in this work. If the effects are small, as in the case of ng” ~ [B2], simple DFT
calculations are still reliable (see chapter B2). However, if the spectra of the studied
species are affected strongly by the interaction of electronic and vibrational states,
no meaningful results of DFT calculations were obtained, as in the case of the vi-

brational spectra of C;FO/ ~ (see chapter B3). The calculations presented in this work
are performed with the Turbomole program package [33]. Following the geometry
optimization, the vibrational energies are calculated with the resolution of identity
approach (RI-DFT). The electronic transitions are calculated with time dependent
DFT (TD-DFT). Unless stated otherwise, the generalized gradient approximation
functional used is BP86 [34, 35], and the basis set used is def-SVP [34].

2.2 Matrix Isolation Spectroscopy

In the 1950s, cryogenic matrixes comprising inert noble gases were first used to en-
able infrared (IR) [, 37, B8] and electronic spectroscopy [3Y] of elusive species such
as radicals, undercoordinated or weakly bound complexes, and molecular ions. Ba-
sically, all species that can be produced in gas-phase can be co-condensed with ma-
trix gas [B3, #0]. Even though other techniques, such as supersonic expansion, also
allow for spectroscopy of reactive species [41, 47], matrix isolation still remains a
versatile and widely used method for structural and electronic characterization of
such species [43, 44, 45, 46]. Its advantages include chemical, physical, and elec-
trical isolation, low temperature environments to reduce the ambient energy and
dissipate absorbed energy, the suppression of rotation for most species [4], and the
storage of deposited species for several days. Even a rough control of reactions
can be provided by annealing the matrixes to temperatures close to their melting
points, thus enabling thermal diffusion and reaction of stored species [47, 45].

Noble gas matrixes are transparent for optical spectroscopy over a wide spectral
range. In the UV, the transmission is limited by the optical excitation of electrons
to the conduction band. The cut-off energy is determined by the energy gap of
the solid. In the far-IR, lattice phonon excitations in the matrix occur at certain
frequencies [48]. The phonon energy is independent of the guest species, the onset
of the phonon modes is given by the Debye frequency of the matrix material. For
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neon and argon at 0K the frequencies are 75cm™" and 93 cm™, respectively [2].
These phonon absorptions complicate the measurement, but do not prevent the
FIR range to be investigated by matrix isolation spectroscopy.

In the solid matrix, perturbations of the observed spectra occur, such as matrix
shifts due to interactions with the polarizable surroundings and line splitting due
to different adsorptions sites. A detailed discussion of the different interactions can
be found in Ref. [2].

Matrix shifts of vibrational modes are usually smaller than 1% relative to gas phase
values [43]. While this is sufficient for the comparison with calculations to assign
the specific vibrational modes, it is inadequate for the accurate prediction of un-
known gas-phase frequencies. Therefore, experiments are typically performed on
species embedded in a variety of different matrixes with different polarizabilities.
Plotting the observed frequencies versus the polarizability of the solid matrix, the
gas-phase values can be estimated by extrapolating to ay 4cuum = 0. Frequencies ob-
tained by this approach are in good agreement with measured gas-phase values.

The adsorption of molecules in different sites on the surface of the growing inert
gas matrix results in different local environments. Spectroscopic features originat-
ing from these different adsorption sites can be identified by annealing of the ma-
trix, or deposition of the species at elevated sample temperatures (still below the
melting point of the respective matrix). For larger species, the energy barrier be-
tween different adsorption geometries is usually higher than the thermal energy
available at annealing temperatures, even more so since the rotation of the species
is hindered in the matrix. However, the larger a molecule is in relation to the ma-
trix atoms or molecules, the smaller the influence of different adsorption sites on
its spectrum. In most cases, a direct identification of different adsorption geome-
tries is not pursued. Instead, close-lying features are typically assigned to the same
transition.

Charge balance of anions and cations has to be maintained upon deposition of
charged species into cryogenic matrixes. Noble gases do not screen the ion charge
sufficiently to prevent incoming ions from being deflected, which would hinder the
accumulation of sufficient material for spectroscopy. A simple way to study ions
in neutral matrixes is the generation of ions from trapped precursor molecules by
photoionization, either directly or for example by charge transfer from photoion-
ized alkali atoms [H]. However, these approaches do not allow for mass separation
of the studied species.

Generation of ions in external sources enables mass-selection prior to deposition in
the matrix [6, 7]. However, the formation of counter-ions is then more complicated
[49]. Even in matrixes containing high concentrations of cations (around 10'® cm™?),
counter-ions have typically not been observed spectroscopically [60]. Nevertheless,
they are present.
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It has been shown that during deposition of cations, counter-ions are formed via
electron capture of secondary electrons. The secondary electrons are generated
by the impact of the incoming and deflected ions onto metal parts of the vacuum
chamber [4Y], or from the ion gauge. The molecules capturing the electrons are
usually contaminations of the matrix, mostly CO, CO,, and H,O, which are present
in the residual gas of the vacuum chamber [49]. Neutralization and even counter-
charging (after pick-up of two electrons) of the deposited ions is also possible [b0,
8, b1], as illustrated in figure 2 a.

Neutralization of the deposited species can be avoided by the use of so-called elec-
tron scavengers during deposition. Species with positive electron affinities are
added to the matrix gas. The generated secondary electrons readily recombine
with the scavenger molecules, thus forming the anions needed for neutrality. This
process is illustrated in figure 22 b.

While the generation of matrixes from the deposition of cations was achieved in
1992 [I7], the deposition of anions remains a challenge. Upon deposition of anions,
the neutrality of the matrix cannot be achieved by the generation of secondary
electrons. Instead, two ion beams of opposite charge must be directed onto the
matrix. Early experiments to simultaneously deposit CS] and C1~ did not produce
detectable amounts of stored ions, even with highly sensitive laser-induced fluores-
cence measurements [62]. Only in 2013 was the successful co-deposition of copper
cluster anions with argon cations reported [46].

In summary, matrix isolation of elusive and reactive species is a viable technique
for absorption and emission spectroscopy from the UV to the far-IR. With its basi-
cally infinite storage time it allows for the investigation of transient species, which
cannot be produced in sufficient quantities for direct gas phase measurements. The
combination with gas-phase mass selection enables the fabrication of clean samples
of anions or cations. The downside of this technique is the evident interaction of
the guest species with the matrix, although the use of different matrix gases allows
for the estimation of unperturbed gas-phase absorption frequencies.

2.2.1 Absorption Spectroscopy

Infrared (IR) spectroscopy probes the vibrational modes of the molecules of inter-
est. Within the harmonic approximation, the intensity I,,, rr of the vibrational
transition n — m is given by

SEDD (Z (55¢). <wmc2k|wn>>2
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Figure 2.2: (a) Generation of secondary electrons leads to neutralization of the
deposited ions in the matrix. The mass-selected ions are shown as
large red circles, neutralized and anionic species as black and blue
circles, respectively. (b) Addition of electron scavengers to the ma-
trix gas prevents neutralization of the species of interest. The elec-
tron scavengers are shown as small green circles, the counterions
formed from the electron scavenger are shown a small blue circles.

with the Carthesian coordinates ¢, the normal coordinates @, the dipole moment
g, and the orthogonal wavefunctions ,, and ,,. The transition only has a non-
zero intensity if two conditions are met. Firstly, the derivative of the dipole moment
with respect to the normal coordinate ), has to be non-zero, which means that
the normal mode has to induce a change of the dipole moment. Secondly, the
vibrational quantum numbers n and m have to differ by An = %1 for the integral
to be non-zero.

Considering anharmonicities of the potential, the selection rules are weakened to
An = £1, £2, ... with decreasing intensity of the higher order transitions.

Allowed transitions and their IR intensities depend on the structure of the mole-
cule, enabling the assignment of the observed absorptions to specific vibrational
transitions and structural motifs by comparison to theoretical calculations.

The absorption of light in the UV-vis range is not as sensitive to minute structural
changes of the molecule as IR spectroscopy. While vibrational transitions typically
show a full width at half maximum (fwhm) of only around 1...10cm ™!, some elec-
tronic transitions exhibit a fwhm of several hundreds to thousands of wavenumbers.
However, other electronic transitions, for example from long-lived triplet states, ex-
hibit a narrow fwhm of just some tens of wavenumbers, and can be used as well for
the structural determination of the species.

10
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2.2.2 Laser-induced Luminescence Spectroscopy

For laser-induced luminescence spectroscopy, the species of interest is irradiated
with a laser (often in the UV range) and excited to a real electronic state”. Through
relaxation and internal conversion via energy redistribution or interaction with the
environment the system typically reaches the vibrational ground-state of the elec-
tronic excited state [63]. From there, de-excitation is possible by the emission of a
photon. This process happens on timescales of nanoseconds to microseconds. For
some systems, intersystem crossing into a long-lived triplet state occurs, with life-
times up to several seconds and an emission that is shifted to significantly lower
energy. Instead of light emission it is also possible for the molecule to de-excite by
energy transfer to phonon modes of the environment.

Repeated photoexcitation of the molecules close to their photofragmentation thresh-
old values can be a problem in gas phase measurements. In particular, if the energy
dissipation is slow compared to the absorption rate, fragmentation of the molecule
and a loss of signal may occur. In matrixes, this is not such a severe problem be-
cause of the much higher energy dissipation rates.

Due to the negligible background, laser-induced luminescence spectroscopy allows
to probe weak transitions, or dilute samples of rare species.

2.2.3 Experimental Setup

The experimental setup is dedicated to the spectroscopy of molecular ions isolated
in cryogenic noble gas matrixes. It enables the investigation of rare or unstable
species by infrared (IR) and UV-vis absorption spectroscopy, as well as laser in-
duced luminescence spectroscopy. The general layout is shown in figure 3.

In short, the ions are generated by either electron impact ionization or electrospray
ionization (fig. 4 and Z5). A wide range of molecular ions can be produced and
subsequently investigated by these two methods, from polyaromatic hydrocarbon
ions and their fragments to ions of large and fragile molecular complexes.

Following the ion generation in the source region, separation of the residual neu-
trals from the ionic beam is achieved using an electrostatic quadrupole bender (fig.
3 b). The species of interest are then mass-selected with a quadrupole mass filter
(QMS), unwanted side-species such as ionic impurities, fragments, or ions with sol-
vent adducts are removed. The mass selected ions are subsequently co-deposited
in the presence of an excess of matrix gas onto a cold (7" > 5K) metal coated sap-
phire substrate (fig. 23 c). Deposition of the ionic species over several days without
sample degradation is possible. Once sufficient material for optical spectroscopy is
deposited in the matrix, the deposition is stopped and the sample analyzed.

!In Raman spectroscopy, in contrast, the molecule is excited to a virtual electronic state.

11
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Figure 2.3: General layout of the matrix isolation experiment with attached

12

electron impact ionization source (exchangeable with an electro-
spray ionization source). (a) Ion source region, (b) ion optics with
electrostatic quadrupole bender and quadrupole mass filter, (c) cold
substrate (I' > 5K), (d) matrix gas reservoir (Ne, Ar, with possible
addition of electron scavenger CO,, CCly), (e) viewport for UV-vis
and laser-induced luminescence spectroscopy, (f) FI-IR spectrome-
ter, attached to lower chamber, (g) load-lock chamber. Details see
text.
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A detailed description of the main components and of recent improvements of the
experimental setup is provided in the following sections. Further details about the
apparatus can be found in Ref. [54].

lon Sources

Two different ionization techniques are used in this experiment. Electron impact
induced ionization allows for the generation of ions from sublimable molecules,
which do not fragment easily upon electron impact. Electrospray ionization is
known as a soft ionization method for large, unsublimable, but soluble molecules.
The source region, consisting of the ion source and a first series of electrostatic
lenses (fig. 4 and 25), can be disconnected from the following ion optics and
pumping stages by a gate valve. Switching between the two sources is thus possi-
ble without breaking the vacuum in the main chamber.

Electron Impact Induced lonization Source

The impact of electrons with kinetic energies of several tens of electronvolts leads to
the ionization and fragmentation of gaseous molecules. These processes will be il-
lustrated for the example of Cgy: Low kinetic energies of the electrons (Ej;, <40eV)
lead predominantly to ionization of the molecule [b5], higher electron energies, or
multiple impacts, allow for fragmentation by C, emission on a mass spectrometric

timescale of less than 100 us [B5, b6, b7].

For slow electrons (Ej;, ~ 10eV), direct electron capture by the molecule is also pos-
sible, though with a small cross-section, and a resulting low current (approximately
5% of the cationic current observed for fullerenes under the same conditions). To
realize high intensity ion beams of sublimable species, a setup previously used for
the ionization of polycyclic aromatic hydrocarbons has been adapted [68]. As a
result, the previously used source setup is improved [6Y, b54]: the ion current in-
tensity is increased by a factor of 5, the time necessary for refilling the source is
reduced, and temperature adjustment is facilitated, which makes the sublimation
of molecules more easily controllable.

As shown in figure 4 b, the electron impact induced ionization source (EI source)
consists of a filament (F), from which the electrons are emitted, a grid (G) to further
accelerate the electrons and repel the formed ions, an electron reflector (R), the
sublimation source itself (S), and an extraction lens (E) for the ions. All voltages
listed are for the generation of cations.

A thoriated tungsten wire (d=0.25 mm, 1~5 cm) is used as filament. It is operated at
10V/8 A with a negative bias of 100-150 V to eject the electrons. The central grid is
taken from a nude Bayard-Alpert ion gauge (Vacuum Generators, now VG Scienta),

13
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Figure 2.4: a) Schematic of the EI source region, (I) electron impact induced
ionization region, (II) ion optics. b) Detail of the EI source, F: hot
filament, G: central grid, R: electron repeller, S: sublimation source,
E: extraction lens. Details see text.

its length is 5cm with a diameter of 2.3cm. The top end of the grid is removed
to make space for the extraction electrode. The bottom of the grid is closed. As a
result, the internal electric field is approximately constant, thus reducing the kinetic
energy spread of the ions. Typically, a positive bias voltage of 200 V is applied to the
grid. A stainless steel cylinder (d=45 mm, 1~6 cm) surrounding the grid is biased at
a negative voltage (100-150 V) to reflect the electrons, thereby increasing their path
length.

Attached to the electron reflector is the sublimation source. The sublimation source
used is a halogen bulb (50-100 W, operated at 1-4 W). The top of the bulb is re-
moved, creating a small opening (ca. 1mm diameter), through which the source
is filled, and through which the neutral molecules are effused when heating the
bulb. To ensure a uniform temperature distribution, the halogen bulb is wrapped
in aluminum foil. The sublimation source is aligned perpendicular to the ion ex-
traction direction, thus the contamination of the ion optics by neutral molecules is
minimized. An additional halogen bulb (100 W, usually operated at 20 W) attached
to the electron reflector can be used to increase the rate of resublimation of the
molecules not yet ionized. The ions are extracted from the ionization region by a
lens with a narrowing conical aperture, held at negative bias (-100 V), and guided
by the following electrostatic ring electrodes.

The entire EI source and the subsequent ion optics are installed in a CF DN160
6-way-cross and pumped by a turbomolecular pump to approximately 10~% mbar
under operating conditions.
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Figure 2.5: Schematic of the nanoES, (I) borosilicate glass needle and desolva-
tion capillary, (II) RF ion funnel, (III) RF ion guide, (IV) electrostatic
lenses.

Nano-Electrospray lonization Source

Electrospray ionization is known to be a soft ionization technique enabling the
transfer of large and complex species as ions from the solution to the gas phase
[T0]. It enables deposition of mass selected molecules, DNA strands, and peptides
on metal surfaces and self-assembled monolayers [60, 61, 62].

In this setup, ions are produced from a home-build nano-electrospray ionization
source (nanoES), operated at 5-14 kV needle voltage in positive or negative mode,
depending on the desired ions. The setup is illustrated in figure 5. The prepared
solution containing the desired species is inserted into a thin borosilicate glass nee-
dle, which is directed at a heated desolvation capillary (! =100 mm, 0.5mm i.d.,
150°C, 350-500 V), through which the transfer into the vacuum setup is achieved
(tig 8 (I)). To reduce the flow of neutral solvent int the vacuum chamber, the des-
olvation capillary is aligned slightly off the ion beam axis.

Collisional focusing of the ions in low vacuum is achieved by a home-build RF ion
funnel [63]. The ion funnel is composed of a series of 73 ring electrodes (0.5 mm
thick stainless steel plates), forming a 27 mm drift region and a 45 mm focusing re-
gion with progressively decreasing inner diameters (from 25 to 3 mm, fig. 23 (II)).
0.5 mm thick teflon spacers are used to insulate the electrodes from each other. The
ion funnel ‘'empties” into an RF ion guide consisting of 43 ring electrodes, with a
constant inner diameter of 8 mm and which are separated by 2.8 mm viton spacers
to allow for differential pumping. The ion guide electrodes are evenly spaced over
a total length of 140 mm (23 (III)). To provide the DC potential gradient (~130V
over the entire length), all of the electrodes of the funnel and the ion guide are
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connected by 1 M(2 resistors. Each electrode is connected to one of the two alternat-
ing outputs of the RF power supply (home-built, 500 kHz, V,,, 4. = 330V) with a
200 pF capacitor, such that the phase difference between adjacent electrodes is 180°.
Following the RF ion guide, a series of electrostatic lenses is used to direct the ions
to the quadrupole bender (fig. 5 (IV)).

The nanoES and the subsequent ion optics are installed in a CF DN160 6-way-cross
and an CF DN160 nipple, the low vacuum region of the ion funnel is pumped by
a roots pump (p ~ 4 x 107! mbar) with the funnel exit lens separating the differen-
tially pumped stages. The subsequent ion optics are pumped by a turbomolecular
pump (p ~ 10~° mbar under operating conditions).

lon Optics and Mass Separation

Following the source region, the ions are guided and focused by cylindrical electro-
static electrodes to the electrostatic quadrupole bender, which prevents contamina-
tion of the sample by residual neutral molecules from the ion source by deflecting
the ion beam at a right angle (fig. Z (II)). The deflected ions of the desired charge
are focused into a quadrupole mass filter to select the desired ion species [b4] (fig.
4 (I)). The quadrupole mass filter consists of four parallel cylindrical metal rods,
opposing rods are connected in pairs. Applying a superposition of DC and AC
voltages with Uy = £1/2(U + V cos(wt)) to the rod pairs leads to the separation of
ion trajectories into stable and unstable ones, depending on the mass-to-charge ra-
tio of the ions. In mass resolving mode, only ions within a defined (m+Am)/. range
are transmitted, the range is adjusted by the ratio of AC to DC voltage. In ‘RF only’
mode, the DC voltage is switched off and only the AC voltage is applied: All ions
with a ™/z ratio above a threshold, which is adjusted by the AC amplitude, are
transmitted.

The quadrupole mass filter (QMS) used is an Extrel 19 mm QMS with pre- and post-
tilter assembly driven by a 880 kHz power supply, allowing for a mass range of up
to 1000 amu/e in mass resolving mode. To achieve high transmission, the mass reso-
lution 27/ is tuned down to about 30, which is enough to separate fragment ions
or ions with attached solvent molecules and allows for high intensity ion beams.
Following the QMS, several einzel lenses focus the mass selected ion beam onto
the cold (T" > 5K) target (fig. 28 (IV, V)). Prior to the deposition, the ion current
can be monitored with a picoamperemeter (Keithley, Model 6485). All voltages and
currents can be adjusted and monitored with LabView (National Instruments).

The total ion output of the ion sources is measured to be approximately 7 pA for
El, and 5nA for nanoES. The ion current, measured on the deposition position
for a mass selected ion beam, can reach up to 300nA or 350 pA, respectively, but
strongly depends on the ion species. This corresponds to a maximum transmission
of roughly 5% for the complete ion optics setup, including mass selection.
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Figure 2.6: Schematic of the experimental setup (a) top view, b) side
view), showing (I) source region (EI or nanoES), (II) electrostatic
quadrupole bender, (III) quadrupole mass filter, (IV) ion optics, (V)
sample (I' > 5K, position vertically adjustable), (VI) UV-vis view-
port for absorption and photoluminescence spectroscopy, (VII) load-
lock chamber, (VIII) closed cycle cryocooler, and (IX) FT-IR spec-
trometer beam path (sample in lower position).
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Vacuum Setup

To transfer the ions from the source region to the sample, two differentially pumped
chambers are used in addition to the source region, which itself is differentially
pumped by one (EI source) or two (nanoES) stages. The source region can be sep-
arated from the following setup by a gate valve when no deposition is performed,
keeping the contamination and gas load to a minimum. An aperture of 10 mm
diameter forms the transition from the source region to the electrostatic bender, be-
hind which, in direct line of sight from the ion source, a cryogenic pump (Sumitomo
CP-8LP, T1st stage=60K, T54 stage=10K) is placed to trap residual solvent molecules.
Additionally, a turbomolecular pump is used to further reduce pressure and con-
tamination. Between the electrostatic bender and the endmost deposition chamber,
the housing of the QMS acts as an aperture with an opening of 15.24 mm (fig. Z).
With the source region connected, base pressure in the deposition chamber is be-
low 10~® mbar (EI source) or below 5 x 10~® mbar (nanoES). During deposition the
pressure increases to approximately 10~° mbar due to the excess of matrix gas.

While UV-vis and laser induced luminescence measurements are performed in the
deposition chamber (fig. Z8 (VI)), the sample is transferred in vacuo to the lower
measurement chamber for IR measurements (fig. 28 (IX)). Deposition and mea-
surement chamber can be separated by a gate valve.

A load-lock chamber attached to the deposition chamber allows for changing of the
substrate without breaking the vacuum (fig. Z6 (VII)).

Additional vacuum TMPs are used to evacuate a mixing chamber, in which gas
mixtures for sample preparation are produced, and for the liquid helium cooled
IR detectors: the CuGe detector and the bolometer (both from Infrared Laborato-
ries). The FI-IR spectrometer is pumped by rough pumps to reduce water vapor
impurities in the optical path.

Sample Preparation

To prepare the samples, the ion beam is co-deposited with an excess of matrix gas
(Pmatriz gas =~ 107° mbar) onto a cold metal coated (aluminum for UV-vis, gold for
IR measurements) sapphire substrate at a nominal kinetic energy of less than 50 eV.
The kinetic energy of the incoming ions is further reduced by the electrostatic re-
tardation potential from the positively charged sample. The charge leads to a de-
flection of the ions, on the sample they are deposited into a spot of roughly 1cm
diameter with approximately Gaussian shape.

The ion current directed at the substrate has an intensity between 1 pA and 300 pA
for nanoES, and between 5nA and 300nA for EI, depending on the species of in-
terest. For samples produced with the EI source, the total number of ions typically
amounts to 10 to 10'* ions at a ratio of matrix to guest molecule of about 5 x 10?
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to 1, effectively isolating the deposited ions from each other. From the nanoES,
roughly a factor of 1072 fewer ions are deposited. The reduced matrix gas pressure
for low ion currents leads to a ratio of matrix to guest molecules of about 5 x 10° to
1.

The substrate is cooled by a closed-cycle cryostat (SHI Cryogenics, RDK-415D) to 5-
6 K, measured at the sample holder with a Si diode. The low temperatures allow for
the use of neon as matrix gas, best suited for absorption measurements and laser
induced fluorescence spectroscopy, because of the high optical quality of solid neon
[65].

In all matrix isolation experiments of ionic species, partial neutralization of the ma-
trix via counterions has to take place, in order to reduce deflection of the incoming
ions from the sample by the accumulated charge. In case of deposited cations, for-
mation of counterions is induced via electron capture of either impurities in the
matrix or the deposited ions themselves [49]. The formation of counterions can
be facilitated by adding an electron scavenger with a positive electron affinity, like
CO, or CCl,.2 This leads to an increase of the cation:neutral ratio, or, if the ion forms
its own counterion, the cation:anion ratio. The use of electron scavengers can also
lead to the formation of complexes or Coulomb pairs, and thus influence the spec-
trum. By using different matrix gases (pure Ne, Ne + CO,, Ne + CCl,), these and
other matrix effects can be assessed. For reference, spectra of neutral molecules are
obtained from deposition of neutral molecules directly from a sublimation source,
if possible.

Furthermore, the use of inert matrix gases with different polarizabilities (Ne: o .=
0.395 A3 or Ar: ayu,= 1.641 A3, [2]) allows to estimate the shift of spectral features
in respect to gas phase measurements by extrapolation of the shift to the gas phase
with o, = 0.

Annealing of the sample to 8 K or 20K for neon or argon matrixes, respectively, in-
creases the mobility of the stored species and enables additional neutralization [AY].
From the decrease of the cationic/anioic and the increase of the neutral absorbances
the relative absorption cross sections can be estimated.

Measurement Setup

When the sample is prepared, it can be studied with IR and UV-vis absorption
spectroscopy, as well as with laser induced emission spectroscopy. UV-vis absorp-
tions and laser induced emissions are measured in the deposition chamber (fig. A
(VI)). The experimental setup requires the prepared matrix to be turned by an an-
gle of 90° for absorption measurements, or by 80° for emission measurements (to

ZElectron affinity (EA) of CCly: 0.8 eV [66], CCl; (formed in the matrix [67]): 2.2 eV [68]; EA of CO:
-0.6 eV (gas phase); on surfaces, CO, has a bent structure and a positive EA [49]
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prevent the reflected excitation laser beam from entering the spectrometer). For IR
absorption spectroscopy, the as-prepared sample mounted in its sample holder is
transferred into the lower measurement chamber. To prevent contamination, all
measurements are performed under UHV conditions (p < 5 x 10~ mbar). Sample
rotation and transfer into the lower measurement chamber is possible without mea-
surably raising the sample temperature or the pressure in the vacuum chambers.

Infrared spectra are measured in reflection geometry at 60° incidence angle rela-
tive to the surface normal with a Bruker IFs66v spectrometer (resolution 0.25cm™?,
experimental accuracy is 0.1 cm™!). Three different detectors are used: a liquid ni-
trogen cooled mercury-cadmium-telluride (MCT) detector (7000-800cm™1), a lig-
uid helium cooled copper-germanium (CuGe) detector (2000-400cm™), and a lig-
uid helium cooled bolometer (1000-50cm™!). MCT and CuGe measurements are
done using a potassium bromide (KBr) beamsplitter, and thallium bromo-iodide
(KRS5) windows to separate the spectrometer from the measurement chamber. For
bolometer measurements, the beamsplitter has to be changed to a 50 um mylar
beamsplitter, and silicon windows are used. Changing the detectors from CuGe
to the bolometer requires several days of adjustment of the optical path, as well
as baking of the measurement chamber, thus most samples are investigated in the
MCT and CuGe spectral range only. For each spectrum, 1200 to 3600 single scans
are averaged, resulting in a total measurement time of 20 to 60 minutes.

In the UV-vis to near infrared (NIR) range (200-1100nm), absorption and emis-
sion spectra are measured. For absorption measurements, the sample is irradiated
with a deuterium discharge lamp (200 to 450 nm) and with a halogen lamp (450 to
1100 nm). Typically, 100 spectra are acquired and summed up. The acquisition time
for each single spectrum is 500 ms.

Laser induced luminescence of deposited ions is measured upon laser-excitation at
375nm (diode laser, Thorlabs, P,,,,= 20 mW, bandwidth 1 nm) or at 405nm (diode
laser, Lasever, P,,,,= 250mW, bandwidth 1nm). The irradiated area is around
1 mm?, approximately 2% of the deposited ions are probed. The emitted light is
collected using a focusing lens (d = 1.4 cm), positioned about 50 mm from the sur-
face, and transferred through an optical fiber bundle to a spectrometer, leading to
a collection efficiency of roughly 1%. The measurement time for each spectrum
shown ranged from 300 to 2400s. All emission spectra shown in this work are
intensity corrected.

The spectrometers used in the UV-vis-NIR range are an ARC SpectraPro-500 spec-
trograph equipped with an EG&G PARC 1456 A detector (resolution up to 0.08 nm),
a Princeton Instruments IsoPlane SCT320 spectrograph with a PIXIS 256 OE cam-
era (resolution up to 0.12nm), both with entrance aperture slits of 50 pm, and an
RXNT1 Kaiser Optics process-Raman spectrometer with the excitation laser turned
off, which is optimized for measurements in the NIR range (resolution 0.4 nm). The
experimental accuracy for UV-NIR measurements is 0.1 nm (0.4 nm for the RXN1
Raman spectrometer).
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2.3 Scanning Tunneling Microscopy

2.3 Scanning Tunneling Microscopy

The basic principle of scanning tunneling microscopy (STM) is described by tun-
neling junctions. For these junctions, the current through an insulating barrier is
measured as a function of external parameters, for example of barrier height and
thickness, external magnetic or electric fields, or temperature. In STM, developed
in 1982 [[[T], one electrode of the junction is substituted with a sharp tip and moved
across a sample. The tunneling current, or a derived parameter, is plotted primarily
as a function of the tip position, but also of other parameters.

