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Introduction

1 Introduction

The present work deals with the laser spectroscopic structural analysis of neutral isolated molecules,
aggregates and metal complexes in the gas phase under molecular beam conditions. Spectroscopic
investigations on isolated compounds enable the characterization of the intrinsic properties of a
specific species without environmental effects. On top of that, e.g. the effects of a stepwise
microsolvation of a compound can also be probed by successively adding solvent molecules to an
analyte by application of a supersonic coexpansion (e.g. [*?!). In such gas phase studies, the main focus
is commonly put on the structure elucidation of the respective species, since there is a tight relation
between structure and functionality of a compound. As presented further down in the text and in
figure 1, different types of molecular systems are of interest in this thesis, with the structure-function
relationship playing a key role across all task areas.

Furthermore, the cold isolated conditions reached in molecular beams, in cryo-cooled ion traps or in
helium droplets have the advantage that (in absence of any kinetic trapping effects) the chosen analyte
is cooled down to its lowest vibrational (and rotational) levels. Additionally, the occurrence of hot
bands in the vibrational and vibronic spectra is avoided (see subchapter 3.2). Likewise, if compounds
of high conformational flexibility are studied, merely the most stable conformers are populated. This
leads to less crowded spectra, which facilitates interpretation of the results.

Within studies on charged compounds, an isolated gas phase analyte is most frequently generated by
applying an electrospray ionization (ESI) source (e.g. ®*) or a laser vaporization (LVAP) source (e.g.
[56]), Alternatively, isolated ions can be obtained via laser-induced liquid bead ion desorption (LILBID)",
matrix-assisted laser desorption/ionization (MALDI)®, desorption electrospray ionization (DESI)®,
direct analysis in real time (DART)!® or atmospheric-pressure solids analysis probe (ASAP)!*Y. Few
studies report on the desorption of initially neutral molecules from a surface by using a so-called
ultrasonic cutter, prior to ionization of the analyte by a dielectric barrier discharge (DBD) ion source.?
For the investigation of neutral isolated compounds via laser spectroscopy, however, thermal
molecular beam sources are most commonly applied. In case of neutral compounds of high molecular
weight, insufficient vapor pressure and/or limited thermal stability, such as larger biomolecules (e.g.
[13)) 'jon pairs (e.g. ****) and transition metal complexes!*®), laser desorption sources could be a valid
alternative. The laser desorption technique with all its variants is introduced in subchapter 3.4.2 of this
work. Optionally, the rather unique so-called Laser-induced acoustic desorption (LIAD) technique*”
might be applied, which was specifically developed to transfer thermally labile neutral molecules into

the gas phase.
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At this point, it should also be noted that neutral species cannot be analyzed by applying setups with

cold ion traps. Hence, molecular beam machines are ideal tools for this purpose.

In the studies presented here, insights regarding structures and electronic properties of the
investigated systems are obtained by applying UV as well as combined IR/UV laser spectroscopic
methods in molecular beam experiments. With the applied techniques, the electronic and ionic ground
states (So and Do) as well as electronically excited states (S1 or T1) can be probed. A comparison of the
recorded experimental spectra with geometries and harmonic vibrational frequencies predicted by
guantum chemical simulations (mainly density functional theory (DFT) calculations) enables clear
structural assignments as well as a deeper understanding of electronic effects. In the projects
presented in this work, the respective theoretical analyses were either performed by other group
members (for the aromatic molecule-solvent aggregates) or by myself (regarding metal-amino acid
aggregates and all projects related