The description of the current through a planar tunneling junction in one dimen-
sion is quite straightforward. Taking the tip into account for STM, Tersoff and
Hamann [70] calculated a tunneling conductance o given by

g X p(Fo, EF)

with the tip position 7, the Fermi energy Er, and the local density of states (LDOS)
p(ro, E) = > |V, (7)|*0(E, — E). The z-position of the tip at constant current will
thus follow lines of constant LDOS. However, this so-called s-wave model does
not account for the resolution of the STM. To get an accurate description of the
STM tunneling junction, the electronic states of the tip have to be taken into consid-
eration [[ZT]. Atomic resolution of the STM is only possible with localized metallic
p. or d» states, which are formed e.g. by tungsten, platinum, or iridium, or some
semiconductors.

The measured current is typically of the order of several tens to hundreds of nano-
amperes and has to be amplified for processing.

2.3.1 Inelastic Tunneling Spectroscopy

For inelastic tunneling spectroscopy (IETS), the tip is set to a fixed z-position above
a molecule that is introduced into the tunneling junction, and an AC voltage is
applied in addition to the DC bias of the tip. Vibrational excitations of the molecule
can be measured.

The molecule modifies the roughly exponential change of the current with increased
voltage (I —V curve) in the junction by allowing additional non-resonant tunneling
processes. The process is illustrated in figure ”Z. The conductivity of the tunneling
junction with the introduced molecule increases, if the energy of the tunneling elec-
trons is above the excitation energy of molecular vibrations. This effect can be seen
in the I — V curve by a sudden, but small, increase in the conductivity. Looking
at the second derivative 4/°/q2v of the measured current, the molecular excitation
is seen as a sharp peak in the signal and more easily identified. To increase the
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Figure 2.7: Increasing the energy of the tunneling electron above the excitation
energy of the molecule in the gap gives rise to additional tunneling
channels (a). Excitation of the molecule is identified by kinks in the
I —V curve and peaks in the 47°/av2-V spectrum (b).

ample

signal, the d*/q2v—V spectrum is measured at the 2nd harmonic of the modulation
frequency via a lock-in amplifier.

The lineshape of the IETS signal is broadened by the finite lifetime of the excitation,
accounted for by the parameter I', the non-zero temperature 7', and the amplitude
of the applied AC voltage AV"™*. The result is a Gaussian with an effective width
of

Wiot = \/F2 + (5.4kpT)?) + (1.7AVTms)?

limiting the energy resolution of IETS [72, 73].

Theoretical models of the inelastic spectra of molecules predict the inelastic signal
to be enhanced for resonances in proximity of the Fermi level, and specify exci-
tation selection rules [74, /5]. In actual experiments, these predictions often do
not fully apply. Instead, the so-called IETS propensity rules were defined, based
on the comparison of theoretical predictions and experimental results [76]. Espe-
cially Cgp has been used to study the selection rules of IETS on different substrates
[72, 78, 79, 80, 81]].

2.3.2 Experimental Setup

The STM used in the measurements presented is a home-built machine, developed
by Zhang et al [82, B3]. Low temperatures of the sample are realized by a Joule-
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Thompson (JT) stage, the complete setup will therefore be referred to as JT-STM in
the following chapters.

The JT-STM consists of three UHV chambers: a measurement chamber with the
microscope and the cryostat, a preparation chamber where the metallic substrates
are cleaned and prepared, and a load-lock chamber for transferring samples from
and to ambient suroundings. The load-lock chamber is also used for the deposition
of the molecules.? To vibrationally decouple the apparatus from the laboratory, it
is lifted by four pneumatic feet (Newport S-2000 series). During measurement, the
STM and preparation chamber are pumped by ion pumps to avoid vibrations from
turbomolecular pumps (TMPs).

Load-Lock Chamber

The load-lock chamber consists of a CF-40 6-way-cross with an attached TMP and
a transfer rod. Additionally, a molecular evaporator filled with the molecules of
interest is attached to this chamber. The molecular evaporator is composed of a
ceramic crucible, which can be heated up to 500 °C by resistive heating. The tem-
perature is controlled through a thermal sensor and adjusted by a PID controller.

During deposition of the molecules the pressure in the load-lock chamber is around
10~ " mbar.

Preparation Chamber

In the preparation chamber, the single crystalline metallic substrates are cleaned
and prepared prior to deposition of molecules. It is pumped by a titanium sublima-
tion pump, an ion getter pump, and a TMP. The base pressure of this chamber is
typically 107! mbar. A differentially pumped ion gun with two leak valves, for ar-
gon and nitrogen sputtering, is also mounted. The pressure during sputtering does
not exceed 5 x 10~® mbar. Following the sputtering procedure, the substrate is an-
nealed at around 600 to 1000K (depending on the metal substrate used) by means
of electron impact heating, with its temperature monitored with a pyrometer.

Freshly etched tungsten tips are also sputtered with argon and tempered for some
seconds (‘flashed’) in the preparation chamber to remove residual oxides.

Characterization of the sample in the preparation chamber can be done by LEED
and Auger spectroscopy. Several electron beam evaporators are available to de-
posit different metals on the sample or the tip.

SFor the measurements presented, neutral molecules were deposited directly on the substrate
without mass selection. For other measurements, mass selected ions were soft-landed on the
substrate, and the sample was subsequently vacuum transferred to the STM [84].
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STM Chamber

The STM chamber contains the liquid helium cryostat and JT stage, the actual low
temperature scanning tunneling microscope unit, and an additional electron beam
evaporator for in situ preparation at low temperatures. It is pumped by an ion
getter pump and a TMP, allowing for a pressure of less than 10~'Y mbar. The cold
cryostat, cryoshield, and STM act as an additionl cryogenic pump, decreasing the
pressure inside the microscope considerably, and enabling long measurement times
without sample degradation.

The cryostat system consists of a liquid nitrogen and a liquid helium bath cryo-
stat. In the Joule-Thompson expansion stage, a Hes/He; mixture is used. The
helium bath is used for precooling, pressure reduction with a TMP from 500 mbar
to ~ 3x107! mbar results in a temperature as low as 800 mK for the STM.

A superconducting coil surrounding the STM can generate magnetic fields up to 3
Tesla in the sample region.

The STM is operated via Nanonis SPM control hardware and the Nanonis SPM
Control Software V4. For scanning tunneling spectroscopy, two external analog
dual-channel lock-in amplifiers (EG&G 5210) are used to simultaneously measure
the first and second derivative of the signal. The tunneling current is pre-amplified
(Femto DLPCA 200), the gain setting of the preamplifier is adjusted to the signal
intensity and the frequency range of the spectroscopy mode. Pre-amplifier gain
values and associated bandwidths (attenuation -3 dB) for the measurements are
10° V/a with 1kHz and 108 V/a with 7 kHz, limiting the frequency of second deriva-
tive measurements to approximately 0.5 kHz and 3.5 kHz, respectively.

2.3.3 Sample Preparation and Measurement

The species studied in this work are Cgy and endohedral H,@Cg, adsorbed on insu-
lating Cu,N on Cu(100).

For sample preparation, the Cu(100) surface is sputtered with Ar™ (U=3keV, =3 pnA,
t=30min) to remove surface adsorbants. Subsequent annealing at 720K reduces
surface defects. Copper nitride (Cu{100}-¢(2 x 2)N, CuN) is produced by sput-
tering the pre-cleaned Cu(100) surface with nitrogen ions (U=0.65keV, 1=0.15 uA,
t=20 min) and ensuing annealing at 570 K, resulting in a insulating Cu,N layer. Fol-
lowing the preparation of the CuN substrate, the molecules are deposited. For this,
the sample is transferred into the load-lock chamber. Prior to this, the solid sam-
ples comprising the molecules to be sublimed (Cgy or H,@Cg) have been degassed
at elevated temperature (T = 570K) for roughly one hour to remove residual sol-
vents. For deposition, the temperature is raised to 610 - 630K, and the substrate
is kept in direct line of sight of the molecular evaporator for two to five minutes.
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The sample with the deposited molecules is then transferred back to the STM and
investigated.

Topography is measured in constant current mode, typical settings for the bias and
the current set point are 0.5-2V and 0.05 - 1 nA. When a suitable location is scanned,
the tip is placed above the region of interest and ITS is performed in the desired
energy range (from -110 to +110mV or from -700 to -400 mV at 1-20nA). In chapter
B, detailed settings are listed for all presented measurements.
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3 Spectroscopy of Isolated
Fullerenes, Azafullerenes, and
their lons

3.1 Introduction

Carbon molecules with a spheroidal structure and a closed cage are called fuller-
enes, after the 19th century architect R. Buckminster Fuller and his geodesic domes.
Mathematically, fullerenes are polyhedrons with the carbon atoms forming the cor-
ners and the C—C or C=C bonds the edges. In the simplest case, the cage consists
of hexagons and pentagons. In this case, the n-atom structure can be described
by the Euler theorem, which states that a closed cage can be formed from 12 pen-
tagons and /2 - 10 hexagons [85]. Fullerenes, which can be described by this rule
are called classical fullerenes. If the molecular structure contains different motifs,
like heptagons, octagons, or squares, the fullerene is called non-classical.

An additional classification of fullerenes is the so-called isolated pentagon rule (IPR)
[86]. In fullerenes following this rule, the pentagons are surrounded by hexagons.
Non-IPR fullerenes do not obey this rule, at least two pentagons are adjacent. These
non-IPR fullerenes show an enhanced reactivity, easily form covalent bonds with
other fullerene molecules, and cannot be solvated. Endohedral encapsulation of
metal clusters or exohedral derivatization, for example with halogens, can stabilize
non-IPR fullerenes [87, 88].

So far, no experiments to directly determine the molecular structure of bare, iso-
lated non-IPR fullerenes have been reported due to the difficulty of separating them
in amounts large enough for spectroscopy.

The curvature of IPR fullerenes leads to a mixed hybridization of the carbon or-
bitals, resulting in a a[sp?]+3[sp?®] state. The hybridization of planar graphene is
sp?, whereas diamond is sp®. Re-hybridization of the carbon orbitals to sp? and the
associated steric strain reduce the stability of IPR cages relative to non-IPR cages
[89].

Fullerenes were first generated by laser ablation of graphite in a low pressure he-
lium atmosphere [90]. Time-of-flight mass spectrometry measurements showed the
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presence of C,, clusters (with even n), with Cg and C7, the most abundant clusters.
The high intensity of Cg, and Cr, was interpreted by the high stability of these clus-
ters [91, 92]. While this new form of carbon generated great interest, the yield from
laser ablation was too low for other than mass spectrometric studies.

The amount of available material was greatly increased by the Kratschmer- Huff-
mann process [93]. Carbon soot, containing fullerenes, is produced by an arc dis-
charge between graphite electrodes in a helium or argon atmosphere. Approxi-
mately 15% of this soot consists of fullerenes and can be dissolved in organic sol-
vents, the residual material is mainly amorphous carbon. Two mechanisms leading
to the formation of closed carbon cages have been suggested, the "bottom up” and
the "top down” model. In both laser ablation and arc discharge production, both
processes are expected to co-exist.

The ‘bottom up” model starts with linear chains (n < 10), which close to single
and multiple rings as they grow larger. Atn > 30, the formation of fullerene-like
structures takes over, the planar ring structures are less stable [94, U5]. Growth of
fullerenes takes place via fusion of smaller units, or addition or incorporation of
C, Cy, or C; units [96, 97, 98]. A detailed description of the growth process can be
found in an article by Khan and Ahmad [99].

In the "top down’ model, fullerenes are formed from small graphene flakes [TO0].
Loss of carbon atoms from the edge of the flake and subsequent relaxation of the
structure lead to the formation of curved graphene sheets with pentagons. Further
loss of carbon atoms results in the formation of closed carbon cages. Fullerenes
formed from graphene flakes have a narrow range of average diameter of around
1nm, consistent with the dominant formation of Cgy and Cy, in the experiment.

The properties of fullerenes, for example their electronic and vibrational spectrum,
their reactivity or their stability, strongly depend on their structure and structure.
Their properties can also be changed by replacing a carbon atom with a heteroatom
in the cage [I0T], or by introducing a molecule or cluster into the cavitiy of the
fullerene [12].

3.2 Cg¢p and its lons

Since its discovery in 1985 [90] and the following development of a route to macro-
scopic quantities of Cg [93], it has become a well-studied system, theoretically and
experimentally. The great interest in Cg arises from its high symmetry (1}, see fig-
ure B1)), its unique electronic and chemical properties, and its detection in space in
2010 [T02].

At the same time, spectroscopic measurements of the ions of Cg are scarce, due to
the reactivity of these species and the difficulty in producing quantities necessary
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Figure 3.1: Left: The structure of Cgy. Right: Rotated molecule with hexagons
and pentagons marked.

for gas-phase experiments. The great interest in the ions of Cg, can be seen in
the long-standing discussion concerning C{; as carrier of diffuse interstellar bands
[T03, 104, 105, T06]. Even so, gas phase measurements of the NIR absorptions of
C¢, were only achieved in 2015, and as a result, Cj, was confirmed as the carrier of
two diffuse interstellar bands at 9 632 and 9 577 A [107].

Other spectroscopic measurements of isolated Cgy ions include matrix isolation
measurements of cations and anions [&, T08], measurement in organic solvents and
crystals [10Y, IT0], and measurement of the ions in gas phase [ITT, 112, IT3, T0OZ].
However, these measurements are limited by the studied frequency range, by a
non-negligible interaction of the ions with their surroundings, or the presence of
uncontrolled charge states and contaminating molecules.

In the following sections, measurements on matrix isolated Cg and its ions are
presented. New absorptions of Cf, and Cg, are identified, the gas phase absorption
frequencies are estimated from different matrix environments, and the integrated
molar absorptivities are measured. The first spectroscopic measurements of C5f
and C; are reported.

3.2.1 Neutral and Monoionic Cgg

Cgo cations are generated with the electron impact ionization source, as described
in detail in section Z22Z3. With mass selection, an ion current of 200 - 300 nA can
be achieved. The ions are co-deposited with an excess of matrix gas onto the gold
coated sapphire substrate, held at roughly 5K, the deposition time is five to ten
hours. For Cg cations, neutralization of the matrix occurs via electron capture
of deposited Cf,, resulting in the formation of neutral Cg, and anionic Cg,. To
differentiate between the charge states, matrixes are also formed by the addition of
1% CO, or 0.15% CCl,, which act as electron scavengers and suppress the formation
of neutral and anionic Cgy. CO, and CCl, are used as electron scavengers because
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(A) pure neon matrix, (B) Ne + 0.15% CCly, (C) Ne + 1% CO,. Spec-
tra are scaled to similar absorption intensities at 1405cm™"! (C{).
Strong neutral and anionic absorptions of CCl, and CO, are shown
with reduced contrast.
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their infrared absorptions, obscuring some regions of the spectrum, only coincide
in narrow regions. The reference spectrum of neutral Cg is obtained from direct
deposition of Cg from a Knudsen cell without mass selection.

The spectra of Cgy and its ions are measured, starting from the UV at 200 nm,
through the vis, NIR, and IR range to the FIR at 200cm'. Annealing of the ma-
trixes and neutralization of the isolated species allows for an estimation of the in-
tegrated molar absorptivities. From measurements of the absorption positions in
neon and argon matrixes the gas-phase absorption frequencies are estimated.

Results
Vibrational Spectra

IR spectra of matrixes containing only neutral Cg, show the four well-known IR
active Ty, absorptions [[T4], and one combination mode at 1547.0 cm ™! [TT5]. After
deposition of mass selected C¢, into neon matrixes, several previously unidenti-
fied absorptions of C, and Cg, can be observed [8], as well as absorptions from
neutral Cg. Adding the electron scavenger CO, or CCl, to the matrix gas leads
to a decrease in the relative intensity of the Cgy and Cg, absorptions compared to
absorptions of C,.

The IR absorption spectra are measured in argon matrixes containing only neutral
Ceo [16], and a mixture of Cg, Cgp, and Cy, from deposition of mass-selected C,.
As can be seen in figure B3, the absorptions of the neutral, as well as most of the
ionic Cgp absorptions, exhibit a larger linewidth and a shift in the absorption po-
sition in argon matrixes due to the stronger interaction of the argon environment
with the guest molecules [117]. However, some absorptions are narrower in argon
matrixes than they are in neon. While this is unusual, the same effect has been
observed in some other matrix isolation experiments, for example in Ref. [ITS].
Almost all identified IR and near-IR absorptions in neon matrixes are detected in
argon matrixes.

Electronic Spectra

In the NIR, no absorption can be observed after deposition of neutral Cg into a
neon matrix. Deposition of Cg;, into pure neon matrixes leads to the presence of
absorptions in the range from 1060 to 900 nm, while matrixes formed by adding
electron scavengers only exhibit absorptions from 970 to 900 nm. Features in the
range of 970 to 900 nm result from C;, in the range of 1060 to 900 nm from Cg,
absorptions [8]. The band origins are found at 964.5 and 958 nm for cations, and
at 1057 nm for anions. As can be seen in figure B3 a, both species exhibit a rich
vibronic spectrum. The assignment of the vibronic features is given in Fulara et
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Table 3.1: Assignment of the identified experimental absorption lines of Cgé” N
according to their frequency, full width at half maximum (fwhm) and
integrated molar absorptivity Ay, in neon matrix at 5K by compar-

ison to DFT calculated frequency and integrated molar absorptivity

Acalc~a
experiment theory
VP, fwhm, Ane, v, Acales
mode cm ™! cm~!  km-mol~! cm~! km-mol~!

Cl, comb:? 1547.0 07  2+02
C(G)O T1.(4) 1432.1; 1430.1 4 1 11+£1 1448.9 33
C3, T1.(3) 1184.8 0.8 104+0.8° 1195.8 26.6
Cg, T1.(2) 577.8 0.9 11+0.9 576.2 46.0
Co T..(1) 530.4 0.7 2742 512.8 68.4
Ch E1.(17) 1557.6 10.3 3349 1560.1 103.0
C6+0 E1.(15) 1405.3 8.6 70+19 1429.4 77
Ch Ei.(14) 1331.1 5 2045 1328.8 35.3
Ces As,(7) 1223.2 1.9 6+2 1241.8 15.3
Cey E..(12) 1218.1 3.1 1143 1224.2 17.1
Céro E,,(10) 958.2 1.7 441 959.2 20.4
Cé”o E1.(7) 785.7 1.2 4+1 700.8 6.8
Ch E1.(5) 580.0 0.8 1.6+1 576.6 6.3
Ces As,(2) 529.7 0.8 20+10/f 517.5 17.9
Ces E1.(3) 526.6 0.7 742 514.4 10.5
Ch E..(2) 395.0; 398.5 ¢ 1 10+3 388.8 9.7
CL  Eun() 347.2 0.9 542 340.0 3.8
Cso E.(28) 1546.1 13.9 16+4 1531.8 54.1
Cso E.(25) 1385.5 7.5 128+14 1418.3 258.6
Ceo E.(24) 1351.6 7.1 5+1.5 1349.0 2.1
Cqo E.(23) 1333.6 5.5 8+3 1334.2 30.5
Cqo E.(19) 1200.7 5.4 16+4 1199.5 38.0
Cqo A,,(10) 1175.6 1.6 1.3+0.5 1191.5 6.5
Cso E.(17) 964.3 2.6 0.9+0.4 972.1 2.9
Ceo E.(11) 729.2 2.3 612 682.3 11.2
Cqo Ay, (4) 576.4 0.9 8+3 575.9 28.3
C,, E.(8) 575.3 1 3944 574.1 77.6
Cqo E.(3) 397.2 0.9 0.8+0.3 391.6 5.8

@ CY, is calculated in I;, (singlet) symmetry, C{, in D5, (doublet) symmetry, and
Cyo In D34 (doublet) symmetry; b Experimental error (for all IR measurements):
0.1cm™'; ¢ Combination mode [IT5]; ¢ Site effect in Ne matrix; ¢ The value was

cide, therefore A y.(A2,(2)) has a larger error.
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Figure 3.3: Detail of the NIR (left) and mid-IR (right) spectrum of different

samples of C%H ~ in neon (a, black) and argon (b, green) matrixes.
Dashed lines indicate the absorption frequencies in neon matrixes.
Ionic NIR and neutral absorptions are broader in argon matrixes,
whereas the fwhm of the shown mid-IR absorptions of Cé“o/ - is essen-
tially independent of the matrix gas.
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al [8]. However, while the absorption wavelengths are identical to the presented
measurements, the determined oscillator strengths differ. This will be addressed in
the following section.

In the UV-vis range, the well-known strong absorptions at 250 and 322 nm, as well
as some weaker ones, can be seen after deposition of neutral Cg [93]. Due to scat-
tering of the matrix, the absorptions below 250 nm cannot be observed in every
sample. Attention should be paid to the absorption features around 600 nm (figure
B8, inset), which are characteristic for neutral Cg.

Matrixes additionally containing Cg, and Cg, do not show new absorption features
in the UV range, only a slight broadening of the absorptions is visible. The forma-
tion of neutral Cg can be suppressed by deposition of C{; into Ne + CO, and Ne
+ CCly. In these samples, the main absorption features in the UV range are still
present, the UV absorptions of neutral Cqy and C{, coincide. Only a small shift is
detectable, which is explained by interactions with the matrix environment.

Discussion
Vibrational Spectra

The spectral range of the IR absorption data for matrix isolated C%H ~, which
was previously published by Fulara et al. [8], is limited to the mid-IR region (i.e.
>600cm ™). Furthermore, the assignment of weaker absorptions is rendered im-
possible by the experimental procedure followed by these authors.

To assign the detected IR absorption in the experiment, the most intense absorp-
tions of Cg, (1405.3cm™") and of Cg, (1385.5cm ™) serve as reference [8]. Correlat-
ing the intensities of the absorptions measured in different matrixes allows assign-
ment of weaker absorption features.

In detail, to assign all C, absorptions, we start with the spectra in Ne + 1% CO,
and Ne + 0.15% CCl; matrixes (spectrum I and II). By comparing the intensities
of the ionic reference absorptions at 1405.3cm™" (Cg,) and 1385.5cm™! (Cg,), only
traces of Cy, are identified in matrixes with electron scavengers (fig. B2 b, c). In the
next step, the spectrum in Ne matrix (spectrum III), containing Co/*/™ at the same
time, is subtracted from spectrum I (Ne + 1% CO,) and spectrum II (Ne + 0.15%
CCly), respectively. In the resulting spectra, no absorptions of Cg, are present. The
remaining absorptions of neutral CJ, are subtracted with the reference spectrum
of neutral Cy in Ne. Thus, we obtain spectra, in which the absorptions of C{, are

identified by correlation of absorption intensities to the 1405.3 cm ™' (Cf,) feature.

This procedure is based on the fact, that the corresponding starting spectra are
constituted by a linear combination of different relative amounts of CJ), Cg,, and
CgOn
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Figure 3.5: Extracted experimental IR spectrum of Cg, in neon (top) and sim-
ulated spectrum from RI-DFT calculations for D3, symmetry (bot-
tom). Frequencies of the calculation are unscaled. Details see text.

A similar approach is applied for Cg,. The neutral spectrum and the spectra ob-
tained with Ne + 1% CO, and Ne + 0.15% CCl,; matrixes are subtracted from the
spectrum measured in a pure neon matrix in such a way, that neutral and pre-
viously identified cationic absorptions vanish. The intensities of the remaining
absorptions are compared for spectra obtained from different measurements (see
previous paragraph for details). Absorptions with correlating intensities in all mea-
sured spectra, and for which no other origin is identified, are assigned to Cg,.

Close-lying and overlapping absorptions of CJ,, C&,, and Cg, are disentangled and
assigned by this procedure.

To simplify the comparison with DFT calculations, regions between the identified
absorptions of the Cg, ions are next substituted by straight baselines. The absorp-
tions themselves are taken from the original data, frequency, intensity, linewidth,
and splitting are unchanged. These ‘extracted” spectra are compared to calculated
spectra in figure B4 and B5.

The integrated molar absorptivity of each vibrational mode is determined by relat-
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Figure 3.6: Difference spectra of neutral Cqy, C;, and Cg, after annealing of
an argon matrix at 30K for 2 minutes. Neutral absorption features
show a gain, ionic absorption features a decrease in intensity.

ing the loss of absorption intensity of the ionic lines to the gain in intensity of the
neutral lines after annealing of the matrix. The intensity loss of ionic lines and the
gain of neutral lines can be seen in figure B:A. Assuming that the neutralization
process is dominated by the direct neutralization of Cg ions via Cg, + Cgy — 2 CJ,
the relative absorptivity of all absorptions can be calculated. For absolute values
of the absorptivity, previously published data for the integrated molar absorptivity
of the four T, absorptions of neutral Cg, in KBr pellets at different temperatures
are used [I19]. The absorptivity of the Ty,(3) mode at 1184 cm™' is not strongly
influenced by temperature effects, therefore its absorptivity is used as a reference
value. The experimental uncertainty of the intensities is 7 - 50%, depending on the
signal-to-noise ratio of the absorption feature, and possible close-lying absorptions
of a different charge state.

While the intensities of most absorptions can be reproduced to within 5% in differ-
ent experiments, the T;,(1) absorption of neutral Cg, shows a larger variation in
intensity for different experiments. A comparison of different samples is shown in
figure B4. This effect has not been reported for Cg isolated in Ar or Hy, matrixes
[120, T21], and remains to be explained. The measured intensity of the E;,(3) mode
of C¢, at 529.7 cm ™!, coinciding with the Cgy Ty, (1) absorption, is therefore uncer-
tain. A similar effect is not observed for other absorption features of Cg and its
ions, or for other fullerenes.

For C{,, DFT calculations (Turbomole [B3], BP86/def2-SV(P)) are performed for
D3, symmetry, as suggested by gas phase photoelectron spectroscopy experiments
[122], and for D54 symmetry, which is the lowest-energy structure from DFT. For
comparison with the experiment, no scaling was used. As shown in figure B3, the
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calculated spectrum for D5, symmetry fits the experimental spectrum more accu-
rately. The frequencies of most of the lines are predicted within 3% of the mea-
sured value for D;; symmetry, with the exception of the E;,(7) and E;,(15) modes.
These deviations are probably due to large anharmonicities of the vibrations, or a
shift by dynamic Jahn-Teller effects. Most of the integrated molar absorptivities
are correctly predicted within a factor of 2. Nevertheless, some of the calculated
intensities are overestimated, for example for the E;,(10) and E;,(17) modes. Some
weaker modes predicted by DFT are probably not identified because of their low
experimental intensity. For Ds; symmetry, only absorptions close to the T, modes
of neutral Cg are predicted, most of the predicted vibrations are not present in the
experiment. Therefore, the D;, ground state is assigned to C, in neon matrixes.

For C,, DFT calculations (Turbomole [33], BP86/def2-SV(P)) are performed for Ds,
symmetry, the lowest-energy structure from DFT. No scaling was used for compar-
ison with the experiment. As for the spectrum of C{;, the spectrum of Cg, can be
reproduced within 3% for the frequencies and a factor of 2 for the integrated molar
absorptivities (figure B35). Larger deviations for the E, (25) mode can be explained
by large anharmonicities of the vibrations, or a shift due to dynamic Jahn-Teller ef-
fects. The calculated intensities of the A,,(3) and E,(7) modes are most likely over-
estimated, no corresponding absorptions can be identified in the experiment.

An overview of the identified absorptions is given in table Bl. The assignment of
the identified absorption features according to DFT, their experimental frequency,
tull width at half-maximum, and integrated molar absorptivity, and the calculated
frequency and integrated molar absorptivity are summarized there.

C60 absorptions in the 1600-900 cm ™' region are broadened, indicating a faster
relaxation of tangential vibrations in contrast to radial cage vibrations in the 900 -
200cm~* region. This may be due to electron-vibration coupling of the Cg, ions,
and thus a dynamic Jahn-Teller distortion of the cage symmetry. The excitation en-
ergy for electron-vibration coupling was calculated to be 69 meV/ 560 cm™! (C¢,

and 80meV/ 645cm™! (Cg,) [123]. Excitations above this energy are expected to
induce dynamic Jahn-Teller distortions. The calculated energies are close to the
measured energy of roughly 1000 cm™!, above which a broadening of the absorp-
tions is detected.

IR spectra of C60 and its ions measured in argon matrixes exhibit a frequency shift
of up to 5cm™! compared to neon matrix frequencies. By plotting the absorption
frequency versus the polarizability of the matrix gas (ay.=0.395 A3, a4, =1.641 A?,
agp = 0 [2]), the gas-phase position of the absorption line can be estimated. Ab-

sorption frequencies of Cy, U in argon and neon matrixes, and the linearly extrap-
olated gas phase frequenc1es are listed in table B2 (IR) and table B33 (NIR).

The extrapolated absorption frequencies of neutral C4, show good agreement with
experimental gas-phase emission frequencies [124], the deviation is less than 0.6%
for all features. Also, one has to keep in mind that the experimental gas-phase data
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Figure 3.7: Two different samples of neutral Cg in a neon matrix, (A) T1,(2)
and (B) T1,(1) mode. The same regions ((C) T1,(2) and (D) Ty,(1))
of two samples containing different ratios of Cgy, C¢, and Cg, in
a neon matrix. Spectra are scaled to have similar T;,(2) intensities,
the Ty, (1) intensities vary. The ionic absorptions are marked (sh: C,
absorption forms a shoulder of the CJ, T1,(1) mode).
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are emission measurements, a shift from emission to absorption is expected, par-
ticularly as the gas-phase data were recorded at high temperatures (930 to 1230 K)
and the temperature shift of the emission frequencies was extrapolated with a lin-
ear function to 0 K. This does not take possible effects due to anharmonicities prop-
erly into account.

For C,, gas-phase absorption data was measured by multiple photon absorption
and subsequent electron detachment. The exact temperature of the ions in this ex-
periment is unknown due to the several hundred IR photons absorbed, but higher
than 300K. A shift of the absorption frequencies is known for resonance multi-
photon ionization compared to low temperature absorption data [125]. The temper-
ature shift can explain the deviation of almost 1% for the extrapolated frequencies.
Also, only two absorptions were identified in the gas-phase measurements.

No gas-phase IR measurements of C¢; have yet been reported in the literature.

While the extrapolated absorption frequencies of Cgo/ ~ are likely to show a devi-
ation from the actual gas-phase frequencies, the error is estimated to be less than
0.6%. This result is consistent with measurements of other species isolated in noble
gas matrixes [[Z6]. Even so, calculated frequencies are not as reliable as absorption
frequencies extrapolated from matrix measurements.

Gas-phase absorption frequencies and intensities, especially of C{,, over a wide
spectral range are of interest for astronomical observations. IR emissions of neu-
tral Cgp have been detected in several stellar objects. For C{, only two tentative
IR observations have been reported [127, 178]. Emissions of C{, could explain the
intensity of some features reported by Sloan et al. [129] at 17.41 and 18.88 um (574
and 530 cm™!). While these observed emissions coincide with the Cgy T1,(1) and
T1.(2) modes, the relative intensity of the emissions is different in different stellar
objects. A quantitative analysis is complicated by sulfur [S III] and S** emissions
at 18.71 um, which are superimposed with the fullerene emission at 18.9 um. The
change in relative intensities of these observed emissions could be due to differ-
ent contributions from the C}, A,,(2) mode, which coincides with the Cgy Ty, (1)
mode.

However, it has to be taken into account that the astronomical data are emission
spectra of molecules at higher temperatures (probably around 300K [T02]). A cor-
responding temperature shift from the absorption to the emission spectrum is ex-
pected.

A detailed discussion of the astronomical implications of C{, lab measurements is
given in Strelnikov et al. [30].
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Table 3.2: Identified absorptions of Cgé” ~ in argon and neon matrixes at 5K:
frequency v4, and vy, full width at half maximum (fwhm) in argon
matrixes, extrapolated and measured gas phase values and deviation
A of extrapolation.

matrix gas phase
Var, Sfwhm(Ar), UNe, extrapol. measured,
mode cm~! cm~! cm~! cm~! cm~! A, cm™!
Cc% Ti.(4) 14325° 3 1432.1° 1432.0 14355+ 17  3.5(0.25%)
CcY% Ti.(3) 11849 2.2 1184.8 1184.8  1180.75+0.97%  4(0.35%)
CcY% Ti.(2)  578.8 1.9 577.8 577.5 57437 £0.6°  3.1(0.54%)
CcY% Tiu(1)  529.8 —c 530.4 530.6  531.224+0.24° 0.6 (0.12%)
Cdo E.,(17) 1558.1 7.4 1557.6 1557.4
Cdo E1,(15) 14083 6.5 1405.3 1404.3
Cdo Ei,(14) 13315 7 1331.1 1331.0
Cdo Ag(7) 12232 1.6 1223.2 1223.2
Cdo E1,(12) 1219.1 29 1218.1 1217.8
Cdo E1,(10)  958.2 3.1 958.2 958.2
Cdo Ei.(7) 7848 1.6 785.7 786.0
Cdo Ei,(5) —° —° 580.0 -
Cdo Ag(2) —° —° 529.7 —
Céo E;,(3) 5263 1.1 526.6 526.7
Cdo E1.(2) 39.1 0.9 395.07 395.0
Cdo B, (1) 3481 0.8 347.2 346.9
Cso E.(28) 1542.2 30 1546.1 1547.3
Cso E,(25) 1386.9 8.4 1385.5 1385.1 13744 11.1 (0.8%)
Cso E.(24) 13442 4.8 1351.6 1353.9
Cso E,(23) 13348 44 1333.6 1333.2
Cso E,(19) 1202.5 5.3 1200.7 1200.1
Cso As,(10) 1176.5 2.7 1175.6 1175.3
Cso E,(17) —° —c 964.3 —
Cso E,(11) 7285 1.3 729.2 729.4
Cso Ay, (4) 5778 —c 576.4 576.0
Cso E.(8) 576.6 1.6 575.3 574.9 5701 4.9 (0.9%)
Cso E.(3) 397.3 —° 397.2 397.2

“ Splitting, strongest line; ” Emission wavelength reported from Nemes et al., ex-
trapolated to 0K [174]; ¢ No value could be determined in argon matrixes; ¢ Multi-
photon absorption from Kupser et al. [IT1], temperature not known.
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Figure 3.8: UV-vis spectra of different ratios of Cg0:Cfy:Cg, in neon and Ne + 1%
CO, matrixes, ratios are established from IR measurements. (a) neu-
tral Cgo in Ne + 1% CO,, (b) extracted spectrum of Cg, (c) mixture of
Cgé” ~ in Ne + 1% CO,, (d) mixture of C%H ~ in Ne, features of Cg,
are around 1050 nm. In the inset the absence of neutral absorptions
in the extracted spectrum is illustrated.

Electronic Spectra

With the ground state symmetry determined from IR absorption measurements
and DFT calculations, the ionic NIR absorptions of matrix isolated Cgo/ ~ can be
assigned. The C{; (Ds,) feature at 964.3 nm is assigned to the *E, + %A, transition,
the Cg, (D3q) feature at 1058.5nm is assigned to the ?E, < 2?A,, transition. The
second transition of C{, at 958.7 nm is discussed as either a different electronic state
or a spin-orbit component [0S, T31].

The oscillator strengths of the NIR transitions of C¢; and Cg, are inferred from the
measured integrated molar absorptivities of the IR vibrations (table B) and mea-
surements with a broad band MCT detector (14000 to 1000cm™!). Here both IR
and NIR absorptions are obtained within one spectrum. The oscillator strength of
the NIR absorptions of C{, is measured to be f = 0.015 & 0.005 for the 964.3 nm ab-
sorption, and f =0.01 £ 0.003 for the 958.7 nm absorption. The oscillator strength
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Table 3.3: Absorption wavelength of C{, and Cg, in argon and neon matrixes,
extrapolated gas phase value (linear and 2" order extrapolation, de-
tails see text), and gas phase absorption wavelength from direct mea-

surements.
matrix gas phase
Ay, Ane,  extrapol, nm extrapol., nm gas phase value,
nm nm linear 274 order nm
Cdo 9724  964.3 961.8 963.5 963.3“
Ceo 964.1 958.7 957.0 957.9 957.8°
Ceo 948.6 943.6 942.0 9429 9429
Ceo 9422 937.1 935.5 936.4 936.6 “
Cso 1066.8 1058.5 1055.9 1072t

“ Value from Campbell et al. [107], 5.8K; ¥ Value from Tomita et al. [IT2], room
temperature.

of the Cy, absorption at 1058.5nm is f = 0.022+0.005. Previous measurements of
the C{, oscillator strength [8] give a value which is about one order of magnitude
smaller, probably because the reference value of the NIR oscillator strength of C, is
taken from measurements in a glassy matrix [132], where the absorptions are much
broader than in neon matrixes.

NIR spectra of C¢, and Cg, isolated in solid neon and argon allow the estimation of
the gas-phase absorption frequencies (fig. B3). In table B3 the absorption frequen-
cies in argon and neon matrixes, and the extrapolated gas-phase frequencies of the

NIR absorptions of C;O/ ~ are listed.

Compared to direct gas-phase measurements, determined by multiphoton absorp-
tion and electron emission of Cg, in a storage ring [[I12], a shift of almost 20nm is
present for the Cg, value extrapolated from matrix. Also, the trend of the absorp-
tion wavelength from argon to neon is contrary to the gas-phase position. Even
though the gas-phase absorption measurements were performed at approximately
300K, temperature effects cannot explain the huge difference of 17 nm. Apparently,
the ground state and the first excited state of Cg, experience different distortions
from the matrix environment. For Cg,, the gas-phase wavelength of the NIR ab-
sorptions cannot be extrapolated from matrix measurements.

In contrast, for Cg;, extrapolation of matrix measurements can reproduce the gas-
phase absorption wavelength of helium-tagged cold C{; [107] to a high degree, the
deviation is below 20cm ™' (0.2%) for all absorptions. However, with a linear ex-
trapolation function, the matrix shift is overcompensated: the absorption wave-
length in neon matrixes is closer to the gas phase value than the extrapolated wave-
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length. Therefore, Cg, absorption wavelengths in matrix and gas phase are used to
determine a second-order extrapolation function,

VGP = Vmatriz + (14 £ 3) 7'/ 48 X qppaprie + (18 £3) em™/ds x a2 . .
with the apsorption frequencies v in wavenumbers, and the polarizability ou,atriz
of the matrix gas used. This function may help with the extrapolation of NIR gas
phase absorption wavelengths for systems similar to Cg;,. It may however be that
there is also a shift in teh gas-phase data due to the He complexation.

While the exact position of gas phase NIR absorptions cannot be determined by
extrapolation of matrix absorption frequencies, a very good approximation can be
given. This approximation can help with the identification of molecular species
generating diffuse interstellar bands, or the design of dedicated gas phase experi-
ments.

In the UV range, the direct measurement of the oscillator strength of C:{O/ ~ by an-
nealing the matrix is not possible, because the matrixes always contain neutral Cgy.

The absorptions of the neutral obscure those of C6+0/ . Additionally, the broad UV
features with half-widths of around 3000 cm ™! hinder further identification of any
single transition, and scattering in the UV complicates the determination of the
background signal.

However, as is shown in figure B8, by careful subtraction of the contribution of neu-
tral Cg, it is possible to estimate the oscillator strength of the 322 nm C{;, absorption
in a Ne + 1% CO, matrix to f =0.3+0.15, similar to the previously reported value
0.37 for CJ, [133]. The oscillator strength of the other absorptions of C{, could not
be obtained, they are estimated to be comparable to the values of CJ,. A more ac-
curate estimation is prevented by the unknown contribution of scattering in the
UVv.

TD-DFT calculations predict close-lying electronic transitions in the UV range for

Cgc/ﬁ/ ~, the broad features with half-widths around 3000 cm ™' obscure any single

transition. Plasmon-like excitations are suggested in the UV range for C%H .

3.2.2 Di- and Trications of Cgg

The reactivity of fullerene Cg, multications has been studied in gas phase using
mass-spectroscopic methods[134]. In the condensed phase, only the preparation of
a fullerenium (2+) ionic salt is reported [135]. No vibrational or electronic spectra
of the reactive Cop 13+ species have been reported, except for the measurements

presented in this work [[36].
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3.2 Cg and its Ions

Ceo di- and trications are produced by electron impact ionization. The ion current

for the di- and trications is 40nA and 10nA, respectively. Compared to C;, the

number of ions in the ion beam is 1/10 and !/50. Due to the capture of secondary elec-
2+/3+ . . . . ..

trons, Cyy'"" can only be investigated in matrixes containing electron scavengers.

The region between 800 and 600 cm ™! is dominated by strong absorptions of CO,
or CCly, hindering the identification of Cio /3% absorptions possibly present.

The high electron affinity of Ci, leading to electron transfer from CO, and CCl,
and the formation of Cjj, prevents accumulation of large amounts of this species in
neon (experimental ionization energies: Cgo: 7.6 eV (first), 11.4eV (second), 16.6 eV
(third) [137]; CO,: 13.8eV; CCly: 11.5eV; Ne: 21.56 eV [I38]).

Spectra are measured in the UV-vis (200-1100nm) and the IR (4000-400cm™).
Due to the extensive change in the experimental setup required,” no FIR measure-
ments were performed with matrixes containing fullerene Cg, multications.

Results
Vibrational Spectra

After depositing C3i into Ne + 0.15 % CCl, and Ne + 1% CO, matrixes, the char-
acteristic absorptions of matrix isolated C{, are observed due to electron capture
of C¢f during deposition. Several previously not observed features are present. A
detail of the mid-IR spectra is shown in figure B9. Additional absorption features
are identified as C;j absorptions by comparison with C, spectra from Ne + 0.15%
CCl, and Ne + 1% CO, matrixes.

Electron capture of Cgi during deposition prevents the accumulation of sufficient
Cii to measure the IR absorptions of this species. Matrixes prepared from deposit-
ing Cit result in IR spectra containing primarily Cg and weak C, features. There-
fore, no IR features of C3; are identified.

Electronic Spectra

NIR absorption spectra are measured after deposition of C5; or Cii into Ne + 1%
CO; and Ne + 0.15% CCl, matrixes. From IR measurements, the electron capture of
the deposited ions is verified: Matrixes from deposition of Cii contain additional
C{,, matrixes from deposition of C3} also contain C3i and Cg,. Traces of neutral

4The optical UHV windows have to be exchanged, which requires baking of the chamber, read-
justing the FTIR spectrometer, and producing a new sample, while no mid-IR spectra can be
measured at the same time. This cumbersome change of the measurement range was only per-
formed for C;, whose FIR absorptions are of special interest for astronomers.
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Figure 3.9: Detail of the mid-IR spectrum of Cg(/]_/ 2 (a) Cii co-deposited
with Ne + 1% CO, (left region) and Ne + 0.15% CCl, (right). (b)

Cg, co-deposited with Ne. Spectra are scaled to similar

absorption

intensities at 1405 cm ! (C{;). The spectrum of C is reassembled

in a way to exclude strong absorptions of CO, and CCl,.

46
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Cso and Cg, can be found in all matrixes studied. In the NIR, neutral C4y does not
exhibit any absorptions.

As shown in figure B0, in matrixes of Czf in Ne + 1% CO, and Ne + 0.15% CCly,
only the well-known absorption features of Cg, and some traces of Cg, are observed
in the spectrum, no additional absorptions of C; are detected. In matrixes contain-
ing C31, new absorptions are present at 899 nm and 857 nm in both Ne + 1% CO,
and Ne + 0.15% CCl, matrixes. While no IR features of C3; are identified, elec-
tronic transitions in the NIR are typically about three to four orders of magnitude
stronger than vibrational transitions. NIR absorptions of low concentrations of C3
are therefore detectable, although IR features are below the detection limit of the
experimental setup.

Discussion
Vibrational Spectra

The identified IR absorptions of C;; are listed in table B4. For comparison with
DFT calculations, the IR spectrum of C&/ is extracted by substituting the regions
between identified absorptions with zero base lines, while the frequency, intensity,
linewidth, and splitting of the absorptions remains unchanged. The extracted spec-
trum is shown in figure BT

The experimental integrated molar absorptivities of Cii IR absorptions are esti-
mated by two different approaches. First, the total amount of deposited Cgg is es-
timated from the integrated ion current and corrected for the charge state. The sec-
ond approach is to use the absorption intensity of the CCl; --Cl~ counterions [67],
estimated from samples of Cgo in Ne + 0.15% CCly, and known absorptivity values
for Cf, to approximate the total charge present in the matrix. Both approaches lead
to roughly the same values of the integrated molar absorptivity of C3!, the overall
accuracy is estimated to be approximately + 40%.

RI-DFT calculations (Turbomole [33], BP86/def2-SV(P)) are performed for Cg/ in
singlet (D5, symmetry) and triplet state (D54 and C; symmetry). As shown in fig-
ure BT, the experimental IR frequencies are reproduced to within 2% by a Dsq
singlet ground state. The calculated absorption intensities overestimate the absorp-
tivity of all identified IR features. The D;,; singlet ground state is also confirmed
by NIR measurements. The calculated triplet states show no agreement with the
experiment.

Comparison of the broadness of the IR absorption features from C, and C3} shows
that C31 features are generally narrower than those of C{, in the same spectral re-
gion. Additionally, C3/ features often exhibit partially resolved fine structure due
to multiple matrix sites, seen for example for the absorptions at 1562.1, 1320.6,
1302.7, and 1232.3cm ™!, whereas C{, generally exhibits broad features without
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(b) Cii deposited in Ne + 0.15% CCly, in the IR Ci and C, are
identified; (c) Cii deposited in Ne + 1% CO,; (d) Cai deposited
in Ne + 0.15% CCl,. TD-DEFT calculations of Cgro/ Y (e) singlet
Clo (Dsq); () triplet Caf (Dsq); (g) singlet Cod (Dsg); (h) doublet C2f
(C;). Experimental intensities are scaled for similar C, absorbance,
calculated frequencies are unscaled.
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tine structure in the range from 1600 to 800 cm~!. The four Ty, absorptions of neu-
tral Cgy exhibit sharp features with fine structure due to matrix sites as well. The
slow relaxation of the vibrational excitations suggests a weak electron-vibration
coupling in Cg.

Experimental and calculated frequency, fwhm, and integrated molar absorptivity
values of C;J IR absorption features are summarized in table B4. For absorption
features exhibiting a fine structure, the frequency v of the most intense line is set in
italics, the fwhm is also measured at these lines. The experimental integrated molar
absorptivity in neon matrixes Ay, at 5Kis derived from all absorption features. For
some lines (1562.1 cm ™! and 525.7 cm™'), it is not possible to assign specific normal
vibration modes due to multiple absorption features and close-lying theoretical vi-
bration modes.

Electronic Spectra

TD-DFT calculations of electronically excited states are performed for Cg{ in singlet
and triplet state with D5, symmetry, and for Cj; in doublet state with C; symmetry.
The experimental and the calculated spectra are shown in figure BI0. For triplet
Czi and doublet C3, strong electronic transitions are predicted close to the calcu-
lated transition of C¢,. For singlet Ci1, no strong electronic transition in the NIR
range is predicted. Experimentally, no NIR absorptions are detected for C;, there-
fore a singlet D5, ground state is assigned in agreement with IR measurements.

For Ci}, the stronger absorption at 899 nm is assigned to the band origin of the
?A, + 1%2A, transition. The energy difference to the second absorption of 545 cm™*
is well within the range of radial vibrations of the fullerene cage. Therefore, the
857 nm absorption is assigned as a vibronic feature of the ?A, « 1?A,, transition at
899 nm.

The gas phase absorption wavelengths of the NIR absorptions of Ci; are estimated
using the extrapolation function derived from the matrix shift of the C/;, NIR ab-
sorptions (see page B4). The extrapolated gas phase wavelengths is shifted to
higher energies, the absorptions of Ci{ are expected at 898.3 and 856.4 nm. Verifi-
cation of the extrapolated wavelengths is not possible, neither gas-phase nor argon
matrix data is available.

The oscillator strength of the NIR absorptions of C¢ in Ne + 0.15% CCl, matrixes at
5K is estimated. Assuming, that the overall charge of the matrix is zero, and from
the known absorptivities of Cd,, Ci4, and the CCl; --Cl~ counterion, the amount of
Ci¢ in the matrix can be approximated. From comparison of the NIR absorptivity
of Cg, and CjJ, the oscillator strength of Cii absorptions is estimated to be f =
2x1073 for the 899 nm feature and f = 4x10~* for the 857 nm feature. The error of
the oscillator strength is estimated to be 50%, due to the imprecise determination
of the Cj amount in the matrix.
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3.2 Cg and its Ions

Table 3.4: Assignment of experimentally identified singlet C3i (Ds4) absorption
features by comparison to DFT calculations: frequency v, full width
at half maximum (fwhm) and integrated molar absorptivity Ay, in
neon matrix at 5K, calculated frequency and integrated molar ab-

sorptivity Acqe.
experiment theory
fwhm?, Ay, Acales
mode v ecm™'  cm™'  km-mol™! v,em~!  km-mol™!
En(17); 15655 12 45118 1565.5; 160;
Ay, (9)° 1562.1; 1559.3 25.5
1559.9;
1556.7;
1552.5
E;.(15) 1396.4 3.8 50+20 1424.1 188
E1.(14) 1323.1; 1.2 8+3 1323.2 30.7
1322.6
1320.6
E..(13) 1307.3; 1.1 12+5 1307.2 56
1304.8;
1302.7
Az, (7) 1278.3; 1.4 11+4 1291.0 47.7
1275.2
E..(12) 1232.3; 1.2 743 1232.0 22.4
1230.6;
1228.5
E;.(11) 1168.9 1.9 1+0.5 1178.2 11.3
Ay, (5) 974.1; 1.4 542 976.2 18.3
972.7
E..(10) 952.9; 1.2 8+3 955.7 43.8
951.7
As,(2); 525.7 0.6 2+1 518.1; 12.2
E1.(3) ¢ 514.2 10.3

? For site effects or other distortions in Ne matrix, the most intense line is in italics;
b fwhm of the most intense absorption line; ¢ The specific normal vibrational mode
could not be assigned.
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Spectra of matrixes containing C3i and Ci measured in the UV range do not ex-
hibit any specific features that can be attributed to these ions. Similar to C./~, the
spectra in the range from 200-500 nm are almost identical to the spectra recorded
of matrixes containing only neutral Cg,. The same effect can be observed in TD-
DFT calculations, close-lying electronic transitions are predicted for all species. The
broadness of the features with fwhm of around 3000 cm™~! hinders further differen-
tiation of the absorptions. As for the other charge states of Cg studied in this work,

a plasmon-like excitation of the delocalized electrons is suggested for Cg;{/ iy

3.2.3 Summary

Electronic and vibrational spectra of neutral Cg, Cgy, Cdy, Cog, and Ciy isolated in
low temperature matrixes were recorded.

The previously measured data of C{, and Cg, in neon and argon matrixes [0S,
8] and of Cg, in gas phase [I'I1, T12] was reproduced and expanded into the FIR
and UV-vis ranges. The integrated molar absorptivities were measured in the FIR
to UV-vis range for Cg, and the FIR to NIR range for Cg,. From comparison of
the experimental data and DFT calculations a D, ground state for C{, and a Dj,
ground state for Cy, was established.

For C3;, optical spectra were recorded for the first time. In the IR, several vibra-
tions were identified and the integrated molar absorptivities were estimated. From
comparison with DFT calculations in the IR and NIR, a Dj, singlet ground state
was established for C5 .

Charge transfer from the electron scavengers prevented the accumulation of suffi-
cient amounts of Ci for identification in the IR range. In the NIR, for the first time
the 24, + 1?A, transition at 899 nm and a vibronic sideband at 857 nm from a C;
doublet ground state were observed. The integrated molar absorptivity of the iden-
tified features was estimated. The determined NIR absorptions may be of interest
for the identification of carriers of diffuse interstellar bands.

The apparent similarity of the UV spectra of different charge states of Cgy was ra-
tionalized by plasmon-like excitations. These results were supported by TD-DFT
calculations, yielding similar electronic transitions in the UV range independent of
the charge of the Cgy molecule.

The overall fit of DFT calculations for vibrational and electronic transitions in re-
spect to position and intensity suggests that Cgy and the studied ions show no
strong non-Born-Oppenheimer effects.

A comparison of the extracted IR spectra of C3, Cd;, Cg, and Cii is shown in figure
B2, the NIR absorptions of Cg, Cg,, and Cii are compared in figure B13.
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Figure 3.12: Comparison of the extracted experimental IR spectra of matrix iso-
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Figure 3.13: Comparison of the experimental NIR absorptions of C;{ ~ in Ne
(a), Cy in Ne + 0.15% CCl, (b), and Ci*" in Ne + 0.15% CCl, (c).
Spectra are scaled for similar intensity of the C, absorption. For
CY, and C1, no NIR absorptions were detected.

The absorption frequencies of matrix isolated species were in good agreement with
gas-phase emission and absorption frequencies, suggesting only a small influence
of the matrix. Many of the identified absorptions have not previously been mea-
sured in gas phase. The frequencies and intensities of these transitions in gas phase
can be estimated reasonbly well by linear (IR) or non-linear (NIR) extrapolation.
The values obtained in neon matrix measurements provide a good first order pre-
diction of the gas-phase values, in particular for cations. Due to the small shift in
absorption frequency from neon matrixes to gas phase [#3], the measured results
can be used for the identification of Cgy cations in space in the IR [127, 78] and
their contribution to diffuse interstellar bands [107] and UV absorptions in space
[T39, 140].

3.3 C,o and its lons

Similar to Cgp, C7o has been the subject of extensive theoretical and experimen-
tal investigations. Its first detection [90] and extraction from carbon soot [93] was
achieved together with Cg.

The structure of Cy is similar to Cg,, with additional six-membered rings and a
lowered symmetry (Ds;). A schematic drawing of C7, with the ten additional car-
bon atoms, forming five extra hexagon rings, is shown in figure BT4. The pentagon
rings are isolated from each other, making C7 chemically inert.
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Figure 3.14: The structure of Cyy. The ten atoms additional to the Cgy molecule,
forming five extra hexagons, are marked in red.

As is the rule for different fullerene species, Cgy and Cr, strongly differ in their elec-
tronic properties. For example, no superconducting phase of alkali metal interca-
lated Cr has been identified. In organic photovoltaics, Cr, is used as electron trans-
porter and acceptor due to its higher absorptivity in the visible range compared to
Cgo [T4T]. Addition of organic substituents further improves the characteristics of
solar cells containing C7y by modifying the electron affinity.

Cro was identified in IR emission spectra together with Cg, in 2010 [102]. To date, it
is the largest molecule identified in space. No observation of C3, in IR emission or
visible absorption spectra of astronomical objects has been reported.

Neutral C7, was studied in the gas phase by IR emission spectroscopy [124], and
by absorption spectroscopy [147]. In the UV range, its spectra were measured from
thin films and solution [1T4]. The integrated molar absorptivity of C7, in KBr pellets
was measured for the most intense absorptions [ITY].

The electronic transitions of C;FO/ ~ were studied in organic solvents, glasses, and
cryogenic matrixes. Most of these experiments focused on the NIR region, where
strong absorptions of C;, are present at 1363 nm [[43, 9].

In the infrared range, C;, was studied in organic solvents, where it is formed by
charge transfer [144]. A strong interaction of the fullerene anion with the sol-
vent has to be assumed. For C3,, no IR spectroscopy measurements have been
reported.

C%; was studied by mass spectrometry. From electron impact ionization, the sec-
ond ionization energy of C7, was measured to be 11.36 eV [145]. No optical spec-
troscopy measurements of C3} have been reported in the literature.
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3.3.1 Neutral and Monoionic Cg

Cro cations are produced by electron impact ionization, the setup is described in de-
tail in chapter 23. For the experiments with mass selected ions, a current of 80 nA
can be achieved. C3, ions are co-deposited onto the gold coated sapphire substrate,
which is held at approximately 5K, with an excess of matrix gas. Deposition time
for all samples is around one day, resulting in roughly 10 nmol of deposited ions in
a spot size of approximately 1 cm diameter.

During deposition, the matrixes are neutralized by electron capture of the deposited
Cy, resulting in the formation of neutral C7, and anionic Cz,. In matrixes formed
from Ne + 1% CO, or Ne + 0.15% CCl, as electron scavengers, the formation of
neutral and anionic Cy is suppressed. Two different electron scavengers are used
because their infrared absorptions, obscuring some regions of the spectrum, only
coincide in small wavelength regions. The spectrum of neutral C;, is measured
after direct deposition of Cr, from a Knudsen cell without mass selection.

Annealing of the matrixes leads to neutralization of the ionic species and allows
for an estimation of the integrated molar absorptivities. From measurements of
the absorption wavelengths in neon and argon matrixes, the gas-phase values are
estimated by linear extrapolation. Measurements are performed in the IR range
from 4000 to 400 cm ™!, and in the UV-vis range from 250 to 1100 nm.

Results
Vibrational Spectra

IR spectra of matrixes containing only neutral C;, show the well-known IR absorp-
tions of Cyy [142]. In comparison to Cgp, the number of vibrational modes is in-
creased because of the additional atoms and the reduced symmetry of C7y (Dsy).
Therefore the IR spectrum of Cr, exhibits more absorptions than the highly sym-
metric Cg (/). The assignment of the most intense absorptions according to DFT
calculations, their frequencies and integrated molar absorptivities in neon matrixes,
as well as the calculated frequencies and integrated molar absorptivites are listed
in table B3.

After deposition of mass selected Ci, into neon matrixes, absorptions of C, and
C;, are present, as well as absorptions from neutral C7,. The addition of the elec-
tron scavenger CO, or CCl, to the matrix gas allows for the differentiation of ab-
sorptions of C4, and C5,. No IR spectra of matrix isolated ions of C, have been
reported in the literature.

In contrast to the spectra of the ions of Cgy, where the ionic absorptions exhibit a
typical fwhm of less than 5 cm™*, the absorption features of C, and C;, are generally
broader, with a typical fwhm of 10cm™' or more, with only some sharp features.
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Table 3.5: Assignment of the most intense absorption lines of neutral C7, by
comparison to DFT (Ds), singlet): experimental frequency, full width
at half maximum (fwhm) and integrated molar absorptivity Ay, in
neon matrix at 5 K, calculated frequency and integrated molar ab-

sorptivity Acqe.
experiment theory

mode v,em™ '  fwhm,cm™! Ay, km-mol™! v,em— 1 A, km-mol™!
E}(21) 1566.4 1.7 3.2+0.3 1555.6 3.7
A%9) 1463.2 1.5 5.6+£0.5 1477.5 11.4
E}(19) 1435.1; 1.9 126+12 1446.2 169.4

1432.3 ¢
E|(18) 14154 1.1 11+1 1417.8 5.3
A%(6) 1138.1; 1.3 8.9+0.7 Y 1141.6 99

1135.7 ¢
E}(13) 1088.3 2.1 2.2+0.2 1088.9 3.1
E/(10)  799.5 0.6 941 706.7 5.4
E{(8) 677.5 0.9 162 654.6 12.7
E(7) 644.3 0.6 6.5+0.6 628.1 10.6
AL(3) 5807 0.7 202 563.8 16.4
E(6) 565.7 1.1 7+1 557.2 18.4
E (5) 536.1 0.7 2142 530.9 374
A%(2) 458.6 0.9 8+1 446.6 7.7

“ Site effect in Ne matrix, strongest absorption set in italics, fwhm of strongest fea-
ture; * The value was taken from Iglesias-Groth et al. [TT9].

The overlap of some features complicates the identification and assignment of the
absorptions. In figure BI3 the spectra of neutral Cy, in Ne, and of C, deposited
neon and Ne + 1% CO, are shown. In the inset, broad absorptions of C;, in the
1100-800 cm ™! range are shown.

After deposition of C; into pure argon matrixes, almost all absorptions of C%,, C5,,
and C;, identified in neon matrixes, are also present. The spectra in two IR regions
are shown in figure BTA. As for Cgy and its ions, the interaction with argon leads
to small shifts in the absorption frequencies. Typically, the absorptions in argon
are even broader than in neon matrixes. By extrapolation of the matrix shift, the
gas-phase absorption frequencies of C7, and its ions are estimated. Absorption
frequencies from argon and neon matrixes, and the extrapolated gas-phase values
are listed in table B.6.
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Figure 3.16: Detail of the absorptions of C%H ~ in Ne and in Ar matrixes. (a)
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sity of the CY, absorptions.
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Electronic Spectra

The known electronic absorption spectrum of Cy, isolated in neon matrixes [9]
was obtained by deposition of neutral C,. Below 570nm, it is defined by a well-
resolved vibronic structure and sharp and well-defined peaks up to approximately
700 cm~! above the band origin, as well as further, broader features to the blue.

Deposition of mass-selected C7, into neon matrixes gives rise to additional absorp-
tions in the 645-800 nm range (fig. B20). Two broad and overlapping features can
be distinguished. The first feature lies in the range from 690-800 nm, it has a rich
vibrational structure and a band origin at 798 nm. The second feature lies in the
range from 645-715nm and does not exhibit clear vibrational features. In matrixes
containing electron scavengers, these absorptions gain in relative intensity, with
the exception of one sharp feature at 773.5nm. Therefore, the two broad features
are assigned as C7; absorptions. The assignment of the first absorption region is
in agreement with previous measurements [J], except that one prominent feature
at 705.8 nm is missing in our spectrum. The second absorption feature in the 645-
715nm range has not been previously reported in the literature. The previously
reported broad absorption of C;; at 1363nm [Y, T43] could not be detected with
the measurement setup due to spectral limitations of the detector used. In the UV
range, matrixes containing a mixture of C%,, C, and C;, do not show additional
absorptions compared to matrixes containing only neutral C7,. UV-vis spectra of

. o e 0 — . .
matrixes containing C7é+/ are shown in figure B20.

Discussion
Vibrational Spectra

To facilitate the identification of ionic absorptions and the comparison to DFT cal-
culations, the absorptions of C4; and C;, have been extracted by subtracting the
(scaled) neutral or the neutral and cationic absorptions, respectively. The result-
ing difference spectra and the identified absorptions of CJ;, and C-, are shown in
figures B17, BI8 (C;,), and B9 (C-;). The strong absorptions from the electron
scavengers are shown in reduced contrast. For C3,, 9 absorption features are iden-
tified. The asymmetric shape of the absorptions at 1445 and 1542 cm™! suggests
several overlapping broad features.

The ionic absorptions of the fullerene Cgy show a dynamic Jahn-Teller distortion
above approximately 1000 cm ™!, resulting in a broadening of the absorption fea-
tures. Cf, shows the same behavior. While the low energy absorption features
below 550 cm™"! have a fwhm of below 3cm™!, most vibrational modes at higher
energies show a halfwidth of 10ecm™" or more.
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Table 3.6: Absorption lines of neutral C;, in argon and neon matrixes at 5K:
frequency v4, and vy, full width at half maximum (fwhm) in argon
matrixes, extrapolated and measured gas phase values and deviation
A of the extrapolation.

matrix isolation gas phase
VAr, fwhm (Ar), UNe, extrapolated, measured“, A,
mode cm™! cm~! cm™! cm™! cm~! cm™!
E 1 (21) 1566.1 2.8 1566.4 1566.5
AL©9) 1463.3 2.5 1463.2 1463.2
E 1 (19) 1435.2; 2.2 1435.1; 1432.3 1432.0 0.3 (0.0%)
1432.3 "% 1432.3%
E|(18) 1414.9 0.9 1415.4 1415.6
A%(6) 1138.8; 1.3 1138.1; 1137.9 11441 6.2 (0.5%)
1136.1° 1135.7 b
E(13) 1088.9 2.3 1088.3 1088.1 1099.6 11.5 (1.1%)
E[(10) 798.9 0.8 799.5 799.7 793.3 6.6 (0.8%)
E (8) 677.1 1.2 677.5 677.6
E(7) 644.1 0.8 644.3 644.4 638.5 5.9 (0.9%)
AZ(3) 580.6 0.8 580.7 580.7 583.1 2.4 (0.4%)
E[(6) 566.4 1.2 565.7 566.1 567.7 1.6 (0.3%)
E((5) 536.8 1.5 536.1 535.9 545.0 9.1 (1.7%)
AL (2) 459.5 1.0 458.6 458.3

" Emission wavelength reported from Nemes et al., extrapolated to 0K [124]; ? Site
effect in Ar and Ne matrixes, the most intense line is set in italics.
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Figure 3.17: Comparison of the calculated spectrum of C, (Cs symmetry) (a) to
the difference spectra of C#, in Ne + 1% CO; (b) and in Ne + 0.15%
CCly (c) matrixes. The identified absorptions of C3, are marked
with red arrows, strong absorptions of the electron scavengers are
shown in reduced contrast. Details see text.
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Figure 3.18: Comparison of the calculated spectrum of C#, (C symmetry) (a) to
the difference spectra of C#, in Ne + 1% CO; (b) and in Ne + 0.15%
CCly (c) matrixes. The identified absorptions of C#, are marked
with red arrows, suspected absorptions with blue arrows. Strong
absorptions of the electron scavengers are shown in reduced con-
trast. Details see text.
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Figure 3.19: Comparison of the calculated spectrum of C;, (Cs, symmetry) (a)
to the difference spectra of C;, (b) by subtraction of cationic spectra
from Ne + 1% CO, (dark blue) and from Ne + 0.15% CCl, (light
blue) matrixes. The identified absorptions of C-, are marked with
red arrows. Strong features of the electron scavengers and neutral
C,( are shown in reduced contrast. Details see text.

For C;,, broad absorptions with fwhm of more than 5cm™' dominate the entire
spectrum, with only some sharp features around 500 cm~!.The broadness of the
absorptions can be rationalized by low energy dynamic Jahn-Teller distortions.

RI-DFT calculations (Turbomole [33], BP86/def-SV(P)) are performed for the ions
in C; (C,) and Cy, (C5,) symmetry, the isomers with the lowest calculated ground
state energy, as can be seen in figures B17, B8, and BT9. Comparison with the
experimental spectra of the ions does not show an agreement between experiment
and theory.

Note, that TD-DFT calculations of C3, and C;, predict electronic transitions at low
excitation energies, in the case of C4; at 1086 and 1271cm™!, in the case of Cy,
at 1177 and 1553 cm™!. Therefore, the infrared activity of the system cannot be
accounted for only by the displacement of the nuclei. The electronic transitions also
contribute to the induced dipole, leading to a breakdown of the Born-Oppenheimer
approximation. Neither the spectra calculated for C}, and C5, in this work, nor in
the calculations of C. W. Bauschlicher [[[46], are able to reproduce the experimental
spectra.
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3.3 Cy and its Ions

Contrary to C;LO/ ~, the experimental IR spectrum of neutral Cy, is reproduced to a
high degree by DFT calculations in D5, symmetry.

Thermal annealing of the neon matrix containing C%H " leads to an increase of CY,
and a decrease of C}, and C;, absorption intensities. Assuming that the dominant
neutralization channel is via Cf, + C;; — 2 CY%,, and using experimental absorp-
tivity data of neutral Cy, in KBr pellets [I1Y], the absolute absorptivity values of
the absorptions of CJ, and C7; in 5K neon matrixes are established. Experimental
determination of the integrated molar absorptivity of the ionic absorptions is hin-
dered by the overlap of some features and their broadness. The overall accuracy of
the molar absorptivities of C#, and C,, listed in table B, is therefore estimated to
be roughly +40%.

The IR gas-phase absorption frequencies of CYt/™ are extrapolated from measure-
ments in neon and argon matrixes. A detail of the spectra in Ar and Ne matrixes
is shown in figure BTA. The absorption frequencies and the extrapolated gas phase
positions are listed in tables B-f and B.

For neutral Cy,, the extrapolated gas phase frequencies are compared to gas phase
emission values by Nemes et al. [174]. Most of the extrapolated frequencies show
a good agreement to the emission wavelengths with deviations of less than 1%.
However, two modes (E/(5) and E/(13)) show a larger deviation of 1.7 and 1.1%.
The difference between the matrix and gas phase data can be rationalized by taking
into account, that the gas phase spectra are emission frequencies measured at 930
to 1200 K, and linearly extrapolated to 0 K.

For C;FO/ ~,no gas phase absorption or emission spectra in the IR range have yet been
published. The error of the extrapolated frequencies from matrix measurements
is assumed to be less than 1%, consistent with neutral Cgy, C79, and previously
published results for other species [176].

Electronic Spectra

The UV-vis spectra of CY/*/~ are shown in tigure B20.

For neutral Cy, the spectra measured in this work are identical to spectra previ-
ously published. For C4;, an additional electronic transition is identified, and two
features, previously assigned to vibronic transitions, are re-assigned as features of
C, and C37, respectively.

The vibronic transitions of the neutral C;, were assigned to the ' A}, +-A/ (band ori-
gin at 644.2nm), 'E} +'A] (origin at 637.3nm), and 'A/ «+-'A/ (origin at 626.3nm)
transitions [147], of which the 'E}| +'A/ transition is the lowest energy transition
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Table 3.7: Identified absorption lines of C#, and C3,, frequency and fwhm in ar-
gon and neon matrixes, the integrated molar absorptivity Ay, mea-
sured in neon matrixes, and the extrapolated gas phase frequency.
Not all absorptions could be identified in Ar matrixes.

matrix gas phase
Var, fwhm(Ar), vn., fwhm(Ne), Ane, extrapolated,

cm ! cm ! cm ™! cm™! km-mol~! cm !
Ci, 1540 20 1542 20 57423 1543
C3, - - 1445 20 80416 -
Ci, 1129.3 3.8 1128.5 2.2 542 1128.2
Ch - - 868.3 7 9 1.2+0.5 -
C;FO 709.3 2.3 710.4 b 1.7 0.9+04 710.7
Ci 591 - 595 b 15 10+4 596
Ci, - - 534.9 1.2 -¢ -
Ci, 509.6 1.6 507.9 1.7 1+0.4 507.4
C;FO 463.2 1.8 462.7 1.5 442 462.5
Co 1508.5 20 1505.0 20 2048 1503.9
Co 1406.3 3.8 1406.8 6 6754270 ¢ 1407.0
Co 1402.3 3.1 1401.5 4.6 d 1401.2
Co 1389.5 5.1 1388.2 5.1 d 1387.8
Co 1359.1 3 1358.3 4.7 9+4 1358.0
Co 1329.1 34 1328.1 2.8 442 1327.8
Co 1241.4 7 1237.2 12 25410 1235.9
Co 1210.1 14 1208.0 10 40+16 1207.3
Co 1070.0 2 1069.8 2.2 2+1 1069.7
Co, 986 14 981 12 34414 979
Co 898 10 894 10 33+13 893
Co 884 10 880 12 29412 879
Co - - 756 8 31+12 -
Co 747 2 746 6 11+4 746
Co 725 15 722 9 74430 721
Co 694.0 0.9 694.1 0.9 2048 694.1
Co 563.8 1.5 562.4 1.3 31+12 562.0
Co 534.0 1.5 532.5 1.3 11+4 532.0
Co - - 523.5 6 28+11 -
C., 4850 10 4842 8 27410 483.9

* Absorption only measured in Ne + 1% CO, matrix; b Absorption only measured
in Ne + 0.15% CCl; matrix; ¢ Absorption coincides with neutral feature, A y. could
not be determined; ¢ A, determined over whole range.
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to be observed in neon matrixes. Towards higher energies, the vibronic features be-
come broader. Broadening of the vibrational features can be explained by a short-
ened lifetime because of internal conversion or by an overlap with other transitions
[9]. A full assignment of the absorptions is available in Sassara et al. [T47].

Towards the blue of the vibronic transitions of neutral Cyy, absorptions without
vibrational structure are present with pronounced maxima at 468, 378, 360, 331,
236, and 214 nm [145].

The features of C, in the region of 690-800 nm have been assigned to vibronic tran-
sitions of the ?E; «?E/ electronic transition, one of four transitions expected for
the assumed ZE} ground state. The 2Af ground state was excluded because of
the energy range of the observed transitions. The measured (by photoelectron
spectroscopy) and calculated position of the *E] «-?E/ transition is roughly at
785 nm , showing good agreement with the band origin at 798 nm in neon matrixes
[T49, 150]. The assignment of the vibronic features of the ?E] +-*E/ electronic tran-
sition of C#, is given in Fulara et al. [9].

With the exception of the features at 773.5 and 705.8 nm, all reported vibronic fea-
tures are confirmed.

The absorption feature at 773.5nm is present in samples of mass selected C#, in
pure neon matrixes, but does not occur in matrixes containing electron scavengers.
This behavior is expected for anionic absorption features. The reason for its promi-
nence in the experiments of Fulara et al. [9] is, that the authors used a preparation
method, which creates similar amounts of cations and anions in the matrix simul-
taneously. The appearance of anionic absorptions is thus not surprising. TD-DFT
calculations predict a transition of C7; in this energy range. Previous experiments
with anions of Cy, in organic solutions do not report features of C;, in this range
[151, 152, 144]. For the C3; charge state, an absorption in the range of 760 nm was
identified [T43]. However, the presence of this species can be ruled out in matrix
environments. As only one absorption of this kind could be observed in the UV-vis
range for Cy( and its ions, our assignment remains tentative until further measure-
ments are performed - ideally on matrixes containing only anionic Cr.

The absorption feature at 705.8 nm, tentatively assigned to the band origin of the
*EY « 2E transition of C1, by Fulara ef al. [9], does not appear in any of our spectra
measured after the deposition of C},. However, the deposition of C2} leads to a
prominent peak at 705.7nm. Its appearance in the measurement by Fulara et al.
[9] can again be explained by the method used for sample preparation, where a
matrix containing neutral Cr is illuminated with UV radiation (Ne I). Apparently,
the formation of trace amounts of C51 cannot be excluded by this technique. The
full spectrum of C2} will be discussed in the following section B32.

The newly-discovered second broad absorption feature (645-715nm) is assigned to
the ?Ej <+ 2E/ transition of C,. Using ab initio calculations, the transition was
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Figure 3.20: Left: UV-vis spectra of neutral Cr, in Ne (a), a mixture of C%H -
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(773.5nm), and C2; (705.7 nm) are labeled.
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estimated to be at 685nm [[I50], which is close to the measured wavelength of ap-
proximately 715nm. The identification of the band origin of this feature is compli-
cated by its overlap with the *E}| <« ?E/ transition. The agreement with theory is
not expected to be as good as for the first absorption, given that the photoelectron
spectrum [149] does not show a distinctive peak in the corresponding region [9], in
contrast to the first absorption.

The additional electronic transitions of C, from the E} ground state (°Ej «+2E/
and *E), «+*E/) are calculated to be around 1900 nm and 1300 nm, respectively, and
are not in the spectral range of the detector used in this experiment.

In the region below 625nm, no additional characteristic features of C//™ are de-
tected. The broadness of the features with half-widths around 3000 cm™! hinders
identification of any single transition. TD-DFT calculations predict close-lying elec-
tronic transitions in the UV range for the different charge states of Cy, investigated.
As for Cg, the similarity between the UV absorptions of C;, and its ions originates
in the plasmonic nature of these transitions, the excitation is carried by several de-
localized electrons.

The integrated molar absorptivity of C7, and its ions could not be determined in
the UV-vis region. Annealing of the sample did not lead to appreciable changes
of the absorption intensities in the UV-vis. Also, IR and UV-vis measurements are
done with different setups, therefore the IR absorbance cannot be used to deduce
the absorptivity in the UV.

3.3.2 Dications of Cg

C2{ is generated by electron impact ionization and deposited into Ne + 1% CO
and Ne + 0.15% CCl, matrixes with a charge current of 5nA, corresponding to an
ion beam intensity which is 1/30 of the monocation. Deposition time for IR measure-
ments is two to three days. Due to its high electron affinity, it can only be studied
in matrixes with electron scavengers. In pure neon matrixes, the deposition results
in the capture of secondary electrons by C3, preventing the accumulation of suffi-
cient material for IR spectroscopy.

The ionization energies of Cr, are comparable to those of Cg (experimental ioniza-
tion energies of C7y: 7.48 eV (first), 11.36 eV (second), 16.46 eV (third) [T45]).

Results
Vibrational Spectra

IR spectra of C3{ isolated in Ne + 1% CO, and Ne + 0.15% CCl, matrixes are shown
in figures BZT and B22. Weak features, previously identified as C%, and C3, ab-
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Figure 3.21: Comparison of the far-IR absorptions of neutral C7, in Ne (a), C%+

in Ne + 1% CO, (b) with weak features of C, present, and C;”O/ o+
in Ne + 1% CO; (c). Spectra are scaled for similar intensity of the
neutral or cationic absorptions.

sorptions, as well as several new features are observed, which are identified as
C2¢ absorptions. The region between 800 and 600cm™~ is dominated by strong
absorptions of CO, or CCly, hindering the identification of C2} absorptions possi-
bly present. Absorptions in this range, and very weak absorptions in general, are
assigned tentatively.

The fwhm of the identified absorptions of C2{ is less than 2cm™! in the region be-

low 900 cm ™. At higher wavelengths, some of the absorptions are broader, with a

halfwidth of more than 5cm™!.

Electronic Spectra
In the UV-vis range, deposition of C3; into Ne + 1% CO, and Ne + 0.15% CCl, ma-

trixes leads to the emergence of additional absorption features, most prominently
a sharp peak at 705.7 nm with several weaker features in the range of 705-670 nm.
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Figure 3.22: Comparison of the mid-IR absorptions of neutral C7, in Ne (a),
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tra are scaled for similar intensity of the neutral or cationic absorp-
tions. Strong CO, absorptions are shown in reduced contrast.
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Since these absorptions only occur in samples with C3;, and not with any other
species investigated in this work, they are assigned to transitions of CZ;.

In the range from 300 to 500nm, a broad feature is present (fig. (d)). The
poor quality of the matrix, due to the long deposition time, results in too much
light scattering for the measurement of clear spectra. No distinct absorptions of the
tullerene Cr, species present in the matrix are observed in the UV range.

Discussion
Vibrational Spectra

For comparison with calculations, the IR spectrum of C2} is extracted by substitut-
ing the regions between identified absorptions with straight lines, while the posi-
tion, intensity and fwhm of the absorptions remain unchanged. Absorption features,
for which no unambiguous assignment is possible, are marked (fig. B23).

RI-DFT calculations (Turbomole [B3], BP86/def2-SV(P)) are performed for C3! for
different ground state symmetries (C,, Cs, Ca,, Cs,, and Dj),) in singlet and triplet
state.

For C3f, a Dj, triplet ground state symmetry is identified. Its energy is close to
the calculated minimum (+0.01 eV, corresponding to C5, symmetry). However, the
small energy difference is well within the error of the calculation. Since the calcu-
lated spectra for Ds;, and C5, symmetry are close to identical, the ground state of
C2f is assigned to the state with the higher symmetry, Ds;,. The other symmetries,
as well as the singlet state, do not reproduce the experimental spectrum.

The comparison of the calculated triplet D5, spectrum with the experimental ex-
tracted spectrum is shown in figure B23.

The calculated frequencies of the triplet Dy, C31 absorptions are in good agreement
with the experimental results. Below 600 cm™!, the calculated spectrum fits to the
number of detected absorptions, although the relative intensity of the absorption
at 524.1cm™! is not predicted correctly. For the absorption at 554.2cm™!, no corre-
sponding calculated normal mode is identified. In the 800 - 600 cm ™! range, strong
absorptions of the electron scavengers CO; and CCl, hinder the identification of
C2; features. In figure B23, this range is marked in gray. In the range from 1250 -
1100 cm ™, the calculation predicts several transitions (E; (14, 15, 16)), which are
not detected in the experiment. The calculated intensities of these absorptions are
probably overestimated.

As for C3f, a rough estimation of the integrated molar absorptivity of C2} is done
by two different approaches, by the deposited number of ions and the intensity of
the absorptions of counterions.
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Table 3.8: Assignment of the identified absorptions of C3} by comparison to
DFT (Ds), triplet): their experimental frequency, full width at half
maximum (fwhm), and integrated molar absorptivity Ay, in neon
matrixes, and the calculated frequency and integrated molar absorp-

tivity Acqie.
experiment theory

v, fwhm, Ane, v, Acales
mode cn! om™! km-mol™! cn~!  km'mol™!
A,"'(10); 1537.6 2 5.4+£2 1537.1; 106;

E,'(21) 1531.8 218

E;’(20) 1459.5 7.3 18+7 1460.3 411
E,’'(17) 1328.8; 1.4 30+12 1304.8 305

1323.5
E,’(13) 962.8; 3.1 64+26 986.0 1341

952.8

948.7

945.8
E,’'(12) 883.2 1.7 44+18 870.1 440

879.5
E,'(9) 712.0°¢ 0.6 1.3+0.5 687.3 71
E.'(7) 642.3 0.6 8+3 620.3 177

-4 554.2 0.7 7+3 - -

E.'(6) 524.1 0.9 4.5+2 530.7 6.8
E,'(5) 490.1 0.7 2+0.8 499.2 143
E,'(4) 473.6 0.6 2.3+£1 478.0 236
E,'(3) 410.4 0.6 5.5£2 379.3 111

“ Site effect in neon matrixes, most intense line set in italics, fwhm of most intense
line, Ay, integrated over all absorptions; b No clear assignment to calculated nor-
mal mode; ¢ Absorption only identified in Ne + 0.15% CCl; matrix; 4 No normal
mode could be identified.
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The total amount of deposited Cz; is estimated from the integrated ion current
corrected for the charge state. For the second approach, the absorption intensity of
the CCl; --Cl~ counterions [h7] is estimated from samples of CZ; in Ne + 0.15% CCl,
and known absorptivity values for CJ, to approximate the total charge present in
the matrix. Both approaches lead to roughly the same values of the integrated
molar absorptivity of C37, the overall accuracy is estimated to be around +40%.

For the identified absorptions of C2;, the experimental and calculated frequencies
and integrated molar absorptivities, and the assignment according to DFT are listed
in table B8.

Similar to C, and Cg,, C2{ exhibits sharp absorptions with a halfwidth of less than
2cm~ ! in the Wavelength region below 900cm™'. At higher energies, the fuwhm
increases, indicating a dynamic Jahn-Teller effect for vibrational modes with a tan-
gential motion.

Electronic Spectra

In figure B2, the absorption features of C4;, C5,, and C5f in the visible range are
shown.

The strong absorptlon feature of C3¢ at 705.7nm is assigned to the band origin
of the 4°E," + X*A;’ transition by comparison to TD-DFT calculations. With a
displacement of 227 and 377 cm ™" respectively, the distinct, but weaker absorptions
at 694.6 and 687.4nm are assigned as vibronic excitations.

In previous measurements by Fulara et al. [9], the band origin was identified as
a transition of C4,. Apparently, the sample preparation by irradiating a matrix
containing neutral C70 with Ne I radiation leads to the formation of traces of Cz},
along with Cf; and C3,. The integrated molar absorptivity for the 4°E;” + X3A;’
transition of C2+ could not be established.

Since this absorption of C3] lies in the absorption range relevant for astronomy, it
may be a candidate for a carrier of diffuse interstellar bands, and would indicate
the presence of C7/ in interstellar space. As was shown for Cg, in section B2, only
a small matrix shift is expected in neon matrixes. The neon matrix wavelength of
705.7 nm is thus a good first approximation of the gas phase frequency of the tran-
sition until further measurements are performed, either in matrixes using different
noble gases or in gas-phase.

In the UV-vis range, a broad feature is observed from 300 to 500 nm. Whether this
feature is an absorption of C2}, or a scattering effect of the matrix, could not be
determined. Further measurements are required.

75



3 Spectroscopy of Isolated Fullerenes, Azafullerenes, and their Ions

3.3.3 Summary

Electronic and vibrational spectra of neutral Cy,, C;,, C,, and C%/ isolated in cryo-
genic matrixes were recorded.

The integrated molar absorptivity of the most intense absorptions of neutral Cx,
was determined.

For C, and C;, the IR absorptions were measured for the first time in noble gas
matrixes. Several absorptions were identified in the IR to UV-vis range, and the
integrated molar absorptivity of the IR absorptions was estimated. Deposition of
C4, into argon matrixes allowed the estimation of the IR gas-phase absorption fre-
quencies of neutral Cyy, C-,, and C,,.

In the UV-vis, the assignment of absorptions of C4, was revised, two features previ-
ously assigned to vibronic transitions of C; are re-assigned to C, (773.5nm) and
C24 (705.7nm). A new electronic transition of C; was identified at 715 nm.

In the UV-vis range below 500 nm, no difference between the absorptions of C%J’/ B
was observed. This is consistent with TD-DFT calculations, and indicates plasmon-

like excitations of the delocalized electrons.

Both C, and C, were established as non-Born-Oppenheimer systems. Electronic
potentials with intersections at energies of less than 1000 cm ™! are suggested. Cal-
culations of the IR spectra of the ions in the correct electronic potential are ongoing
in collaboration with Dr. E. Gromov, Dr. S. Klaiman, and Prof. L. Cederbaum
[153].

C2} was measured spectroscopically for the first time. In the IR, several vibrations
were identified and their integrated molar absorptivities were estimated. From
comparison with DFT calculations, a Dy, ground state for C2 was suggested. In

the UV-vis, an electronic transition with vibronic sidebands was identified at
705.7 nm.

3.4 Non-IPR Csg and its lons

Classical fullerenes smaller than Cgy always have a ‘non-IPR’ structure with adja-
cent pentagon rings (see page 7). Non-IPR sites increase the strain of the fullerene
cage, thereby reducing the stability of the species. Furthermore, they act as defect
sites, leading to an increased reactivity. Extraction of these non-IPR species from
carbon soot by solvent extraction is not possible due to polymerization, which is
hindering their experimental study.

Non-IPR fullerenes have been studied mostly theoretically, for example their struc-
ture has been calculated with DFT [I54, 155]. For Css, a C3, ground state symmetry
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Figure 3.24: The two C;g isomers of lowest energy [156]. (a) C; symmetry, show-
ing the heptagon ring, and (b) C5, symmetry, showing one of the
three pairs of adjacent pentagons.

is predicted [[56]. However, the energy difference of the non-classical C isomer is
only around 0.03 eV for the neutral [T56] and 0.05eV for the cation [157], which is
well within the accuracy of DFT calculations [23].

Experimental studies of Csg are scarce. Electronic, vibrational, thermodynamic, and
mechanical properties of thin films prepared by deposition of mass-selected ion
beams have been studied [[58, 159, I6(]. However, polymerization of the reactive
Css cages in thin films masks the properties of the isolated molecules. So far, only
one experimental study of single Css molecules, adsorbed on a Au(111) surface
and studied with STM, has been reported [84]. No unambiguous experimental
determination of the molecular symmetry of Css or its ions has been achieved as
yet.

In the following sections, the first optical spectroscopy measurements on isolated
Css and its ions are presented. The experimental data is compared to DFT calcula-
tions, and the assignment of the ground state symmetry is discussed.

3.4.1 Neutral and Monoionic Csg

CZs is produced by electron impact ionization and fragmentation of Cgy. Fragmen-
tation takes place via C; loss. The resulting Cig ions are separated from the parent
ion and other fragments with a quadrupole mass filter. An ion current of up to 9nA
is produced and maintained for several hours.

The mass-selected C7; ions are co-deposited with an excess of matrix gas onto the
cold substrate. Samples are created using pure neon and Ne + 1% CO, as matrix
gas. Addition of the electron scavenger CO, suppresses the formation of neutral
and anionic Csg. The deposition time for the samples was around 8 days, resulting
in thick samples of low optical quality due to increased light scattering.
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Absorption features are identified by the comparison of Ne and Ne + 1% CO; ma-
trixes, containing different ratios of CJ;, Css, and Cs;. Features with an increased
relative intensity are identified as cationic, with a decreased relative intensity as
anionic, and features, whose relative intensity remains constant as neutral features.
Measurements of samples with different electron scavengers are planned.

To improve the signal-to-noise ratio, all spectra are averaged over 12000 to 18 000
single scans.

Direct sublimation of neutral Csg is possible only after prior accumulation of large
amounts of CJ; on a surface and subsequent thermal desorption of neutral Css.
However, most of the accumulated bulk material cannot be desorbed. Instead, it
forms a stable polymeric phase which remains on the surface [158]. Currently, the
amount of mass-selected Css that can be produced is too low to enable optical spec-
troscopy on re-desorbed neutral Cs;s isolated in cryogenic matrixes.

Results
Vibrational Spectra

Upon deposition of mass selected C; into pure neon matrixes, several characteris-
tic IR absorption features emerge. In addition to these absorptions, weak features
of Cg and its ions are present (fig. B2H). The low resolution setting of the mass
spectrometer of approximately m/am = 25 leads to some contamination of the C;
ion beam with approximately 5% of C¢,, as is estimated from mass spectra mea-
sured prior to the deposition. This approach was chosen because it results in an
increase of the ion current of roughly 10%, which saves approximately one day of
deposition time.

In the IR spectrum obtained after co-deposition of C;’S with Ne + 1% CO,, almost
all features observed in pure Ne are still present. The relative change in absorption
intensity in matrixes with electron scavengers enables the identification of neutral
and ionic features. The neutral absorptions are identified by comparing the intensi-
ties of the Csg features to the known absorptions of C;,. Features of Css, that have
a similar relative intensity to the C, absorptions in Ne and Ne + 1% CO, are as-
signed as absorptions of CJ. The absorptions of CZ; gain in relative intensity in Ne
+ 1% CO, matrixes, absorptions of C;; almost completely vanish. All absorptions
assigned to the same charge state (Cgé” ) have the same relative intensity in Ne
and Ne + 1% CO, matrixes. The identified absorptions are listed in table B9.

In the range from 800 to 600 cm™*, strong CO, absorptions prevent the identifica-

tion of any weak absorption. The unambiguous assignment to a charge state of Csg
for more intense absorptions is hindered in this range.
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Figure 3.25: IR spectrum of CJg deposited into Ne + 1% CO, (a) and pure
neon (b) and the spectrum of the residual material after removal
of the matrix gas (measured at 50 K) (c). Red arrows mark identi-
tied absorptions of Csg and its ions, blue arrows mark absorptions
masked by CO, absorptions and therefore not confirmed, and gray
arrows mark absorptions from Cgy impurities. Additional features
are identified as CO; or (COs),, absorptions. Strong CO, absorp-
tions are shown in reduced contrast, the spectra are offset for clar-

ity.
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Figure 3.26: UV-vis spectra of C{y deposited into Ne + 1% CO, (a) and pure

neon (b). Absorptions of CZ{O/ ~ are visible in the NIR (intensities
scaled as noted). In the UV, a broad absorption is observed, start-
ing from roughly 400 nm. The weak structure in the UV is probably
due to interference effects. The UV range is measured with a deu-
terium discharge lamp, the vis-NIR region with a halogen lamp.

Neutralization of the Csg ions in the matrix by annealing to roughly 10K does not
lead to detectable changes in the spectrum. A further slow increase of the temper-
ature to roughly 50 K completely removes the matrix gas while a residual film of
molecules remains. The IR spectrum of this film at 50 K is shown in figure B25 ¢, it

shows only broad, non-distinctive absorptions.

Electronic Spectra

In the NIR region, the well-known absorptions of C{, are visible at 964.5 and
958 nm, and at 1057 nm weak absorptions of Cg, (fig. a). In the spectrum
measured for the Ne + 1% CO, sample, no NIR absorptions of Cy, are present (fig.

B8 b).

As shown in figure B7A, a broad absorption in the UV, beginning from approxi-
mately 400 nm is the only feature besides the NIR absorptions of the Cg ions. No

distinct Csg related features are identified.
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Discussion
Vibrational Spectra

The presence of Cgy and its ions in the matrixes does not hinder the identification
of Css features, and is instead quite useful as it allows to probe for the presence of
charged species in the matrixes.

As previously described, comparison of the experimental absorption intensities in
Ne versus Ne + 1% CO, matrixes allows the assignment of the features to specific
charge states. The assignment is tentative, because only one kind of electron scav-
enger is used for Css.

The integrated molar absorptivities of the absorptions of Css and its ions could not
be determined directly. However, the Ty,(1) absorption of neutral Cg, has roughly
the same intensity as the strong absorptions of Css. From mass spectra, the contam-
ination of the C; ion beam with Cg, is measured to be less than 5%. Therefore, the
integrated molar absorptivity of the strongest absorptions of matrix isolated Csg
and its ions in the range of 1600-400 cm™" is estimated to be at least one order of
magnitude smaller than the integrated molar absorptivity of the Cg T;,(1) mode
(Ane(T1,(1)) = 27+£2km-mol !, see table B).

The full width at half maximum (fwhm) of the identified Css absorptions is less than
2cm ! in the whole IR range. In contrast to the measurements of the ions of Cg, no
broadening of the Csg features is observed above 1000 cm ™. This indicates, that for
the dominant C;g isomer no close-lying electronic states exist, which would lead to
a dynamic Jahn-Teller effect.

As can be seen in figure B25 and table B9, only four strong absorption features can
confidently be assigned to neutral Csg (522.2, 548.9,599.4, and 798.0 cm ™). Proba-
bly only one isomer with a symmetry higher than C; dominated the spectrum. The
presence of several different isomers of Css would lead to a much richer spectrum.
However, the presence of isomers with lower IR absorptivity cannot be excluded.

To determine the ground state symmetry of the deposited Csg species, all Cs5 cage
isomers with any possible number of pentagons and hexagons®, and up to one
heptagon were generated with the CaGe program package [162]. The geometries of
all 23 994 isomers were optimized with neutral and cationic charge, and the ground
state energy was calculated on a semi-empirical level (PM7) using MOPAC [I63].
The ten CY and the ten CJg isomers with lowest ground state energies were selected
for further DFT treatment. For each of the 20 geometries, the vibrational spectrum
of the neutral molecule is calculated with Turbomole [33].

°The classical (only pentagons and hexagons) Css cage has 12 pentagons and /2-10=19 hexagons,
the non-classical isomers with one heptagon consist of 1 heptagon, 13 pentagons, and 17
hexagons.
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Table 3.9: Frequency of the identified absorption lines of Css and its ions in
neon matrixes at 5K, full width at half maximum (fwhm), intensity,
and tentative assignment to specific charge states.

v,em™t  fwhm,cm™! intensity®  tentative
assignment
1277.8 0.8 s —?
1071.4 0.7 w Y,
798.0 0.7 m 0,
787.4;784.0 ¢ 0.6 w Cse
783.2 0.7 w 0,
763.4 0.8 w Ch,
732.3;731.1¢ 1 m b
640.9 0.7 w b
619.6 0.7 m Y,
616.8 0.6 w —
599.4 0.9 s Y,
585.2 14 w Y,
583.1 0.7 w C.,
580.8 0.8 m 0,
573.1 0.7 vw Ci
567.8 1 w O,
562.9; 564.2 ¢ 1.1 m Y,
556.9 1 vw C
551.4 0.5 vw CY
548.9; 546.8 ¢ 0.6 s 0,
542.9 0.9 vw Ci,
526.5 13 w C
522.2 0.9 s O,
520.0 0.7 m Ci,
461.4 0.7 w Ce
4315 0.6 m 0,
428.4 1.9 w Ch,

* s — strong, m — medium, w — weak, vw — very weak; b Masked by strong CO,
absorptions, no assignment possible; ¢ Site effect in Ne matrix
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Figure 3.27: Comparison of experimental CJ; absorptions (marked in blue,
green features are assigned tentatively) to calculated spectra of dif-
ferent neutral isomers in the 800-450 cm™' region. Experimental
data (a), calculated spectra of Cs, (b) and C; (c) symmetry, isomers

of energies close to the global minimum (d, e, f), and an isomer
with an octagon (g) [I61]. Details see text.
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a b Cc
Figure 3.28: Schlegel diagrams of the CJg isomers, for which the spectra are
shown in figure B77, (a) isomer with C; symmetry, (b) isomer with

Cs, symmetry, (c) isomer 7465, (d) isomer 12395, (e) isomer 12510,
(f) isomer with an octagon. For details of the calculations see text.

Additionally, a Cs5 isomer with an octagon is calculated. This structure is formed
by removing one C; unit from Cg, without allowing for reconstruction of the cage
- the simplest route by which Csg can be formed by fragmentation of Cgy.

All calculations are done by Dr. D. Strelnikov [I61].

Figure B27 shows the comparison of the experimental spectrum with the calculated
spectra for six of the CY; isomers. The Schlegel diagrams of these isomers are shown
in figure BZ8. None of the calculated spectra fit the experimental results, therefore
the ground state symmetry of neutral Csg remains unknown.

The determination of the ground state symmetry of the Csg ions is postponed until
measurements with different electron scavengers allow for an unambiguous assign-
ment of the absorption features.

The absorption frequencies of Csg and its ions are listed in table B9 along with their
fwhm, their intensity, and a tentative assignment to specific charge states. Strong
absorptions from CO; in the Ne + 1% CO, matrix prevent the identification of some
absorption features, an assignment to specific charge states is therefore not carried
out for these features.

Further measurements are in progress.
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Electronic Spectra

In the NIR, only absorption features of C, and Cg, can be identified (fig. BZ6). As
expected, the Cg, features are not present in spectra measured for Ne + 1% CO,
matrixes. Assuming a similar cation-to-anion ratio for Csg as can be seen for Cg,
roughly equal amounts of C;; and Cy; are expected in pure neon matrixes, no Csg
is expected to be present in Ne + 1% CO..

Abroad absorption feature is present in all spectra, starting at approximately 400 nm
(fig. B26). The presence of Cgy and its ions in the matrix hinders the assignment of
the UV absorption to any specific species. Additionally, the low optical quality of
the matrixes due to the long deposition time leads to interference fringes in the UV
range.

3.4.2 Summary

The non-IPR fullerene ion C; was deposited into cryogenic matrixes. For the first
time, optical spectra were measured for the isolated neutral species and its ions.
Several IR absorption features were identified.

For neutral Csg, only four strong absorptions were clearly identified in the IR. This
low number of absorptions indicates that one isomer dominates the IR absorptions.
DFT calculations of the vibrational spectrum of the 20 lowest ground state energy
isomers do not allow an assignment of the experimental spectrum. Comparing the
intensity of the most intense Csg absorptions to the Cgy T1,(1) absorption, present
due to a contamination of the CJy ion beam, the integrated molar absorptivity of
Css was estimated to be at least one order of magnitude smaller than that of the Cg
T1.(1) mode.

The assignment of ionic absorptions remained tentative, because only CO, is used
as electron scavenger and the assignment could not yet be confirmed using other
types of electron scavengers.

In the UV-vis range, no clear absorptions of Css and its ions were detected.

3.5 The Azafullerene Cs9N and its lons

By replacing one or more carbon atoms in a fullerene cage with nitrogen, one ob-
tains the so-called azafullerenes, which have a modified geometry and electronic
properties [[[01]. These properties are presently being explored concerning possible
applications of C5N derived materials. Of special interest is the intrinsic doping
with electrons to form a metallic and superconducting phase, as is observed in al-
kali or alkaline earth metal doped Cg, [164, 165, [66]. The first azafullerene to be

85



3 Spectroscopy of Isolated Fullerenes, Azafullerenes, and their Ions

Figure 3.29: Left: The azafullerene dimer (C59N), with Cy, symmetry. Right:
Detail of the cage showing its connection site to the other cage (via
the carbon atom marked as C’).

experimentally addressed was C5oN [[I67], which has one additional electron com-
pared to Cg, and is therefore isoelectric to Cg,.

However, first experiments [[67] showed that Cs;yN is a highly reactive radical,
which readily forms the (C59N); dimer (shown in figure B29) or C5HN. Through
this reaction, all molecular orbitals are fully occupied and the open-shell struc-
ture of the azafullerene is lost. Even though synthesis of (C5N), is possible in
bulk quantities [T68], no industrial application of azafullerenes is reported so far.
First experiments showed that the C59N monomer forms a molecular rectifier on
isolating surfaces [[69]. Furthermore, organic solar cells with azafullerene accep-
tors have been reported, although with lower efficiency than can be achieved for
tullerene acceptors [170, I7T].

Quantum chemical calculations [[72] and photoemission experiments [I73, [74]
show that (C59N), is nonmetallic with a band gap of 1.4eV. The dimer is formed
by a single C-C bond between the carbon atoms next to the nitrogen atoms, see
tigure B79. The additional electron is localized at the nitrogen [175]. The dimer
exhibits a trans-configuration, which reduces the repulsion of the electron clouds
[T75], resulting in a Cy;, symmetry. For the monomer, DFT calculations have been
reported, which suggest a C; ground state symmetry of C5oN [T76].

Among other measurements, thin films of the (C59N); dimer have been studied by
Raman and IR spectroscopy [I77, 78, 179], UPS, XPS, and EELS [174], and pho-
toemission spectroscopy [[80]. These measurements have established numerous
electronic and vibrational properties of (Cs59N), at room temperature and above.
The species has been measured to be stable up to 550 K, with irreversible degrada-
tion into disordered graphite at higher temperatures [178]. Heating of (C59N), to
825 K leads to the sublimation of the radical monomer [181, 178].

The vibrational properties and thermal stability have also been measured of thin
films of the hydrogenated CsHN monomer [I78, 179].
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While some fingerprint lines of (C59N); and CsoHN were identified in the IR ab-
sorption spectrum recorded of thin films at room temperature around 800cm™*
and 1100cm™!, most of the IR vibrations of the two species could not be distin-
guished.

Measurements on the isolated monomer are rare, for it is highly reactive and eas-
ily dimerizes or attaches a hydrogen atom. However, the isolated monomer has
been studied by scanning tunneling microscopy on silicon substrates [I81] and
on isolating self-assembled monolayers [169]. From these measurements, the elec-
tronic properties of the monomer were established, but vibrations have not been
probed.

The cation of the C5N monomer, being isoelectric to Cgy, was expected to be a sta-
ble species [I87]. C5)NT was isolated as a carborane anion salt, and IR and UV-vis
spectra have been measured [I8?]. While the carborane counterion is inert, the sour-
roundings are expected to induce a large shift and a broadening of the C5oN* IR
absorption frequencies, complicating the comparison to gas-phase frequencies.

The goal of the experiments presented in this section is the identification of infrared
fingerprint and UV-vis absorptions of (C59N), and Cs9N isolated in cryogenic neon
matrixes, as well as the spectrum of the monomer ions. The material for the exper-
iment was provided by Dr. R. Eigler of the group of Prof. A. Hirsch [I83]. The syn-
thesis is described in Ref. [168]. To prevent degradation, the synthesized (Cs9N),
was kept under a protective argon atmosphere as a precaution.

3.5.1 Neutral C59N and (C59N)»

For measurements of matrix isolated neutral CsN and (C59N),, the azafullerene
monomer is deposited by direct sublimation from a Knudsen cell and studied in
pure neon matrixes. Samples are formed with different dilution ratios of the de-
posited species. High concentrations of Cs9N lead to the formation of (C5N),
dimers in the matrix. Deposition of Cs)N™ from the ion beam results in very di-
lute samples, therefore no dimerization is expected. By comparing the spectra of
samples with different monomer to dimer ratios, the infrared absorptions of both
species in cryogenic neon matrixes can be identified.

Spectra are measured in the IR from 4000 to 400 cm ™!, and in the UV-vis from 200
to 1100 nm.

No optical spectroscopy of matrix isolated (Cs9IN), or of the radical monomer C59N
has so far been reported in the literature.
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Results
Vibrational Spectra

The abundance of (C59N), can be inferred from the intensity of the fingerprint ab-
sorptions at 820 and 840cm'. In this region, characteristic stretching modes of
C-C and C-N bonds in pentagon rings are present, which are strongly enhanced
due to dimerization [179].

Figure shows IR spectra obtained from matrixes with lower (fig. a) and
higher (fig. b) dilution ratios. For comparison, the spectrum measured after
deposition of C5N* is shown (fig. B30 ¢, d), where no (C59N), features are visi-
ble.

Features only occurring after deposition of mass selected Cs9N™ are due to ionic
absorptions and will be discussed in the following section (B52).

Electronic Spectra

NIR absorption spectra were measured after deposition of neutral Cs9N into cryo-
genic neon matrixes with different concentrations. Previously not observed fea-
tures are present in the regions from 920 - 800 nm and 800 - 660 nm (fig. B32).

In the UV-vis range below 500 nm, scattering of the matrixes and interference ef-
fects hinder the clear identification of absorption features (fig. B32). Absorptions
are present at the position of previously measured absorption features of (C59N),
at 433,322, and 250 nm [I68].

Discussion
Vibrational Spectra

The features of the monomer and dimer species can be identified in the IR range
with the help of the known fingerprint absorptions of (CsN); at 819.9 and 841.3
cm'. The most intense absorptions are listed in table BT and BTT.

Subtraction of two spectra containing different ratios of neutral (C59N), and C5oN
in a way, that either the monomer or dimer absorptions vanish, results in the ex-
tracted spectra shown in figure B3T a and ¢, respectively. The formation of larger
clusters, for example trimers or tetramers, is not detected. In all spectra, only ab-
sorptions of two different species (i.e. (C59N), and C59N) are present. All strong
absorption features present in the extracted spectrum of the monomer species are
also present in the spectrum measured after deposition of the monomer cation.
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Figure 3.30: Measured IR spectra of C5N and (C59N);, in Ne with more (a) and
less (b) dimers, IR spectra after deposition of C5oN™ in Ne (c) and
Ne + 1% CO; (d, strong CO, features in reduced contrast), spec-
trum of ng” ~ for comparison (e). Spectra are scaled for similar
intensity at 1415 cm™! (C59N). MIR range measured with MCT de-
tector, FIR range with CuGe detector. Measurement artifacts are

marked (*).
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Table 3.10: Assignment of the identified absorptions of the CsyN monomer ac-
cording to DFT (C symmetry), frequency, full width at half max-
imum (fwhm) and intensity in neon matrix at 5K, calculated fre-
quency and integrated molar absorptivity A ..

experiment theory
ﬁ/‘]hmr AcaZC/
mode v,cm™! cm~!  Intensity * v,em~!  km-mol™!
A’(89) 1561.4 1.1 w 1575.0 8.8
A’(79); 1432.1 2.7 m 1450.0 9.8
A(77) ¢ 1447.1 4.8
A’(75) 1414.4; 1.1 Vs 1433.2 36.9
1413.0°
A" (74) 1408.8 0.8 m 1431.2 38.5
A’(74) 1389.6 1.5 s 1401.2 30.5
A’(73) 1376.5 5.7 m 1383.7 222
A’(58) 1191.9 24 m 1201.2 7.6
A’(56) 1182.5; 0.8 s 11914 6.8
1181.3°
A’(53) 1089.8 0.7 w 1101.1 2.6
A’(51) 1084.4 1.6 w 1088.7 5.9
A’(39) 732.4 0.6 m 715.2 3.7
A’(29) 684.6 0.7 Vs 668.8 9.7
A’(25) 579.5 0.7 Vs 578.9 17.8
A" (23) 578.1 0.7 s 577.3 20.4
A’(24) 575.6 0.7 Vs 574.9 23.5
A’(19); 527.7 0.6 Vs 512.8 7.2
A’'(16) ¢ 512.4 9.6
A’(18) 526.2 0.5 Vs 509.6 5.0
A’(15) 493.2 0.8 s 485.0 5.9

vs - very strong; s - strong; m - medium; w - weak. Very weak absorptions are not
included. ? Site effect in Ne matrix, strongest feature set in italics. © Normal mode
could not be assigned.
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Table 3.11: Assignment of the identified absorptions of the (C5N), dimer ac-

cording to DFT (Cy, symmetry), frequency, full width at half max-
imum (fwhm) and intensity in neon matrix at 5K, calculated fre-
quency and integrated molar absorptivity A ...

experiment theory
fu]hml Acales
mode v,cm™ ! cm~ ! Intensity v,em—!  km-mol~!
A, (82) 1554.9 2.3 m 1551.8 18.9
B, (81) 1462.6 1.5 w 1480.3 41.0
B.(75) 1429.4; 2.1 m 1431.9 67.9
1424.3°

B.(74) 1373.6 2.9 m 1365.4 55.4
B.(73); 1359.0 0.5 m 1357.7 27

Ay(74) €
B.(72) 1350.7 2.2 w 1344.7 34.2
B.(71) 13224 1.1 w 1329.2 47.6
B.(61) 1190.2 0.8 m 1207.6 21.7
B, (60) 1186.7 0.7 w 1203.2 13.0
A, (58); 1172.8 1.1 m 1189.0 29.7

B.(58) ¢
B.(55) 1108.8 0.5 w 1104.0 14.7
B.(53) 1092.9 2.6 m 1091.0 16.6
B.(50) 965.4; 0.6 w 965.3 32.7

963.5°

B.(47) 841.3 0.8 Vs 826.5 213.8
B.(46) 820.0 0.6 s 800.8 29.3
B, (42) 749.9 0.8 w 747.3 31.7
B.(41) 736.7 0.7 w 734.1 5.8
B, (40) 723.8 0.7 m 723.9 28.1
B.(26) 580.0 0.7 s 579.8 28.2
A,(25) 577.6 0.8 S 577.9 24 .4
B.(25) 569.3 0.6 m 570.5 24.7
B.(24) 557.9 0.7 m 559.3 7.5
B.(22) 547.0 0.7 m 546.9 21.8
B.(20) 534.8 0.5 s 528.3 13.1
A, (18) 530.7 0.8 Vs 517.5 21.8
B.(19); 526.5 0.6 \ 512.3 36.2

A,(17)¢
B, (18) 524.0 0.6 s 510.6 37.5
A, (16) 519.1 04 w 506.5 2.6
B.(16) 503.6 0.6 m 480.8 29
B.(14) 466.4 0.6 m 456.2 6.8

“ vs - very strong; s - strong; m - medium; w - weak. Very weak absorptions are
not included. ’ Site effect in Ne matrix, strongest feature in italics. ¢ Frequency and
intensity are taken from the strongest calculated mode.
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Figure 3.31: Extracted IR spectra of (C59N); (a) and Cs9IN (c) with the simulated
spectra of (C59N)s in Uy, symmetry (b) and CsoN in C; symmetry
(d). MIR range measured with MCT detector, FIR range with CuGe
detector. Absorptions of impurities are marked (*).

Compared to the four IR active T;, modes of Cg (1432.1, 1184.8, 577.8, and 530.4
cm™ ! in solid neon at 5K), the IR spectra of (C59N),; and C59N show many absorp-
tions. The absorptions derived from the Cgy T;, modes are the most intense due
to the complete removal of degeneracy [I78]. While in thin films the difference be-
tween IR spectra of (C59N); and the hydrogenated monomer C;oHN is small [178],
the difference of IR spectra of matrix isolated (C59N)s and C59N is pronounced. The
sharp absorption features allow for the assignment of almost all absorptions to a
specific species (see tables B-T0 and BTT).

Similar to the ions of Cgp, a broadening of the (C5N), and Cs9N absorptions is
observed at higher energies. While absorptions below 1000 cm™' have a fwhm of
less than 1cm ™!, features in the range of 1000 - 1550 cm ™! are broadened to around
2cm™?, possibly due to a Jahn-Teller distortion from tangential cage vibrations.

RI-DFT calculations (Turbomole [33], BP86/def2-SV(P)) are performed to simulate
the measured IR spectra. A comparison of the measured and calculated spectra is
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3.5 The Azafullerene CsoN and its Ions

shown in figure B31.

For the dimer, calculations are performed in Cy, symmetry. The geometry was
established in previous measurements [I75]. The experimentally established tran-
sitions of the dimer are reproduced in the region from 1000 to 400 cm ™!, especially
the fingerprint absorptions at 819.9 and 841.3cm™!. In the range from 1600 to
1000 cm ™!, a multitude of absorption features complicates the assignment of the
measured absorptions to calculated vibrational modes. However, the most intense
absorptions are reproduced by the calculations.

For the monomer, DFT calculation are performed in C,; symmetry, which has pre-
viously been calculated to be the ground state structure [176]. The calculated vi-
brational transitions reproduce the measured spectrum to a high degree. As can be
seen in figure B3T c and d, all strong Cs9N absorption features close to the Cgy T,
modes are assigned to calculated normal modes.

The assignment of the transitions according to DFT calculations, the absorption
frequencies and the fwhm in neon matrixes, as well as the calculated frequencies
and calculated integrated molar absorptivities are listed in table B0 for C5oN and
in table BT for (C59N)s.

Electronic Spectra

In the NIR, the samples of matrix isolated (Cs9N), and C59N show several absorp-
tions in the range of 660-920nm, the strongest absorptions are at 796.5nm and
910.8nm. As can be seen in figure B32, the absorptions in the range from 660 -
800 nm are strongest in matrixes containing high concentrations of (Cs9IN),, there-
fore they are assigned to the dimer. Absorptions of the monomer are identified in
the 800 - 920 nm region.

For the monomer, all further features are within 1400cm™! to the blue from the
most intense absorption at 910.8 nm. Therefore, the absorption at 910.8 nm is as-
signed to the band origin, and the additional weaker absorptions to vibronic bands.
The energy difference to the first vibronic feature is approximately 265 cm™*, rough-
ly corresponding to a radial cage vibration frequency.

For the dimer, the absorption at 796.5nm is assigned as the band origin, with a
less intense vibronic progression within 2100cm™!. The energy difference of the
first vibronic feature at 790.8 nm to the band origin is only 80cm™'. From DFT
calculations, the A (1) and B,(1) modes are expected in this energy range. However,
a site effect in neon matrixes, or an additional electronic transition, cannot be ruled
out.

TD-DFT calculations support this assignment with an electronic transition of the
monomer (2'A’+ X'A’) at 980 nm, and of the dimer (3'B, + X*A,) at 873 nm.
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3 Spectroscopy of Isolated Fullerenes, Azafullerenes, and their Ions

The UV-vis absorption spectra of matrix isolated (C59N); and C59N are similar to
the previous measurements of (C59N); in cyclohexane solution [168]. In matrix, pro-
nounced maxima are found at 433, 322, and 250 nm (fig. B32). No clear differences
are observed in the UV region for the monomer and the dimer. The different over-
all intensity of the measured absorptions is due to the different amount of (C59N),
and C5yN deposited into the matrixes.

The absorption at 433 nm, previously identified in solution [[68], is pronounced in
matrixes with high concentrations of (C59N), (fig. 332 a and b). In matrixes with no
(C59N)3, the 433 nm feature is not observed (fig. c and d). The low absorbance
in matrixes produced with mass selected ions hinders the unambiguous observa-
tion of the 433 nm feature in these samples. Still, the feature at 433 nm is tentatively
assigned to the (C59N), dimer.

TD-DFT calculations predict close-lying electronic transitions in the UV range for
both (C59N); and Cs9N. The halfwidth of the measured absorptions is about 3000
cm~!, which hinders the identification of any single transition. The absorption
spectra of (Cs9N), and Cs9N are almost identical to UV absorption spectra of Cgy.
The main difference is the azafullerene absorption at 433 nm. UV-vis spectra of the
different species are shown in figure B32.

The similar UV spectra of (C59N),, Cs5oN, and Cg indicate plasmonic-like excita-
tions of fullerenes and azafullerenes, which are only weakly influenced by small
changes of the cage symmetry and by the addition or removal of a single electron.

3.5.2 The lons of Cs5gN

CsoNT is produced by electron impact ionization of sublimated (C5;N),. As was
already mentioned, heating of (C59IN), leads to the sublimation of the C59N mono-
mer. An ion current of roughly 15nA is co-deposited with an excess of Ne or Ne +
1% CO,, which are used as matrix gases.

During deposition, the hydroazafullerene ion C;oHNT™, if present, cannot be re-
jected by the mass filter due to the small difference in mass. However, fingerprint
IR absorptions of neutral C50HN in thin films have previously been measured at
611 and 1127 cm™" [178]. In matrixes formed by deposition of C5oN™, no absorp-
tions are observed close to either wavenumber. Therefore, the presence of C5oHN™
in concentrations relevant for spectroscopy is excluded.

Due to the low ion current, deposition over three to five days is necessary to ob-
serve weak absorptions. Comparing the spectra measured from the different ma-
trixes allows to identify the C5oN* and C5N~ absorptions. Absorption features of
neutral C5oN are identified after its direct deposition (see section B5T).
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Figure 3.32: Measured UV-NIR spectra of C59N and (C59N); in Ne with high (a)
and low (b) concentration of dimers, UV-NIR spectra upon deposi-
tion of C5oN™ in Ne + 1% CO, (c) and in Ne (d), spectrum of CJ, for
comparison (e). UV range measured with deuterium light source,
vis-NIR range with halogen lamp. Interference effects are marked
(*). The intensities of the spectra are scaled for clarity.
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3 Spectroscopy of Isolated Fullerenes, Azafullerenes, and their Ions

The matrixes formed by deposition of mass-selected C5oN™ show impurities from
Cg(/f/ . The mass resolution used for the deposition is not sufficient to separate Cg,
and CsoN*. The C{, ions in the beam are probably generated in the electron impact
ionization source: Cg previously adsorbed on the walls of the vacuum chamber is
sublimed and subsequently ionized.

Spectra are measured in the IR in the range from 4000 to 400cm™!, and in the UV-
NIR from 200 to 1100 nm.

Results
Vibrational Spectra

In figure B33, the IR spectra of C5oN™ in Ne (b) and in Ne + 1% CO, (c) are shown.
Several previously not observed absorption features are present in addition to ab-
sorptions of the neutral C59N monomer and of Cg(/f/ .

In the range of 800-600 cm ™, strong absorptions of CO, hinder the assignment of
ionic absorptions. Some absorptions in other regions are masked by sharp features
of COy, (COy),, and their anions.

Electronic Spectra

In the NIR, no additional features are present following the deposition of C5yN,
as can be seen in figure B32 c and d. The NIR absorption features of neutral CsN
and C, are visible in all measurements, Cg, is only present in pure neon matrixes.
No absorptions of the dimer can be observed in the 660 - 800 nm range.

In the region of 200 - 500 nm, the spectra of matrixes containing C59N neutrals and
ions in different ratios are close to identical to the spectra of neutral C5N in neon
matrixes.

Discussion
Vibrational Spectra

Only few ionic absorptions can be identified, and most of the features exhibit a low
intensity. The absorptions of C5)N~ at 1395.3 and 1383.8 cm™! are the most intense
ionic absorptions observed. In the Ne + 1% CO; matrix the features of C;oN~ van-
ish, while the features of C;iN* roughly double their relative intensity. However,
the spectrum is still dominated by absorptions of the neutral C5oN monomer.
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3.5 The Azafullerene CsoN and its Ions

The presence of C5oN* in the matrix is inferred from the absorptions of CO; and
(COy),, at 1660 and 1860 cm ™!, respectively [176].

It is possible to roughly approximate the integrated molar absorptivity of Cs)N™.
From IR spectra measured for C, deposited in Ne + 1% CO,, the absorptivity of
the CO; and (CO,); absorptions at 1660 and 1860 cm™! can be estimated. Un-
der the assumption, that the positive charge of C{, is completely compensated by
CO; and (COy), counterions: N(Cg,) = N1 (CO3) + Ny((CO»), ), the estimated inte-
grated molar absorptivities are: A, = (460 & 150) km-mol~! and Acoy; = (490 £
160) km-mol~'. With this value, the integrated molar absorptivity of C5oN™ can be
estimated, assuming that no counter-ions other than CO; and (CO,), are present:
N(C59N+) = Nl(COE) + NQ((COQ);)

The integrated molar absorptivity of the C5)N~ anions is estimated within the as-
sumption, that no counter-ions besides C5)N~ are present in Ne matrixes. There-
fore, the anionic integrated molar absorptivity is likely to be a lower limit to the
actual value.

The accuracy of the approximation is taken to be around +50%, because no direct
measurement of the integrated molar absorptivity of C5oN* and C59N~ is achieved.
Other counter-ions, for example H,O~ or CO~, are not considered in the approx-
imation, but are expected to be present in the matrixes. The estimated integrated
absorptivities for the IR absorptions of CsoN*t/~ are listed in table B2

For neutral C59N, no integrated molar absorptivity is given. Annealing of the ma-
trix does not lead to a change in the absorption intensities of CzoNY+/~ therefore
no integrated molar absorptivities could be estimated for the neutral species.

DFT calculations (Turbomole [B3], BP86/def2-SVP) are performed for C5oN* and
C5oN™ in () symmetry. The most intense modes are calculated to be in the proxim-
ity of the Cg Ty, frequencies.

As shown in figure B33, the calculated IR transitions of C;0N™ do not match the
experimentally identified absorptions: the strong absorptions calculated around
1450, 1200, and 580 cmm ! are not identified in the experiment. Possibly the absorp-
tions of C5oN* coincide with the more intense absorptions of the neutral monomer,
and are thus masked. It is also possible, that calculations of C5)N™ in a higher sym-
metry than C reproduce the experimental spectrum to a higher degree. In DFT
calculations, no higher symmetry is identified.

For C5oN~, the calculations reproduce the main features of the experimental spec-
trum. The calculated integrated molar absorptivities are overestimated by a factor
of 5 to 10.

All calculated values are listed in table B-12.

Some of the identified C59N™~ absorptions exhibit a large fwhm, indicating a Jahn-
Teller distortion. However, unlike in Cg,, this effect can not be observed for all
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Figure 3.33: Extracted IR spectra of C59N (a), IR spectrum of C5oN™ in Ne (b)
and in Ne + 1% COs,. Identified ionic absorptions are marked with
arrows (cations: red, anions: blue). Calculated spectra of the cation
(d) and anion (e). Only the most intense calculated features are
visible in the spectra.
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3.5 The Azafullerene CsoN and its Ions

Table 3.12: Assignment of the identified absorption lines of C;oN* and C5oN~
according to DFT, frequency, full width at half maximum (fwhm)
and integrated molar absorptivity Ay, in neon matrix at 5K, calcu-
lated frequency and integrated molar absorptivity A ...

experiment theory
v, ﬁUhm/ ANe/ v, Acalcz
mode cm ! cm~! km-mol~! cn™! km-mol™!

CyoNt -7 1471.2 1.0 241 - -
CsoNT  A(143) 1366.2; 1.5 3+1.5 1356.9 4.3

1362.2°
CsoNT  A(31-35) ¢ 521.2 0.7 3+1.5 517.6 14
CsoN—  A(149) 1395.3 0.7 114+5.5 1417.7 86
CsoN—  A(148) 1383.8; 1.1 29+15 1410.0 134

1385.2°
CsoN—  A(115) 1179.9 0.8 3+1.5 1201.1 45
CsoN~  A(108) 1066.6 2.5 3+1.5 1118.5 24
CsoN—  A(104) 1060.7 1.6 241 1096.3 6.0
CsoN—  A(102) 1039.5 4.0 13+6.5 1073.5 24
CsoN™  A(98,99) ¢ 961.1 0.7 3+1.5 977.1 3.6
CsoN~-  A47) 573.6 0.7 442 574.8 43
CsoN~  A(46) 568.1 1.0 241 571.7 44
CsoN~  A(29) 509.5 0.6 241 491.0 9.2

* No normal mode could be assigned, details see text; b Site effect in Ne matrix,
most intense line is set in italics; ¢ Frequency and intensity are taken from the most
intense calculated mode.

features at higher energies. For C;)N™ only three absorptions are identified, the
presence of distortions in the spectrum can only be speculated on.

Electronic Spectra

As is seen in figure B32, no additional absorptions of the Cs;N ions are visible
in the NIR. The visible features result from electronic and vibronic transitions of
fullerene Cg anions (1060 to 970 nm, not in Ne + 1% CQOs), cations (970 to 900 nm),
and neutral C59N monomers (920 to 800 nm). Transitions of the (C59N),; dimer are
not present. The presence of C(}LO/ ~ in the matrixes is a result of the low resolution of
the mass filter. Heating of the source chamber leads to sublimation and ionization
of Cgp, which was previously adsorbed to the walls of the vacuum chamber.
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Comparing the C59N species to the corresponding isoelectronic Cg species, a trend
regarding electronic transitions in the NIR is observed: while for C5yN and Cg, NIR
transitions are detected, no transitions occur for C5oIN' and Cg,. However, while
for C5oN~ no NIR absorptions are detected, NIR transitions of the isoelectronic Cg;
have been reported [144].

While no IR features of the Cg ions are present, their NIR absorptions exhibit ap-
proximately the same intensity as the NIR absorptions of Cs59N, which is readily
identified in the IR. Therefore, the ratio of the integrated molar absorptivity of the
IR and NIR absorption of C5gN is estimated to be at least one order of magnitude
less than for Cgy.

In the UV-vis range, absorptions are visible at 322 and 250 nm after the deposition
of C5oN™. With a fwhm of the features of around 3000 cm™?, no difference in the ab-
sorption position is visible. The absorption at 433 nm, which is detected in matrixes
after the deposition of neutral CsgN, is not observed after C5oN* deposition. The
low signal-to-noise ratio, due to the low density of the species, hinders an unam-
biguous assignment, tentatively the absorption at 433 nm is assigned to the (C59N),
dimer.

The spectrum of C5oN™ in the Ne + 1% CO, matrix exhibits additional features in
the range from 400 to 200 nm. These features are interference fringes, which could
not be subtracted completely. Additional absorptions of C5oN* may be masked.

TD-DFT calculations of the azafullerene C59N ions predict close-lying electronic
transitions in the UV range, consistent with the measurements. The similarity of
the calculated and measured spectra of the azafullerene dimer, monomer, and its
ions in the UV can be rationalized by plasmon-like excitations.

3.5.3 Summary

The azafullerene (Cs9N), and its radical monomer Cs9N, as well as the monomer
ions, were measured by optical spectroscopy isolated in cryogenic matrixes. The
isolated monomer and its ions were measured for the first time in a weakly inter-
acting environment.

In the IR, fingerprint absorptions of the neutral monomer and dimer were identi-
tied. For the ions, only few absorptions were identified. Broadening of the identi-
fied absorption features at frequencies above 1000 cm™ indicates a dynamic Jahn-
Teller distortion for all species.

For C59N™, no strong IR absorptions were identified, either because the absorptions
have an unexpectedly low integrated molar absorptivity, or because the cationic
absorptions coincide with intense absorptions of the C59IN monomer. The identified
absorptions of C5yN~ have larger integrated molar absorptivites. The most intense
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3.5 The Azafullerene CsoN and its Ions

C59N™ absorption is about ten times more intense than the identified absorptions
of C59N+.

The absorptivities of C5oN*/~ are estimated from the absorptions of CO; at 1660
cm~! and (CO,); at 1860cm™'. The estimated integrated molar absorptivities of
the absorptions of the counterions are A = (460 + 150) km-mol~! and A ¢,

(490 + 160) km-mol 1.

2

DFT calculations of the neutral (C59N), in Uy, symmetry and CsoN in Cy symmetry
reproduce the experimental spectra very well. The calculated spectrum of C5oN™
in C; symmetry could not reproduce the experiment, either because not all absorp-
tions were identified in the experiment, or because the ground state symmetry was
not determined correctly. Calculations for C59N~ in C; symmetry reproduced the
main absorption features in the IR correctly.

In the NIR, electronic transitions with vibronic bands were identified for CsoIN and
(C59N), with band origins at 910.8 nm (2'A’+ X*A’) and 796.5nm (3'B, + X'A,),
respectively.

In the UV range, broad absorption bands with maxima at 250, 322, and 433 nm
were identified for the dimer, which are similar to absorptions measured in solution
[168, 182]. For the monomer and its ions no additional features were observed.
The 433 nm absorption was not observed in matrixes containing none, or small
amounts, of the dimeric species. The absorption at 433 nm was tentatively assigned
as a characteristic transition of the (CsN), dimer.

The identified UV absorptions of (C59N), and C:oN*/~ coincide with the absorp-
tions of Cgp and its ions. Neither electronic nor geometric changes strongly affect
the plasmonic-like electronic transitions.
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4 Lanthanoid Diketonates in
Cryogenic Matrixes

4.1 Introduction

Photophysical characterization of species by luminescence spectroscopy is used for
a wide range of different systems and different properties. The luminescence char-
acteristics of a system are often altered by their environment or charge state: the
exchange of a counterion, the charge of a ligand or of a coordinated metal atom,
or even variations in the protonation site can lead to significant changes of the
molecular electronic states, and thus to the light emission of the systems. Such vari-
ations are difficult to quantify in condensed phase measurements, where different
charge states and geometries are superimposed. Furthermore, not all species of in-
terest can be stabilized in condensed phase. In solution, elusive species can often
be produced, however, the stoichiometry and geometry of the emitting species is
determined by poorly controllable solution equilibria.

In gas phase, the stoichiometry and the charge can easily be selected by mass spec-
trometry, selection of different isomers is also possible, but more difficult. Compar-
ison to theoretical calculations is facilitated, because no environmental effects have
to be taken into account. Consequently, such well-defined gas-phase species may
be regarded as model systems, for which energy transfer within the molecule, the
electronic states, and charge effects can be studied in detail [184, 185].

However, gas phase measurements have to compensate for two disadvantages,
which complicate the measurement of some species: energy dissipation via non-
radiative processes is slow, which often leads to photofragmentation, and the space-
charge limit (ca. 10° ions per cm™?) prevents the accumulation of large numbers
of ions, which effectively prevents the measurement of weakly absorbing and/or
emitting species.

To avoid these limitations, and nonetheless keep most of the advantages of gas
phase experiments (i.e. selectivity, isolation, and measurement on elusive species),
the ionic species of interest can be isolated in cryogenic noble gas matrixes. While
the interactions with the solid noble gas are small in most cases, energy dissipation
is facilitated, and the ion density may be orders of magnitude larger than in gas
phase, due to the presence of counterions.

103



4 Lanthanoid Diketonates in Matrixes

PLN

Figure 4.1: Representation of the deprotonated, and consequently anionic, 9-
hydroxyphenalen-1-one (PLN ™) ligand (a) and of a lanthanoid dike-
tonate complex (Ln(PLN)J) in Dy, (b, planar complex) and Dy
(¢, ligands perpendicular) symmetry. Calculations suggest a lower
ground state energy for the Ds; symmetry isomer [189].

In this work, lanthanoid coordination complexes are presented, which have a wide
range of applications, for example as active material in light emitting diodes [186],
memory devices [I87], and downconversion layers, for improving the efficiency of
solar cells [188]. Lanthanoids are used for their luminescence over a wide spectral
range, from the NIR to the UV. The optical transitions of the lanthanoids involve the
shielded 4f orbitals with parity forbidden 4f-4f transitions, resulting in long life-
times of the excited states and narrow emission bands. This results in low absorp-
tion coefficients, and narrow absorption features of the lanthanoids. To enhance the
absorption, strongly absorbing antennas are coordinated to the lanthanoids: Such
antennas absorb energy over a wide spectral range, and are able to transfer the
energy efficiently to the lanthanoid. For the presented measurements, diketonate
complexes have been used as antennas. An example of the systems is shown in
tigure BT,

The luminescence of neutral, uncomplexed 9-hydroxyphenalen-1-one (HPLN) upon
UV photoexcitation has been studied in neon matrixes [[90]. Primarily fluorescence

of the first excited singlet state S; was observed with a radiative lifetime of less than

10ns, and band origins at 430.9 and 432.2 nm. The splitting occurs due to a proton

transfer at the oxygen sites. Additionally, weak phosphorescence from the lowest-
lying triplet state T; was observed. This triplet state has a lifetime of around 25ms

with the band origin at 575 nm. Both singlet and triplet state emissions show rich

vibronic sidebands at lower energies.

To understand the properties of metal diketonate complexes and the energy trans-
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Figure 4.2: Jablonski diagram showing possible energy transfer steps following
the Sy — S, excitation of the ligand (ISC: intersystem crossing). The
process strongly depends on the available energy states of the metal
ion. Blue arrows mark possible radiationless transitions, the excess
energy is dissipated via matrix phonons.

fer from the ligand to the central metal atoms, simple systems have to be inves-
tigated which can be modelled by theory. The systems studied in this work are
anionic deprotonated 9-hydroxyphenalen-1-one (PLN) ligands complexed to emit-
ting cationic lanthanoid (IIT) atoms. The PLN ligands are known to effectively sen-
sitize lanthanoid emitters at wavelength regions from the UV to the visible [T91].
As outlined in figure B2, the energy transfer from the absorbing antenna to the
complexed metal atoms is achieved via the PLN triplet state. For the energy trans-
fer to be effective, the acceptor energy state of the metal has to be slightly lower in
energy than the PLN triplet donor state, to prevent back transfer.

To systematically characterize the energy transfer from the ligand to the central lan-
thanoid ion, and to supply data against which theoretical calculations can be tested,
different metal atoms are used for the simplest monocationic clusters, composed of
one trivalent metal center and two anionic PLN ligands. For more complex sys-
tems, Eu®" is used as the emitter, because its °Dj state can be efficiently populated
by energy transfer from the PLN ligand, and it shows a hypersensitive °D, —"F,
emission [191, 1T92].

A large number of results have previously been reported for the luminescence prop-
erties of rare-earth metals and their ions. An overview of the electronic energies of
the different ionic states is given in Martin et al. [[93]. The reports cited in the fol-
lowing to compare the measured data to published results are chosen so as to allow
easy comparison to the results presented in this work. No complete overview of
previous measurements for each lanthanoid is given.

In the experiment, the mass-selected lanthanoid diketonate ion current does not
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exceed 300 pA for any species, therefore the ions are well separated in the matrixes,
with an estimated ratio of guest species to matrix atoms of 1:10° to 1:107. All ions
are produced with the electrospray ionization source (details see chapter Z23). The
solvent used for all species is dimethyl sulfoxide (DMSO).

All systems studied in this work were synthesized by Dr. B. Schifer in the group of
Prof. M. Ruben [194] (description of synthesis: [195]). Calculations were done by J.
Chmela and Dr. M. Harding in the group of Prof. W. Klopper [189]. The presented
gas phase data were measured by Dr. J.-F. Greisch [196].

For gas-phase measurements, ions were produced by a nanoES ion source, mass
selected, and then injected into an electrostatic Paul ion trap held at 83 K. The ions
were stored on a timescale of 50 to 90s under a helium pressure of 0.2mbar, to
achieve thermalization. Each bunch of ions was irradiated with an argon-ion laser,
either with the 476.5nm or the 458 nm line. A detailed description of the apparatus,
and previously published results of the gas phase measurements, are found in refs.
[184] and [192].

4.2 Matrix Effects of Lanthanoid Diketonates

To quantify the effect of matrix isolation for the luminescence spectra of lanthanoid
diketonate complexes, and to establish matrix isolation of electrosprayed ions as an
additional experimental method for the investigation of weakly emitting species,
several preliminary experiments are performed.

The influence of the matrix environment on different test systems with different
energy transfer processes and covering a large ™/z-range is studied. Different elec-
tron scavengers are added to the matrix gas to assess whether neutralization of the
species significantly affects the measurements. The complexation with different
molecules, either in gas phase, or in matrix, is studied. Argon is used as matrix gas
to study the consequences of providing a more strongly interacting environment.

The species used to quantify matrix effects on lanthanoid diketonate complexes
are Gd(PLN);/ [GA(PLN)sNa]*, [Gdg(PLN);6(OH)0]*, and [Eug(PLN);6(OH)0]*,
with the deposited amounts being in each case on the order of femto- to pico-
moles.

All of these species have been studied in gas phase [192, 196]. For the gadolinium
complexes, no energy transfer from the ligands to the central metal atoms was ob-
served, the first excited Gd*" state (°P;2) lies approximately 32000 cm™! above its
ground state. The emitting state of these complexes was the PLN triplet state. For
Eu’*, on the other hand, energy transfer from the PLN triplet state to the Eu** °Dy
state was observed. Emissions from the °D, —"F transitions were detected.
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Figure 4.3: Mass spectrum of Gd(PLN),Na electrosprayed from DMSO solu-

tion. The ratio of the different cationic species changes with the
spraying conditions.

Gd(PLN);

Gd(PLN); is deposited in mass resolving mode, the measured mass spectrum is
shown in figure BE3°. GA(PLN)j; is deposited in pure Ne and Ar matrixes, and in
neon matrixes with different ratios of electron scavengers: Ne + 0.01% CCl,, Ne +
0.1% COs, Ne + 0.3% CO,, and Ne + 0.7% CO,. Furthermore, the addition of one
or two dimethyl sulfoxide solvent molecules to the GA(PLN); complex is studied
in Ne matrixes.

As can be seen in figure B4, Gd(PLN); exhibits sharp, vibronically resolved emis-
sions from the PLN T; — S, phosphorescence. The presence of the heavy central
metal increases the intersystem crossing rate, efficiently quenching the PLN S§; —
Sy emissions [197, T98]. The gas-phase and neon matrix luminescence spectra (fig.
B4 a and d) are close to identical. In the matrix, the band origin of the PLN triplet
emission is shifted to 553 nm, which corresponds to a red-shift of 20cm™"'. The
vibronic progression is almost identical, with a slight increase of the red-shift to
50 cm™! for the last clearly distinguishable vibronic emission feature. The emission
lines of GA(PLN); in neon matrixes at 5K are slightly narrower than in gas phase
at 83 K. Apparently, the lower temperature and better thermalization in matrixes
overcompensates the expected matrix induced broadening.

®Mass spectra of different M(PLN)J species are similar.
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Emission spectra of GA(PLN); in Ne (a), Ne + 0.01% CCl, (b), Ne +
0.1% COx (c), and in gas phase (d). No strong influence of the matrix
occurs, the neutral species is not detected. Experimental parame-
ters: (a)/ (b), (C): )\ea:citation: 375 nm, 200 W/ch, T=5 K; (d) )\excitation:
458 nm, 400 W/em?, T = 83 K.

Figure 4.4:
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Figure 4.5: Comparison of the emission spectrum of Gd(PLN); in Ne (a) to
complexes with 2 DMSO adducts (b), and complex formation in the
matrix with increased concentration of CO, (0.7%) (c). Experimen-
tal parameters: (a), (b), (¢): Acxcitation= 375nm, 200 W/em2, T = 5K.

Upon addition of electron scavengers in low concentrations to the matrix gas (Ne
+ 0.01% CCly, Ne + 0.1% COs,), the emission spectra remain unchanged (fig. E34
b and c), indicating that no other charge state contributes to the emission. This
is also confirmed by comparison to gas-phase spectra, where the charge state is
unambiguously known.

The complexation of small molecules to the GA(PLN)J ions is possible in the matrix
by increasing the concentration of CO, in the matrix gas (Ne + 0.3% CO,, Ne + 0.7%
CQOy), or by deposition of the solvent adducts, Gd(PLN); + DMSO and Gd(PLN);
+ 2 DMSO. In the CO; containing matrixes, distinct shoulders emerge, best seen
at the band origin (fig. B35 c). For the DMSO adducts, only a slight broadening is
detected, best seen at 556 nm (fig. B3 b). No shift of the PLN T; — S, band origin
emission is detected for the adducts. By changing the matrix gas mixture, adduct
ions of the mass selected species and different molecules can be studied, which
cannot be generated easily in the gas phase.

Codeposition of GA(PLN)j with argon results in some changes of the PLN emis-
sion spectrum, which are shown in figure 6 b and c. As expected in an environ-
ment, which interacts more strongly with the deposited species, broadening of the
emission features occurs. In fact, some of the weaker vibronic lines are not distin-
guishable at all.

In the argon environment, a further red-shift of the T; — S, emission of 65cm™*
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Figure 4.6: Comparison of the emission spectrum of Gd(PLN); in Ne (a) and
in Ar after the deposition (b) and after subsequent annealing of the
matrix at 20K for 5 minutes (c). The inset shows the marked range
of the so far unidentified emissions in higher resolution. Experi-
mental parameters: (a): Acucitation= 375nm, 200W/cm2, T = 5K; (b),
(©): Aexcitation=405nm, 1000 W/em?, T = 5K

is measured relative to neon matrixes, the PLN T, — S, emission is centered at
555nm (fig. BH). The increasing red-shift is due to the increased interaction of
the GA(PLN); with the environment. Extrapolation of the gas phase emission fre-
quency from argon and neon spectra reproduces the measured frequency within
2cm~L0

Additionally, two new emission features emerge, one at 540 nm, and one around
590nm. Both new features are only detected when the sample is irradiated with
the 405nm diode laser, they do not occur with the 375nm laser. Upon annealing
of the sample at 20K, the feature at 540 nm gains in relative intensity to the 555 nm
emission (fig. BA b, ¢) while the 588 nm decreases. Two very narrow emissions at
589.6 and 590.7 nm appear after annealing (fig. &6, inset).

The similar broadness of the 540 and 555 nm feature indicates that both originate
from the PLN triplet state. At the same time, the different relative intensities of the
555 and 540 nm emissions at different excitation wavelengths, and after annealing
of the argon matrix at 20K indicate that two different PLN species are present in
Ar matrixes.

’Corresponding to 0.1 nm in this wavelength region, which is within the experimental accuracy.
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A possible reason for the presence of two different PLN species in argon matrixes
is a change of the Gd(PLN); symmetry. Two different symmetries can lead to two
different PLN conformers, with different absorption cross-sections at 375 nm and
405 nm. Stabilization of a different symmetry also accounts for the relative increase
of the 540 nm emission feature after annealing of the sample. However, another
possible reason is the neutralization of GA(PLN); during deposition. While in neon
matrixes, no signal of the neutral GA(PLN), is detected, it is expected to be present.
Possibly, the neutral species exhibits laser-induced phosphorescence in argon ma-
trixes. However, a similar feature is observed for the [GA(PLN)3;Na]*t species (see
page [TT), which is deposited in Ne + 0.01% CCl,. Here, neutralization can be ruled
out. For GA(PLN); in Ar, no measurement with the addition of electron scavengers
are performed yet.

The emisison feature at 588.6nm and the very narrow 589.6 and 590.7 nm emis-
sions are probably caused by a contamination in the argon matrix. Possibly, the
narrow emissions are Na D-line emissions, which are shifted in argon relative to the
gas phase values of 588.9950 nm (D) and 589.5924 nm (D, ) [199]. However, while
Gd(PLN); is electrosprayed from Gd(PLN),;Na in DMSO solution, the sodium
adduct species are rejected by the mass filter. No corresponding features are de-
tected in other matrixes. So far, no conclusive explanation can be given regarding
the origin of these two emission features.

The interaction of the deposited GA(PLN); with the argon matrix environment
gives rise to two new emission bands. While these features have yet to be un-
derstood, it is demonstrated that the preparation of samples with different matrix
materials is possible. Also, extrapolating the gas phase emission wavelength of the
PLN T; — Sy transition in GA(PLN)j; is possible.

To estimate the signal enhancement that can be achieved in matrix isolation, in-
creasing amounts of Gd(PLN); are deposited at a constant dilution ratio (1:10°) for
a total duration of 22.75 hours. The laser-induced phosphorescence is measured at
various times during the deposition (375nm, 200 W/cm2, 10s acquisition time) (fig.
B7). The integrated emission intensity increases linearly with the number of de-
posited ions (linear regression: R*= 0.998), no saturation of the signal occurs over
more than two orders of magnitude of deposited ions. Increasing the signal further
is possible by additional deposition, or increasing the measurement time, or the
irradiance.

[Gd(PLN);NaJ*

In gas phase, the [GA(PLN);Na]™ complex photofragments upon irradiation to the
strongly luminescent Gd(PLN);, whose signal covers any emissions of Gd(PLN);Na
*. In Ne matrixes, even after prolonged photoexcitation, the signal intensity is
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Figure 4.7: Integral photoluminescence of GAd(PLN); for various numbers of

112

deposited ions embedded in Ne + 0.01% CCl, at constant dilution
ratio of about 1:10°. The integral photoluminescence increases lin-
early with the number of deposited ions (linear regression: R* =
0.998). Experimental parameters: A.,citation= 3750m, 200 W/em2, T =
5K.
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Figure 4.8: Emission spectra of GA(PLN); in Ne (a) and [Gd(PLN);Na]™ in Ne
+ 0.01% CCly irradiated at 375nm (b) and 405nm (c). While the
relative intesity of the 545.9 and 534.4nm features is constant, the
553 nm emission does not correlate. In the inset, the missing vi-
bronic feature is marked (see text for details). Experimental param-
eters: (a), (b): Aezcitation= 375nm, 200W/em2, T = 5K; (€): Acxcitation=
405nm, 1000 W/em2, T = 5 K.

not decreasing: The faster energy dissipation in cryogenic matrixes enables laser-
induced luminescence spectroscopy of [GA(PLN);Na] .

[GA(PLN);Na]* is deposited into a Ne + 0.01% CCl, matrix. In the emission spectra

measured upon irradiation at 375 or 405 nm, several differences occur relative to
the spectrum of Gd(PLN); (fig. &3).

Next to the emission at 553 nm, which is also present for GAd(PLN);, two features,
which were not observed for GA(PLN); are present at 545.9 and 534.4 nm. Chang-
ing the irradiation wavelength, or annealing the sample at 9K, does not change the
relative intensities of the 545.9 and 534.4 nm features. However, the intensity of the
553 nm emission does not correlate.

The lineshape of the 545.9 and 534.4 nm emissions, and a weak vibronic progres-

113



4 Lanthanoid Diketonates in Matrixes

sion, indicate that both features originate in the PLN T; — S, emission. As is
the case for GA(PLN); in Ar matrixes, apparently different PLN conformers oc-
cur. Also, the shift of the 534.4 nm feature compared to the band origin at 553 nm
for [GA(PLN)3Na]™ is close to the shift of the additional feature of GA(PLN); in
argon (fig. &A).

Interestingly, while the band origin of the PLN T; — S, transition is identical to
Gd(PLN); (within the experimental resolution), a difference is identified in the vi-
bronic progression: one vibronic feature at 584 nm is not observed in the spectrum
of [GA(PLN)3;Na]* (fig. BES inset), indicating a slightly changed geometry of the
PLN ligand. All other vibronic features are identical.

As for the measurement of GA(PLN); in argon matrixes, the origin of the differ-
ent PLN conformers is unknown. Again, one can speculate about fragmentation
of the [GA(PLN);Na]* complex during deposition, forming for example neutral
Gd(PLN);z and Na™, or Gd(PLN)J and NaPLN. Neutralization of the [Gd(PLN);Na]*
complex is also possible, although in the presence of an electron scavenger neutral-
ization of the deposited cation is not expected to contribute strongly. Another pos-
sibility is, that in the case of [Gd(PLN)3;Na]*, the different PLN species are due to
different binding sites of the ligands to the Gd*" and Na™ metal ions.

While the origin of the additional PLN T; — S, transitions is not understood,
no fragmentation is detected upon irradiation of the sample. This demonstrats,
that laser-induced photoemission measurements in cryogenic matrixes are possi-
ble without photofragmentation. Whether fragmentation of [Gd(PLN)s;Na]* oc-
curs during deposition or not can be investigated by changing the kinetic energy
of the ions for the deposition in further experiments.

[Gde(PLN)16(OH)10]* and [Eug(PLN)16(OH)10]*

In gas phase, [Gdy(PLN);4(OH)0]" and [Eug(PLN);6(OH);0]* have been studied in
detail by Greisch et al. [192], showing that for the gadolinium complex the PLN
T, — Sy emission occurs, while in the europium complex strong emissions from
the Eu®*" were measured. The molecular structure of [Eug(PLN);5(OH)0]" (RI-B-
P/def2-SVP, [189]) is shown in figure B9, the structure of [Gdy(PLN);6(OH);0]" is
similar.

Both species are co-deposited with neon without mass selection, the cut-off mass
in RF-only mode is set to the highest value (10002mu/e) to reduce contamination
of the sample. By electrospray ionization of the solution containing the respective
pure substance, more than 95% of the ions produced are the desired nonanuclear
species. All samples are irradiated with a 375nm /20 mW diode laser, the spectra
are shown in figures ET0 and BTl
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Figure 4.9: Molecular structure of the nonanuclear [Eug(PLN),4(OH);,]" ion
(RI-B-P/def2-SVP) [189]. The central Eu®" ions are shown in green,
oxygen in red, carbon in black, and hydrogen as empty globes.

In the emission spectrum of matrix-isolated [Gdy(PLN);6(OH);0]*, a broad feature
with a halfwidth of 900cm™!, centered at 581 nm and two shoulders at 625 and
680 nm occurs (fig. ET0).

These features are assigned to the PLN T; — S triplet emission. No further emis-
sion band is detected. While the spectra of isolated Gd(PLN)J and [Gd(PLN);Na]*
show resolved vibronic emissions of the ligand, this is not the case for the broad
emission of [Gdy(PLN);6(OH);0]*. No superposition of ligand emissions in dif-
ferent binding geometries can be detected. Therefore, the broad spectrum of the
nonanuclear complex is rationalized by a collective excitation and emission process
of the whole ligand shell, mediated by a partial stacking of the planar ligands.

Comparing the spectrum obtained by matrix isolation with the one from gas-phase
measurements, a shift of the PLN emission of [Gdg(PLN)4(OH);,]" is detected
[192]. In the gas phase, the emission feature is centered at 568 nm, with the first
shoulder at 617 nm and the second shoulder below detection limit. The emission
features in neon matrixes are red-shifted by 400 and 200 cm™!, respectively.

In the spectrum of matrix-isolated [Eug(PLN),4(OH),0]" (fig. ETT), very clear emis-
sions from the Eu(Ill) transitions are seen (°Dy —"Fy (582nm), Dy, —'F; (590 -
597 nm), Dy —7F; (610 - 627 nm), Dy —F3 (650 - 658 nm), and °D, —'F, (685 -
710 nm)) [?00], dominated by the hypersensitive Dy, —'F, band, without any con-
tributions from PLN emissions: The energy transfer from the PLN ligand triplet
state to the central Eu** is not affected by the matrix environment.

For [Eug(PLN);4(OH)10] ", the Eu®" emission wavelengths are almost unaffected by
the noble gas matrix surroundings, the matrix shift of the emission features does
not exceed 30 cm ™! for any emission, and is smaller for most.
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Figure 4.10: Emission spectrum of [Gdy(PLN);4(OH),0]": (a) after deposition
in neon matrix at 5K, excitation at 375 nm, and (b) in gas phase at

83 K, excitation at 476.5 nm, the corresponding smoothed spectrum
(low pass FFT filter) is shown in red. Experimental parameters:
(@): Aczcitation= 375nm, 200 W/em2, T = 5K; (b): Acgeitation= 476.5nm,

1975W/em2, T = 83 K.
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Figure 4.11: Emission spectrum of [Eug(PLN),5(OH),0]": (a) after deposition
in neon matrix at 5K, excitation at 375nm, and (b) in gas phase at
83K, excitation at 476.5 nm. The inset shows in detail the °D, —"F,
transition, top: neon matrix, bottom: gas phase, smoothed spec-
trum (low pass FFT filter) is shown in red. Experimental param-
eters: (a): Aczcitation= 375nm, 200W/em2, T = 5K; (b): Acscitation=
476.5nm, 1975W/cm?, T = 83 K.
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For both species, the signal-to-noise ratio is improved compared to the gas-phase
measurements.

4.3 Study of M(PLN)3 and [Eu(PLN)s;A]*

To understand the energy transfer from the diketonate ligand to the central metal
ions, simple systems have to be investigated, which can be modeled by theory. For
the studied lanthanoid diketonate complexes, the simplest monoionic system con-
sists of a lanthanoid Ln** cation, complexed with two deprotonated 9-hydroxy-
phenalen-1-one (PLN) anions, forming a monocationic Ln(PLN); complex.

Different lanthanoids and also other trivalent metallic ions (AI**, In3*) are charac-
terized regarding their emission processes, emission intensities, and wavelength.
For systems sufficiently luminescent for gas phase measurements (Gd(PLN); and
Lu(PLN)y), a comparison between gas phase and matrix isolation measurements is
also presented. Most species studied only exhibit a weak luminescence, especially
so the emitting lanthanoids, with the exception of Eu®*. The relative emission in-
tensities of the species are listed in table ET.

All samples are irradiated with 375 and 405 nm diode lasers. For most species, no
qualitative difference is observed in the emission spectra, therefore the excitation
wavelength is only explicitly mentioned when necessary. For each shown spec-
trum, the experimental details are listed in the corresponding caption.

Most spectra show an emission at 696 nm, originating from the Al,O3 substrate.
This feature will be marked in the presented spectra.

Aluminum: AI(PLN);

AI(PLN); cations are mass selected and deposited into a neon matrix. The emission
spectrum of the aluminum complex shows sharp vibronic features from the PLN
S1 — Sy singlet and T; — Sy triplet transitions, with origins at 448.4 and 534.6 nm,
respectively (fig. B2 b). No emissions from the AI*T ion are detected.

Measuring the lifetime of the emitting states is not possible with the setup. How-
ever, an afterglow of several seconds, originating from the PLN triplet emission at
534.6 nm, is visible with the naked eye. The long lifetimes of the excited states are
turther supported by the sharp emission lines.

For other central metal ions apart from aluminum, no emissions from the PLN
S; — S transition are measured. Quenching of the PLN singlet emission is based
on the spin-orbit coupling of the PLN with the heavy central metal ions, leading to
an increase of the S; — T, intersystem crossing rate, and thus to a loss of emission
from the S; state [197, 198].
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Figure 4.12: PLN T; — Sy emission spectra of In(PLN); (a) and AI(PLN); (b).
For both species, ligand emissions are detected, for AI(PLN); from
the S; and T, states (shown in the inset), for In(PLN); only from
the T, state. Experimental parameters: (a), (b): Aczcitation= 375nm,
200 W/cmz, T = 5K
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Figure 4.13: Emission spectrum of Pr(PLN); with emissions from the Pr3*
3Py, —3Hg and *P, —3F, transitions. Masked features are back-
ground noise. The strong marked feature (*) is an emission
from the substrate. Experimental parameters: Ac.citation= 375 nm,
200W/em2, T = 5K.

Indium: In(PLN)3

For In(PLN); isolated in cryogenic neon matrixes, only the PLN triplet emission
occurs, with the band origin at 534.3nm and vibronic sidebands (fig. BET2 a). As
can be seen in figure B2, the emission lines of In(PLN); are much broader than
for AI(PLN)J, but still similar vibronic bands can be identified. No additional emis-
sions from the central In®>" ions are detected.

Praseodymium: Pr(PLN);

The emission spectra from samples of isolated Pr(PLN); show four strong emission
features at 622, 632.5,655.1, and 664.7 nm, and several weaker features in the same
range (fig. £13).

The strong emissions result from the *Py, —*Hg (632.5nm) and the 3Py —3F, (655.1
nm) transitions of the Pr** ion [201]. In solids, a splitting of the Pr*" emission
bands is observed for different sites. Also, the intensities of the atomic transitions
of praseodymium depend on the symmetry of the environment, the temperature,
and the excitation wavelength [202].
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Emissions from states of higher energies, for example the strong *P, —*H, transi-
tion at roughly 480 nm [20T], cannot be populated from the PLN triplet state and
are therefore not present in the spectrum.

The emission features of Pr(PLN); only occur for irradiation with the 375 nm diode
laser. When exciting the sample with the 405 nm diode laser, even with higher laser
power, no clear emission lines can be identified. This suggests a low absorption
cross-section of the PLN ligands in the Pr(PLN); complex at 405nm.

Europium: Eu(PLN)}

Matrix-isolated Eu(PLN); exhibits emissions from the PLN triplet state with the
band origin at 540.5nm and a vibronic progression at lower energies. Additionally,
a broad absorption around 620 nm with a fine structure, and some weaker emis-
sion features are observed in neon matrixes upon irradiation at 405 nm (fig. £14 a).
Upon irradiation at 375 nm, or in matrixes containing electron scavengers, only the
PLN T; — Sy emission is detected, the broad emission is lost (fig ET4 b). The differ-
ent emission spectra for different excitation wavelength indicate, that two different
species are present as carriers of the 540.5 and 620 nm emissions, respectively.

Energy transfer is possible from the PLN T; state to the Eu®* °Dj state, with follow-
ing °Dy —F,; emissions. The broad emission feature of matrix isolated Eu(PLN);
is assigned to the D, —"F, transition, the weaker emissions correspond to transi-
tions to other “F; states. As can be seen in figure &4, all expected emissions of
Eu®t are detected.

In matrixes containing electron scavengers, no emissions from the central Eu** are
observed, indicating a charge effect as cause of the different species present. How-
ever, a complete neutralization of the complex is excluded, because the observed
emissions cannot be explained by Eu?* emissions, which exhibits a broad emission
in the range from 400 to 500nm [?03]. Instead, it is suggested, that electrons are
localized at the ligands without charge transfer to the central Eu®" ion, forming a
>“PLN--Eu®*" -.PLN~ complex. This localized charge reduces the symmetry of the
Eu(PLN)] complex, and allows for symmetry-forbidden Eu®*" emissions to occur
[203]. In matrixes containing CCl,, the secondary electrons are scavenged before
they can reach the Eu(PLN); complexes, hence no symmetry reduction and no
Eu®* emissions are detected.
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Figure 4.14: Emission spectrum of Eu(PLN); in pure neon matrix (a), and in Ne
+0.01% CCly (b). In the difference spectrum (c), only the Eu** emis-
sions are observed. Vibronic features with the origin at 540.5nm
are from the PLN triplet state, the marked features are emissions
from the Eu®*" °D, —F, transitions. Experimental parameters:
(a): /\excitation: 405 nm, 500 W/cmz, T = SK, (b) )\e:vcitation: 375 nm,
200 W/ch, T = 5K
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43 Study of M(PLN); and [Eu(PLN);AJ*

Gadolinium: Gd(PLN)}

A detailed discussion of the GA(PLN)Jj complex is presented in the previous section
B2,

In short, in the GA(PLN); complex, emissions are observed from the PLN triplet
state, with the band origin at 553.0 nm and vibronic features. No emissions of the
central Gd** ion are detected.

For the band origin of the PLN T; — S transition, a red-shift of 20 cm~* compared
to gas-phase measurements occurs. The following vibronic progression is close to
identical.

Terbium: Tb(PLN);

In the spectrum of Tb(PLN)J in figure 15 a and b, several emission features oc-
cur in the range from 550 to 800 nm, with the most intense features at 550.9 and
580.4 nm.

The first emission feature is assigned as emission from the PLN triplet state. The
halfwidth of this emission, and the vibronic sidebands, correspond to PLN emis-
sions in other lanthanoid complexes. The assignment of the emissions at lower
energy, 565.2 and 580.4 nm, is less clear. Emissions of different PLN ligands at dif-
ferent matrix sites are possible, or different geometries of the Tb(PLN)] complex
are present. Charge effects as cause of the different emissions in the spectrum of
Tb(PLN); can be ruled out, co-depositon with electron scavengers does not alter
the spectrum (fig. figure ET3 b).

The emission features in the 615 - 800 nm range cannot be explained by PLN emis-
sion. Tb?* can also be ruled out as the emitting species, because the observed emis-
sions do not fit the previously reported Tb*" emission spectrum [?04]. Addition-
ally, the energetically closest state of Tb**, the °D, state, is higher in energy than
the PLN T, state. Therefore, no energy transfer from the PLN is expected.

Instead, a mixture of different rare earth metals in the sample, which are not re-
jected by the mass filter due to the low resolution, could be responsible for the emis-
sions. However, the lanthanoids adjacent to terbium are europium and gadolinium
at lower, and dysprosium and holmium at higher mass. The measured emission
features of Eu(PLN);, GA(PLN);, and Dy(PLN); do not show any agreement with
the 615-800 nm features measured for Tb(PLN);. For Ho®*, previously reported
emission spectra do not match the emission features in this experiment [205]. Lan-
thanoid complexes with a larger difference in mass are rejected by the mass filter.

The assignment of the emission features in the 615 - 800 nm range is currently not
possible.
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Figure 4.15: Emission spectra of Tb(PLN); in Ne (a) and Ne + 0.01% CCly (b),
and Dy(PLN); in Ne (c). For Tb(PLN);, the emissions in the 615 -
800 nm range cannot be explained by PLN or Tb*" emissions. The
strong emission from the Al,O; substrate is marked. Experimental
parameters: (a), (b), (¢): Aescitation=375nm, 200 W/em2, T = 5K.
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Dysprosium: Dy(PLN);

Dy(PLN); cations are co-deposited with neon. No emissions from the deposited
species is detected in the range from 400 to 850 nm (fig. figure T3 c). The sample
is irradiated with 20 mW at 375 nm, the total measurement time is 600 s.

The Dy*" “Fy , state is too high in energy to be populated by energy transfer from
the PLN triplet state. An energy transfer to the °F, , state and relaxation by emis-
sions in the NIR is possible [206, ?07]. For this sample, no NIR spectra were ob-
tained.

Another possibility is a vanishing absorption cross-section for the ligands in the
Dy(PLN); complex, or a very effective energy transfer from the PLN to matrix
phonons, and thus a radiationless relaxation.

Ytterbium: Yb(PLN)}

In samples produced from co-deposition of Yb(PLN); with neon, irradiation at
375 nm results in two emission regions (fig. ET86). In the first region around 540 nm,
two separate broad emission features with center wavelengths of 537 and 550 nm
occur. In the second region, an emission at 982 nm, with a shoulder at 974 nm, is
detected.

No emissions from the PLN triplet state are detected. No emissions occur for irra-
diation at 405 nm.

The emission features at 974 and 982nm are readily identified as the split Yb?"
°F5/2 — *Fy), transition. Energy transfer from the PLN triplet state to the central
Yb** ion occurs.

The emissions at 537 and 550nm are identified as the Er*" ?Hy; /o — *I;5/2 and
S3/2 — 1152 transitions [P08]. Er(PLN); is present in the sample due to the diffi-
culty in separating different rare-earth metals prior to synthesis, and the low mass
resolution of the experimental setup. Typically, the mass filter is set to ™/am = 30,
for an efficient separation of Yb(PLN); and Er(PLN); a resolution of m/am = 100
is required. By increasing the mass resolution to 50, and shifting the transmitted
mass to higher values (569 amu/; instead of 566 amu/7), Er(PLN); can be rejected, as
is shown in the inset of figure B16, b. However, the ion beam intensity is reduced
by a factor of two.
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Figure 4.16: Emission spectra of Yb(PLN)J in Ne (a) and (c), and Ne + 0.01%

126

CCl, with higher resolution of the mass filter during deposition
(b). Emission at 537 and 550 nm, which are present in spectrum
(a), are assigned to Er®* transitions. At 980 nm, the emission from
the Yb** 2F;/5 —?F7/, transition can be seen. (c) is measured with
a detector optimized for the NIR. In the insets, the emissions of the
lanthanoid ions are shown in detail. The marked feature (*) is an
emission from the Al,O3 substrate. Experimental parameters: (a),
(b), (C)I /\ezcitation: 375 nm, 200 W/cmz, T=5K.



43 Study of M(PLN); and [Eu(PLN);AJ*

Lu(PLN)," in Ne

1.5

1.0

Lu(PLN)," in gas phase

Intensity, a. u.

520 560 600 640
Wavelength, nm

Figure 4.17: Emission spectra of Lu(PLN); in Ne (a), and in gas phase (b). The
emission spectra agree within the experimental accuracy. Experi-
mental parameters: (a): Acucitation= 375 nm, 200 W/em2, T = 5K; (b):
)\emcitation: 458 nm, 400 W/Cm2, T =83K.
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Figure 4.18: Emission spectra of [Eu(PLN);Na]* (a) and [Eu(PLN);K]* (b) iso-
lated in neon, showing emissions from the Eu®*" °Dy —'F, transi-
tions. The inset shows the PLN T, — S, transition, the marked
feature (*) is an emission from the Al,O3; substrate. I and II are
°Dy — "Fy emissions, [ is likely related to the Dy — “F transition
(see text). Experimental parameters: (a), (b): Aescitation= 405nm,
1000 %W /em2, T =5K.

Lutetium: Lu(PLN);

The emission spectrum of isolated Lu(PLN); shows a strong emission from the
PLN triplet state, with the band origin at 548.8 nm and a vibronic progression. No
emissions from the Lu®* ion are detected.

Lu(PLN); emissions have been measured in gas phase. The comparison of the gas
phase to the matrix isolation spectrum is shown in figure BT4. The PLN T; — S,
emissions agree within the experimental accuracy. In matrix isolation, the lower
temperature results in a smaller linewidth.

[Eu(PLN);Na]* and [Eu(PLN);K]*
Samples of matrix isolated [Eu(PLN);Na]™ and [Eu(PLN);K]* show similar emis-

sion spectra. As can be seen in figure BET8, the main differences are the relative
intensities of the emissions.
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Figure 4.19: Emission spectra of [Eu(PLN);Na] " in Ne (a) and Ne + 0.01% CCl,
(b), and [Eu(PLN);K]* in Ne (c) and Ne + 0.01% CCl, (d). Left:
’Dy —'F, transition, right: *Dy —"F; transition. In matrixes con-
taining electron scavengers, some features are suppressed. Exper-
imental parameters: (a), (b), (c), (d): Acxcitation= 405nm, 1000 W/cm2,
T=5K.

The °Dy —"F; transitions of the central Eu*" ion are prominent, dominated by the
hypersensitive *Dy — "F, emission at 616.4 and 621.1 nm (emissions I and II in fig.
ATR) [200]. Weak emissions from the PLN triplet state are present at 540.5 nm, the
same wavelength that is observed for Eu(PLN); emissions. Additionally, a broad,
featureless emission is visible at 611.7 nm, which is likely related to the °Dy — F,
band (emission III in fig. BETS).

Co-deposition of the species with Ne + 0.01% CCl, results in an almost complete
disappearance of the 611.7 nm feature and a weaker feature at 652.1 nm (fig. £T9).
Besides these features, no further differences in the emission spectra are observed
for matrixes containing electron scavengers.

The strong feature at 611.7nm was not observed in gas phase spectra of
[Eu(PLN)3;Na] ™ and [Eu(PLN);K]* [T95], or in matrix isolation spectra of Eu(PLN);
or [Eug(PLN);4(OH),0]". However, a strong feature around 610 nm has been ob-
served in gas phase emission spectra of [Euy(PLN)sNa]* and [Eus(PLN);Na.]*
[T96]. Here, this feature was assigned to the Eu*" °D, —7F, transition, which is
shifted because of the reduced symmetry of the Eu*" environment.
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In matrixes, a similar symmetry reduction is suggested. While in the case of
[Eus(PLN)sNa]™ and [Euy(PLN);Nay]* this change is induced by additional lig-
ands, in matrixes a charge effect can be responsible. Similar to the proposed lo-
cal charge of Eu(PLN); in matrixes, an electron is attached to a PLN ligand in
[Eu(PLN);Na]* and [Eu(PLN);K]". This results in a change of the binding geome-
try, and thus a symmetry change in the Eu** environment. Apparently, the electron
stays localized on a ligand. Charge transfer to the central europium atom does not
occur: Eu** exhibits a broad emission in the range from 400 to 500 nm [?03], which
is not detected in the experiment. The added CCl, in the matrix gas efficiently
scavenges secondary electrons before they reach a lanthanoid complex. Therefore,
complexes with an added electron are scarce, and the emissions from the complexes
with reduced symmetry are suppressed.

The weaker feature at 652.1 nm, which exhibits the same decrease in intensity in Ne
+ 0.01% CCl, matrixes, is assigned to the Dy, —"F; transition in the reduced sym-
metry. The energy difference relative to the undisturbed Eu®" emission is similar
for this feature and the 611.7 nm emission.

Whether the presence of the PLN T; — S, emission indicates fragmentation of the
[Eu(PLN);A]"T complexes, or incomplete energy transfer from the PLN to the Eu®"
occurs, could not be conclusively established.

Discussion

The relative luminescence intensity of the deposited species (corresponding to ab-
sorption cross section at 375nm times luminescence quantum yield) is estimated
based on the deposited amount and the measurement time, with the intensity of
Gd(PLN); set to 1. A possible difference in the absorption cross-section of the PLN
ligands is not taken into account. The estimated relative intensities are listed in
table ET.

The most intense luminescing M(PLN); species are GA(PLN); and Lu(PLN);, with
an intensity ratio of 5:1 in neon matrixes. A similar ratio is found in gas phase. The
other species show a much weaker luminescence, which did not allow for gas phase
measurements. In noble gas matrixes, photoemissions can be measured for species
with a wide range of luminescence intensity, for the M(PLN); species, the ratio of
the strongest (GA(PLN);) and the weakest (Pr(PLN);) emitter is roughly 3000:1.

The energy of the PLN ligand triplet state is influenced by the central metal ion.
While the vibronic features are close to identical for all studied species, the band
origin is shifted by several hundred wavenumbers, even for central metal ions with
similar properties. A purely geometric effect based on different ionic radii is ruled
out: as can be seen in figure a, the PLN triplet emission wavelength and the
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Table 4.1: Summary of the deposited mononuclear ionic complexes, the emit-
ting species and the transitions, and the relative emission intensity.
For emissions from the PLN triplet state, the emission wavelength
is given. The relative emission intensity is corrected for deposited
number of ions and measurement time.

complex emitting species transition relative emission intensity “
AI(PLN); PLN S1 — Sp (448.4nm) 0.09
PLN T, = Sp (534.6 nm) 0.03
In(PLN)y PLN Ty = Sp (534.3 nm) 0.09
Pr(PLN); Pr3t 3Py —*Hg;
3Py —3F, 3x107*
Eu(PLN); PLN T, = Sp (540.5 nm) 0.03
Eu?t 5D0 —>7FJ
Gd(PLN); PLN Ty = Sp (553.0nm) 1t
Tb(PLN); PLN Ty = Sp (550.9 nm) 1.5 x 1073
c
Dy(PLN); - - 0
Yb(PLN); Yb3+ 2F5/2 —>2F7/2 -d
EI‘(PLN); Er’t 2H11/2 —)4115/2 -d
Lu(PLN); PLN T, = Sp (548.8 nm) 02°

" Emission intensity of Gd(PLN)J is set to 1; * Only the emission intensities of
Gd(PLN); and Lu(PLN)j are large enough to allow gas phase measurements un-
der analogous excitation conditions; ¢ Further emitting species are present but
could not be assigned; ? Relative intensity could not be estimated.
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ionic radius of the central metal ion do not correlate. Instead, the electronic config-
uration of the PLN ligands can explain the trend. Plotting the PLN triplet emission
wavelength versus the ionization potential (IP) of the central metal ion, an almost
linear correlation is found, higher ionization potentials of the metal ion are associ-
ated with an increase in the triplet state energy of the PLN (fig. b). This trend
is also seen for HPLN, when using the first IP of hydrogen.

So far, no conclusive explanation for this correlation can be given. A possible rea-
son is, that the local electron density at the oxygen atoms of the anionic ligands
is influenced by the local field due to the central metal trication, which is appar-
ently related to its third ionization potential. A related possibility is, that the metal-
ligand bond lengths are influenced by corresponding electrostatic interactions. Fur-
ther studies and theoretical calculations are required to explain the energy shift of
emissions from the PLN triplet state in proximity to the various ionic species.

4.4 Summary

The combination of electrospray ionization, laser-induced luminescence, and ma-
trix isolation was demonstrated using lanthanoid diketonate ions. The accumula-
tion of some femto- to picomoles of mass-selected ions into a cryogenic noble gas
matrix at about 5K allowed measurements on highly reactive or elusive species,
whose properties are typically masked in standard condensed-phase measurements.
The obtained spectra displayed sharp emission lines. The influence of the matrix on
the isolated species was assessed via comparison with laser-induced luminescence
measurements of gas-phase ions stored in a Paul trap, and by the use of different
matrix gases. The remarkable agreement between the results obtained using both
techniques suggests, that the neon matrix often induces only a negligible geomet-
rical and electronic perturbation of the studied species. Even vibronic bands were
close to identical. By contrast, the perturbation was increased in argon matrixes.
Measurements with further matrix gases (e.g. CO,, Ny, or H,O) enable the system-
atic assessment of environmental effects in future.

Complexation with CO; in the matrix and with DMSO prior to deposition was
specifically studied to demonstrate the potential of such measurements. A broad-
ening of the emission lines, and the emergence of shoulders, was observed for
Gd(PLN);.

Thanks to the higher ion density achievable for matrix isolation measurements, the
accessible signal-to-noise ratio was drastically improved relative to ion trap exper-
iments. Consequently, species inaccessible to gas-phase studies were measured.
Furthermore, lower irradiance and higher thermalization rates allowed the study
of molecules which photofragment in gas phase.
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Figure 4.20: (a) No correlation is present for the emission wavelength and the
ionic radius [209]. (b) Plotting the wavelength of the PLN triplet
emission versus the ionization potential of the metal ions [193] and
hydrogen a correlation is found.
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A series of different metal diketonates was studied, with the main focus on the
simple M(PLN); species.

For metal ions without an acceptor state for energy transfer from the PLN triplet
state (AI**, In3*, Gd3*, and Lu®"), no emission from the metal was observed. For
systems, where energy transfer is possible (Pr**, Eu**, Tb**, Dy**, Yb?*, and Er**),
emissions from the metal ions were detected for most lanthanoids. For Dy**, no
emissions were detected, for the Tb*" sample, the emitting species could not be
identified.

The emission wavelength of the PLN triplet emission was shifted, depending on
the central metal ion. A correlation between the third ionization potential of the
metal and the emission wavelength was found.

For the Eu®" containing species, the emissions from the lanthanoid ions were in-
fluenced by the presence of negative charges. For the Eu(PLN); complex, Eu*"
emissions were suppressed by addition of electron scavengers. For [Eu(PLN);Na]*
and [Eu(PLN);K]" in Ne, a side feature of the °Dy —7F, transition emerged (ap-
proximately 10nm to the blue). This feature was suppressed in Ne + 0.01% CCl,.
Electrons, localized on the PLN ligands, are suggested to induce a reduction of
the local symmetry of the Eu®", resulting the emergence of symmetry forbidden
transitions or a splitting of the transitions.
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5 STM Study of Cgg and Ho@Cg

5.1 Endohedral Fullerenes

The study of elusive species by scanning tunneling microscopy (STM) is hindered
by the necessary direct contact of the substrate and the species of interest. For
dihydrogen, only the lower para spin state could be identified on nickel and gold
surfaces, the interaction with the metal surfaces prevents the appearance of the
ortho spin state of Hy [210, 2T1].

One elegant way of isolating molecules or clusters in elusive states is incorporation
into fullerenes. Using this approach, the endohedral species are effectively isolated,
and for most molecular species only weak van der Waals interactions with the car-
bon cage occur, while interaction with the environment is suppressed.

Molecules and clusters, for example noble gases [?12, T3], nitrogen [2T4], water
[T7] or metal clusters [12, PT5], can be inserted into the cavity of the fullerene cage.
This can be done during the formation process by arc discharge, by ion bombard-
ment, or high-pressure and high-temperature treatment. However, the yield of
these procedures is around one endohedral cage per one million fullerenes [2T2].
More efficient, and more elegant, is the synthetic way of ‘'molecular surgery” estab-
lished by Komatsu et al. [16, PT6]. Here, the fullerene is opened chemically, the
molecule or cluster of interest inserted, and the cage is closed again. This method
leads to yields of around 90%, and milligram quantities.

The interest in endohedral fullerenes lies in the possibility to tune their properties,
for example the band gap, to form ‘semiconducting” or ‘metallic’ molecules [217],
and in the study of the isolated molecules inside the highly symmetrical fullerene
environment. N@Cg, for example, is studied with regard to possible applications
in quantum computing. The advantage of the endohedral nitrogen atom lies in
its long relaxation times (T; ~ 100-1000ms, T, ~ 20 us) [?T8]. Another example
are endohedral gadolinium complexes, which are discussed as MRI contrast agents
[219].

In the case of molecular hydrogen, the insertion into the fullerene cage allows for
the study of the symmetric ortho- and the antisymmetric para-H, allotropes, shown
schematically in figure Bl. The interconversion time of ortho- and para-H, in Cg at
room temperature is around 7 days [220], because interconversion requires highly
forbidden simultaneous changes in the nuclear and rotational quantum numbers
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Figure 5.1: Left: Energy diagram for the two spin states of H,. The ground state
of para-H, (J=0) is 120cm ™' lower in energy than ortho-H, (J=1).
Right: Drawing of Ho@Cg.

[227], P27]. In the presence of a paramagnetic spin catalyst, the interconversion
is much faster. The para state is about 120cm ! lower in energy, the equilibrium
ortho:para ratio at room temperature is 3:1, reflecting the ratio of possible spin states.
At temperatures below 170K, the para state is favored.

Endohedral H,@Cg, has been studied extensively by NMR spectroscopy [223, D74,
775, 776, 777], IR spectroscopy [278, 277], and inelastic neutron scattering (INS)
[229]. An overview of these measurements is presented by Mamone et al. [21]

The main focus of previous measurements have been studies of the ortho-para con-
version [225], and the translational, rotational, and vibrational transitions of the
endohedral hydrogen molecule at different temperatures [228, 227].

All previous spectroscopic measurements have been performed on bulk samples,
no single H,@Cg, molecules were probed.

For inelastic electron tunneling spectroscopy (IETS) measurements of Cg, the elec-
tron-phonon coupling of the vibrational modes has to be considered. A theoretical
description of Jahn-Teller distortions of adsorbed Cgy during STM measurements
is given in Lakin ef al. [230]. In short, by ionizing the adsorbed Cg to Cg,, the ad-
ditional electron occupies the LUMO T, state. From simple considerations of the
symmetry of the allowed dipole coupling for Cg, the Hy, A/, and T;, modes are
expected to give a contribution to the IETS signal. Each mode results in a different
nuclear displacement, giving rise to a Jahn-Teller effect and electron-vibration cou-
pling. However, because of relaxation on the surface, and different possible charge
states, it is expected that different modes can also be excited by IETS.

The empty fullerene Cg has been studied extensively by STM and IETS on different
substrates [77, I/8, 79, 80, 81]. It was shown that all Jahn-Teller active H; modes of
Cgo can be excited on metallic substrates [8T].
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5.2 IETS of C60 and H2@C60 on CuN

However, the appearance of inelastic features strongly depends on the position of
the lowest unoccupied molecular orbital (LUMO) relative to the Fermi energy Er.
Only on Pb(111) are all eight H, modes, and one A, or Ty, mode of Cg, detected,
on Ag(111) only one mode (H,(2)) was excited, while on Cu(111) no vibrations
of Cg could be excited [BT]. It was suggested that on Cu(111) the fullerene Cg
molecules show an on-resonance electron transport, resulting in a quick damping
of the molecular vibrations [231], ?37], leading to a broadening of the transitions
[233]. It was also suggested, that introduction of thin insulating films between Cg
and the metallic substrate decreases the overlap of the molecular orbitals with the
substrate [233, 234]. This should lead to narrow molecular resonances of all Jahn-
Teller active modes. However, while experiments on Cgy on thin alumina films
did indeed show very sharp molecular resonances, only few vibronic modes were
excited [IZ7, 78].

For rotations of dihydrogen molecules on surfaces, two STM measurements have
been reported [210, 2TT]. In the first experiment by Natterer ef al. [2T0], dihydrogen
was adsorbed on a monolayer of boron nitride on Ni(111). The rotational excitation
spectra of the dihydrogen shows a transition at 43.7 meV, corresponding to the J =
0 — 2 transition of para-H,. No signal of ortho-H, was detected, probably due to fast
conversion to the spin of lowest lowest nuclear energy on the surface. The number
of dihydrogen molecules contributing to the measurement is estimated to be 60+30.
In the experiment by Li et al. [2TT], the STM tip was kept above a gold substrate,
prepared with a sub-monolayer of dihydrogen. Under these conditions, the weakly
physisorbed molecules were diffusing into and out of the tunneling junction, with
the average lifetime of the trapped molecule being shorter than the response time of
the STM. The signal originated from the average of several different diffusion and
trapping processes. For the para-hydrogen molecule, the J = 0 — 2 transition was
measured at 42meV. No signal from ortho-H; was reported. These measurements
showed for the first time, that the detection of molecular rotations is possible with
STM, although in both experiments, it was not possible to measure the spectrum of
only one single hydrogen molecule in a fixed position on the sample.

No STM measurements of single endohedral H,@Cg, fullerenes have been reported
so far.

5.2 IETS of Ceo and HQ@CGQ on CuN

In the measurements presented, an attempt is made to study the excitations of sin-
gle endohedral ortho- and para-H, molecules. First, the vibronic spectrum of Cg
on an insulating Cu{100}-c(2 x 2)N (referred to as CuN) substrate [?35, ?36] is mea-
sured to assess whether the molecules are sufficiently decoupled from the surface,
to enable the measurement of single transitions. Second, the rotation of hydrogen
encapsulated in endohedral H,@Cg is measured on CuN, in order to distinguish
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the ortho and para state, and to enable the investigation of one single hydrogen
molecule which is not adsorbed on the surface. IETS spectra are measured in the
range from -110 to +110mV and from -700 to -400 mV. Vibronic excitations of Cgy,
as well as the first rotational excitation of the encapsulated hydrogen molecule are
expected in the first region. In the latter region, the coupled rotational-vibrational
transitions of ortho- and para-H, are expected [228].

The sample of H,@Cg, used for the measurements was provided by Dr. Murata
[237]. Fullerene Cgy was bought from SES Research (99.5% purity).

The CuN substrate is prepared by sputtering the Cu(100) substrate first with Ar*
(U=3kV, I= 3 pA, t= 30min) to clean the surface, followed by annealing at 720K to
reduce the strain, and second with nitrogen ions (U= 0.65kV, I= 0.15 pA, t= 20 min),
followed by heating to 570K, to form a layer of isolating CulN. A low dosage of N,
leads to unsaturated surfaces of copper nitride islands of roughly 5x5nm?, sepa-
rated by trenches of bare copper. At high dosages, the surface is fully covered by
an insulating CuN layer. The molecules are deposited onto the CuN surface by
sublimation from a ceramic crucible after thorough degassing at 570 K for one hour
to remove residual solvent®. Deposition time of the molecules is 1 to 6 minutes
at 610 to 630K. Both H,@Cgy and Cgy do not decompose at the sublimation tem-
peratures used [?T6]. Following the deposition of H,@Cg, the residual material
from the crucible is analyzed by mass spectroscopy (LTQ XL Orbitrap, Thermo Sci-
entific, electrospray ionization) to confirm the stability of the molecule. The mass
spectrum of a 80:20 sample of H,@Cg(:Cg is shown in figure B2. No escape of
molecular hydrogen can be observed after heating to 640 K.

The molecules are deposited onto unsaturated and saturated layers of CuN. The
topography of the samples is studied in constant current mode, the vibronic exci-
tations of the molecules are measured by IETS. The experimental details are listed
for each measurement. All measurements are carried out at sample temperatures
of less than 1 K.

5.2.1 Results

On unsaturated CuN, both Cg and H,@Cgy mainly adsorb on the bare copper
trenches separating the CuN islands (figure B3). After deposition onto the satu-
rated CuN surface, the molecules form large islands. For Cg), almost no single
molecules are present on the surface (fig. B4 a), while for Hy@Cg, smaller islands
and more single molecules can be seen (fig. B4 b). At low coverages of approxi-
mately 0.01 monolayer (ML), almost no ordered structures are present for H,@Cg,
as can be seen in figure b4 c.

8No mass selection is used for this experiment. The residual solvent is often not completely re-
moved by degassing, while the deposition of mass selected ions allows for very clean samples
[54].
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Figure 5.2: (a) Measured mass spectrum of a sample of 80:20 H,@Cg:Cg after
heating to 360 °C, (b) simulated mass spectrum for 75% Hy@Cg +
25% Cgp, assuming a natural carbon isotope abundance.

Figure 5.3: C4y (a) and H.@Cgy (b) on an unsaturated CulN surface. The
molecules mainly adsorb on the bare copper trenches. Experimental
parameters: (a) V =051V, I =20pA; (b) V =1V, I =50pA
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Figure 5.4: Cg (a) and H,@Cg (b, c) on a saturated CuN surface. Cgy forms
large, well ordered islands, for Hy@Cg, a higher density of smaller
islands is observed. At low coverages (around 0.01 ML), almost no
ordered structures are present for H,@Cg (c). Experimental param-
eters: (a) V =1V, I =100pA; (b) V =1V, I =100pA; (c) V =1V,
I =50pA

For both Cg, and H,@Cgy the inelastic excitation spectra were measured. In the
range from -110 to +110mV, several sharp peaks are observed, which are mostly
antisymmetric to the origin (fig. B5). In the range from -700 to -400mV, no clear
features can be distinguished in either species (fig. B8). IETS is performed solely
on molecules adsorbed on CuN.

5.2.2 Discussion

The interaction of Cgy and H,@Cg, with the copper substrate is stronger than with
CuN. Therefore, the molecules are pinned to the copper sites on the unsaturated
CuN surface. On the saturated CuN surface, defect sites or contaminations act as
trapping sites for the molecules, diffusion of the molecules on the surface leads to
the aggregation of larger and well ordered islands.

The evident difference in mobility of Hy@Cg, on CuN, which leads to the appear-
ance of more single molecules on the substrate, cannot be attributed to the molecule
itself. Although the separation by high performance liquid chromatography indi-
cates a different interaction of Cgy and Ho@Cg to the chromatography substrate,
the difference is negligible: the difference in retention time is only 1% [ZT6]. The
mobility of the deposited molecules on the substrates at elevated temperatures (ap-
proximately 320 to 340K) is expected to be large enough for both species to form
well-ordered islands. Therefore, the presence of single H,@Cg is attributed to con-
taminations of the surface by residual solvent molecules, which are not completely
removed by the degassing procedure (see footnote on p. [35).
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Figure 5.5: Inelastic tunneling spectrum of H,@Cgy (a, red) and Cg (b, black)
embedded in small islands on CulN. The signal is recorded as the
second harmonic frequency with a lock-in amplifier. Experimental
parameters: (a) / = 10nA at 120mV, V,,,,¢ = 1.4mV, f = 2.97kHz,
50 scans averaged (6 min each scan); (b) I =5nA at 110mV, V,,,,q =
2.5mV, f =2.97kHz, 200 scans averaged (3 min 20s each scan). The
strong inelastic features around zero, which are also present on the
bare substrate, are shown in reduced contrast.
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Figure 5.6: Inelastic tunneling spectra of Cg at positive bias (a) and at negative
bias after antisymmetrization (b), in each case after background sub-
traction. The dashed lines indicate the energies of the correspond-
ing vibrational modes of a free C4y molecule according to DFT. Ex-
perimental parameters: I = 5nA at 110mV, V,,,s = 2.5mV, f =
2.97 kHz, 200 scans averaged.
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5.2 IETS of C60 and H2@C60 on CuN

For the analysis of the IETS signal of Cg, the background is subtracted. The spec-
trum at positive voltage, and the spectrum at negative voltage after antisymmetriza-
tion, are shown in figure b. a and b. In total nine vibrational features are identified.

The noise level of background spectra of the bare CulN surface is shown in figure
B7d.

In previous experiments on Pb(111) and Al,O3 surfaces, excitations of the Jahn-
Teller active modes have been identified in IETS. On Pb(111), an experiment similar
to the one presented in this work has been done: Cg, was deposited on the substrate,
and the IETS spectrum was recorded from - 200 to + 200mV. The H, vibrational
modes have been identified, as well as a feature which has been assigned to either
a A, or Ty, mode [8T]. On Al,Og3, vibronic progressions have been measured with
a constant separation of the features. The separation was correlated to the vibronic
excitations of the molecule. In this experiment, the bias voltage was varied from 0
to +2.5V. Here, the A (1) and H,(4) modes have been identified [77]. On CulN, no
IETS measurements of Cgy have been reported previously.

Out of the nine identified features on CuN, four correspond to the Jahn-Teller active
H,(1-4) modes expected in this energy region. The additional four H; modes (H,(5-
8)), which are expected for Cg, are out of range in this experiment. Only one of
the A, modes, A,(1), is inside the experimental range. These Jahn-Teller actice
modes are assigned to the measured vibrations, which are closest in energy. The
assignment is shown in figure b6 and table BT

The assignment of the remaining features is more complicated. The additional vi-
brational modes of Cg are close-lying, and do usually not exhibit electron-vibration
coupling. Based on theoretical transition energies, the experimentally identified
features are tentatively assigned (table B1). Note that due to the high number of vi-
brations of Cg, 46 vibrational states in 10 irreducible representations of the I, point
group, the assignment based on the energy of the vibrations is somewhat uncertain.
A shift of the theoretical or experimental energy of less than 5meV leads to a com-
plete change of the assignment. Additionally, the H,, T,,, and T;, modes show no
electron-vibration coupling in gas phase. However, a relaxation of the molecular
symmetry on the surface could allow the nonactive modes to be excited [81].

On CuN, the identified vibronic features of Cgy have a smaller width than those of
Ceo on Pb(111) [8T], which were measured at a comparable temperature of 5K. A
longer lifetime of the excited states on an insulating substrate is suggested. A long
lifetime of the vibration increases the possibility of interaction with other states
- in the case of endohedral H,@Cg,, we hope that a coupling of the vibrational
excitation of Cg to the H, rotation is detectable. The rotation of para-dihydrogen
on metallic substrates has previously been identified at approximately 43 meV [210,
o1l
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Figure 5.7: Inelastic tunneling spectra of Cg and H,@Cg, at positive bias after
background subtraction. (a) Cg, (b) and (c) different molecules of
the sample of H,@Cg, (d) bare CuN substrate, showing the noise
level of the measurements. The dashed lines are to guide the eye.
Experimental parameters: (a) / = 5nA at 110mV, V., = 2.5mV,
f =2.97kHz, 200 scans averaged, (b), and (c) / = 10nA at 120mV,
Vineda = 1.4mV, f = 2.97kHz, 50 scans averaged, (d) / = 1nA at
120mV, V00 = 1.4mV, f = 2.97 kHz, 50 scans averaged.
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5.2 IETS of C60 and H2@C60 on CuN

Table 5.1: Experimental energy of the vibrational modes detected in IETS of
Ceo on CuN, tentatively assigned symmetry, and calculated energy
according to DFT [33].

experiment literature * theory

hw,, meV hw,, meV mode hweqre, meV
34 +2 34 £2 H,(1) 31.5
44 +2 H,(1) 48.9
53 +£2 52 +£2 H,(2) 51.3
60 £2 Ay(1) 60.4
65 £2 67 £2 H,(2); T1.(1)" 63.2;63.6
69 £2 T1.(2) 71.4
80 £2 H,(3) 80.9
86 £2 87+2 H,(3) 84.9
94 £2 97 £3 H,(4) 95.5

“ Values of IETS of Cgy on Pb(111), by Franke et al. [81]; * No clear assignment
possible.

In IETS spectra of endohedral H,@Cg in the energy region from -110 to +110mYV,
the Cgp Hy(3) and H,(4) vibrations are clearly observed (fig. B7), though a shift
in the excitation energy of roughly 2.5mV occurs. The vibronic modes with lower
intensities are also shifted.

A prominent peak occurs in the spectra of some H,@Cg, molecules at 50 mV, which
is not detected in IET spectra of Cg. This feature is present in several measurement
of different molecules. However, a weak feature at the same energy is present on
the bare CulN substrate. Also, this feature is only detected at positive bias. Even
though asymmetric IETS spectra have been recorded for graphene [238], the most
likely explanation for this feature is an inelastic excitation of the tip. Still, one could
speculate about its sole presence at positive bias being due to a direction depen-
dance of the H,@Cg-electron coupling on the surface.

A possible explanation for the energy shift of the H,@Cg vibrations are different
adsorption geometries, or solvent molecules, which interact with the cage, thus
lowering the vibrational energy levels. Also, a small bias offset for the experiment
cannot be excluded, either from the calibration, or by the insulating substrate. An
influence of the endohedral H; is unlikely: the shift of the vibrations in the experi-
ment (2.5 meV /20 cm™') is much larger than the shift, which has been observed for
other endohedral systems. For thin films of Ar@Cg, and Kr@Cg, the A,, H,, and
T,, modes were measured to be within 0-5cm™! of the pure Cq frequencies [23Y].
Even in (Li@Cg),, the main Raman features (Hy(1) and A/(1,2) modes) are close to
identical to (Cgp)2 [240].
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Figure 5.8: Inelastic tunneling spectrum in the range of the S(0) and S(1) transi-
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tions of ortho- and para-H,. (a) CuN background, (b) and (c) Ho@Cg
on CuN. The signal is recorded as the second harmonic signal with
a lock-in amplifier. Experimental parameters: (a) / = 11nA at -
700mV, V0 = 3mV, f = 2.92kHz, 10 scans averaged ; (b) and (c)
I =3nA at-700mV, V,,,,¢ =3mV, f = 2.92kHz, 10 scans averaged.
The spectra are offset for clarity.



5.3 Summary

IET spectra in the range of H,@Cg in the range from -700 to -400 mV do not show
any excitations, as can be seen in figure B8. For Cg,, no vibrational transitions are
expected in this energy range. For H,@Cg, the coupled rotational-vibrational tran-
sitions of ortho- and para-H, are expected in this region. The S(0) transitions of para-
and the S(1) transition of ortho-H, differ enough in energy to be distinguished by
IETS spectroscopy. By IR spectroscopy, the energies of these transitions are deter-
mined to be 569 meV and 595 meV, respectively [228]. However, in the IETS spectra
shown in figure B8, no excitation of the endohedral H, molecule is observed.

A probable cause for the absence of detectable hydrogen excitations is, that the
hydrogen inside the fullerene cage is electronically shielded from the environment.
The charge transport in organic materials and Cgy occurs mainly through the 7
molecular orbitals [?41, ?47]. The 7 orbitals are mainly localized on the cage of Cg,
no strong coupling to endohedral molecules is expected. This leads to an inherently
weak signal from any can der Waals interacting molecule inside the fullerene cage.
On Cu(111), it was shown that Cgq can form atomlike molecular orbitals at bias
voltages of around 3.5V, which have s, p, and d character [?43]. These orbitals
are core-centered and can hybridize with species in the center of the cage, as was
shown for Li@Cg, [?43] and La@Csg, [?44], while the 7 orbitals do not show any
hybridization. No IETS measurements at a bias above 1V are performed yet.

The existence of weak hydrogen transitions below the detection limit of the exper-
imental setup is possible. In this case, the signal intensity is at least one order of
magnitude lower than the signal intensity of the H,(3) and H,(4) modes of Cg. It is
also possible, that the lifetime of the hydrogen excitations is very short due to the
interaction of the adsorbed H,@Cg, with the CulN substrate, leading to very broad
spectral features which cannot be distinguished from the background.

5.3 Summary

Ceso and endohedral H,@Cg were deposited onto an insulating CulN surface. The
topography and the inelastic excitations of the molecules were measured.

The topography of samples of pure Cg, showed well-ordered islands, while for
H,@Cgy smaller islands, clusters and single molecules occured. The difference in
adsorption energy between Cgy and H,@Cg, is negligible and cannot be the cause of
this discrepancy. The presence of residual solvent molecules from the purification
of H,@Cg, was suggested.

For the first time, the vibrational spectrum of C4y adsorbed on insulating CulN sur-
face was measured by IETS. In contrast to measurements on an insulating Al,O3
substrate, all Jahn-Teller active modes were identified [77]. Several additional Jahn-
Teller inactive modes were observed. The relaxation of the molecular symmetry on
the surface probably enhances electron-vibration coupling effects.
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In H,@Cg, a shift of the vibrations to lower energies is observed. However, no
conclusive explanation of this shift could be given so far.

No transitions of the endohedral Hy; were found in IET spectra of H,@Cg, in the
studied energy range (from -700 to -400 meV, and from -110 to +110meV). This
result was rationalized by the small intrusion of the electronic wave functions of Cg
into the cage [?43], effectively isolating the hydrogen molecule from the tunneling
electrons. Further experiments at higher bias voltages (U >2V) are suggested.
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6 Summary and Outlook

In this thesis, elusive molecular species were studied with optical spectroscopy in
cryogenic noble gas matrixes and with low-temperature STM. For the optical spec-
troscopy measurements, the existing apparatus for isolating elusive and reactive
species in cryogenic matrixes was improved, especially regarding the optical range
and the ion current intensity. The improved setup enabled the study of previously
inaccessible, mass-selected fullerene and azafullerene ions in unusual charge states.
The frequency of vibrational and electronic transitions was determined. For ionic
species of astrophysical interest, the gas phase absorption frequencies were extrap-
olated and the integrated molar absorptivities were established.

The combination of electrospray ionization and matrix isolation was demonstrated
for the first time. From the ion source to the deposition chamber, the pressure
was reduced by a factor of 10'?, allowing for a deposition time of up to several
hours without sample degradation or the accumulation of appreciable amounts
of contaminations. The photoluminsecent properties of electrosprayed lanthanoid
diketonate complexes were determined, which previously could not be determined
in gas phase or in condensed phase.

STM was used to study vibronic excitations of single Cgp and H,@Cgy molecules
on CuN surfaces. With H,@Cg, a system was studied in which the endohedral
hydrogen molecule is quasi-free, with only weak interactions to the surrounding
fullerene cage, while still being addressable as a single molecule by STM.

In summary, fullerenes, azafullerenes and their ions were investigated with optical
spectroscopy. The measurement range extended from 200nm in the UV to 400 -
200 cm ! in the far-IR. All species studied were isolated in noble gas matrixes at ~
5K. Cations were generated by electron impact ionization, anions during deposi-
tion by electron capture.

For Cd, and Cg,, several previously unidentified IR absorptions were detected. For
the first time, C51 and CiJ were studied by optical spectroscopy. The integrated
molar absorptivities of all identified IR absorptions, and the oscillator strengths of
the NIR absorptions of C;, Cy,, and Cii were established. For C{, and Cg,, the
oscillator strengths were found to be significantly larger than previously accepted
values. In combination with the extrapolated gas phase IR absorption frequencies,
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6 Summary and Outlook

these results are of interest for the identification of fullerene Cg, species in stellar
objects.

For the first time, the IR spectra of C4;, C5,, and C3; were measured. Both C, and
C;, were identified as non-Born-Oppenheimer systems, showing a large electron-
vibration coupling. In the IR, the integrated molar absorptivities of the matrix iso-

lated species were established. For C;FO/ ~, the IR gas phase absorption frequencies
were extrapolated. The electronic transitions of C7; in the visible range were re-
vised. Absorptions previously assigned to C3, were re-assigned to C;, and C3{.

Moreover, an additional electronic transition of C#, was observed. As for Cgfo/ ~, the
measured spectra of C//7/** are of interest for astronomy.

The non-IPR fullerene Cs5 was studied for the first time as the isolated monomer. In
the IR, several absorptions were identified and tentatively assigned to the specific
charge states ng” ~. Only four strong absorptions of C¥; could clearly be identi-
tied in the IR, indicating that only one dominant isomer was generated by electron
impact fragmentation of Cgy. The integrated molar absorptivities of the Csg IR ab-
sorptions was estimated to be at least one order of magnitude smaller than the in-
tegrated molar absorptivity of the Cgy T1,(1) mode. No clear absorptions of ng” B
were detected in the UV to NIR range.

The neutral azafullerene dimer (C59N),, and the monomer CsgN radical, were stud-
ied for the first time as isolated species in cryogenic noble gas matrixes. For both
species, IR fingerprint absorptions were identified. In the NIR, electronic transi-
tions with vibronic progressions were observed for both the monomer and the
dimer. The monomer ions C5oN*/~ were also studied. For the cation C5N, only
few and unexpectedly weak IR absorptions were identified, while for the anion
Cs9N 7, several clear IR absorptions were observed, with intensities comparable to
those of the ions of the fullerene Cg. In the NIR, no absorptions were observed for
the charged azafullerene monomers.

Different photoluminescing lanthanoid diketonate complexes were deposited in
cryogenic matrixes and studied by laser-induced luminescence spectroscopy. The
combination of nano-electrospray ionization, mass-to-charge selection, and soft-
landing into cryogenic noble gas matrixes was demonstrated for the first time.

Matrix effects of isolated lanthanoid diketonate complexes were studied by com-
parison to gas phase measurements and different matrix environments. All species
studied showed a good overall agreement between gas phase and matrix isolation
spectra, even vibronic bands of the PLN triplet emission in Gd(PLN); were close
to identical. The ion density, and thus also the signal intensity, could be enhanced
by several orders of magnitude in matrix isolation relative to space charge limited
gas phase measurements.
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Different trivalent metal centers in the M(PLN); complexes were studied system-
atically. For some species, emissions from the PLN anion T; — S, transition were
observed. For Pr**, Eu®", Yb*", and Er®*" as central metal ions, energy transfer
from the PLN anion triplet state to the metal ion, and subsequent emissions of the
metal ion, were detected. For the wavelengths of the PLN triplet emissions, a lin-
ear correlation to the third ionization potential of the central metal ion, and the first
ionization potential of hydrogen in HPLN, was found.

The spectra of diketonate complexes with Eu*" was influenced by the presence
of electron scavengers in the matrixes. For Eu(PLN);, the symmetry forbidden
°Dy, —"F; emissions were observed in pure Ne matrixes, while they were not de-
tected in matrixes with electron scavengers. For [Eu(PLN);Na]*" and [Eu(PLN)s;K]*,
the °D, —"F, emission in Ne matrixes was shifted by 10 nm to the blue compared
to gas phase measurements. In matrixes with electron scavengers, the gas phase
spectra was reproduced. The formation of PLN?" - -Eu®' - .PLN~ complexes with
reduced symmetry was suggested.

To study the excitations of single quasi-free hydrogen molecules encapsulated in
Ceo cages, Cg and endohedral H,@Cg, were studied by low-temperature scanning
tunneling microscopy. For the first time, vibronic features of C4, were studied on a
CuN substrate. In the bias range from -110 to +110 mV nine vibronic modes were
resolved. Jahn-Teller active H, and A, modes, as well as Jahn-Teller inactive H,
and T;, modes were observed, showing a symmetry reduction on the substrate.

For H,@Cg, excitations of the endohedral dihydrogen were not detected. In the
studied energy range (from -700 to -400 meV, and from -110 to +110 meV), the exci-
tations of endohedral hydrogen are estimated to be at least one order of magnitude
weaker than the vibronic excitations of the fullerene Cgy cage on CuN. The mea-
surement of the H ortho state by STM, and the measurement of rotational spectra
of addressable molecules, remains a task for further experiments.

Future improvements for the absorption measurement setup are a diamond beam
splitter for the FTIR, as well as diamond vacuum windows, which will enable rou-
tine measurements from the visible to the far-infrared region, without changing
the setup, i.e. without having to break the vacuum, readjust the optical setup, and
make a new sample. Molecular iodine is planned to be used as electron scavenger.
This will facilitate IR measurements of ionic species, because I, produces no IR
absorptions.
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6 Summary and Outlook

Species for further studies are mass- and charge-selected polyaromatic hydrocar-
bons, diamondoids, hydrogenated fullerenes, and fullerene fragments, which are
of relevance for astronomy and astrochemistry.

For luminescence measurements, the use of a tunable excitation laser system would
allow for the study in different wavelength regions. The ion intensity of the ESI
source could be improved by multi-capillary nanoES or similar techniques. Only
deposition of cationic species is possible as yet, neutralization of the matrix via
secondary electrons does not work for the deposition of anions. Simultaneous de-
position of the anion of interest and a cationic counterion could allow for the study
negatively charged species, which are inaccessible in the current setup. Also, the
addition of an ion mobility spectrometer is suggested, to select different molecular
isomers prior to the deposition.

In future experiments, the scope of molecular ions studied can be expanded. A
systematic study of different elusive charge states and the interaction with different
environments can be performed.

To improve the STM measurements of H,@Cg,, deposition of the molecules with
mass-selection and subsequent soft-landing on the substrate is suggested. By this,
contamination of the substrate by residual solvent molecules can be prevented. Fur-
thermore, the excitation of atomlike molecular orbitals of Cgy and Ho@Cg at higher
bias voltages (U>2V) is suggested for additional measurements. Hybridization
with the endohedral hydrogen is expected to increase the interaction of the tunnel-
ing electron with the isolated Ho.
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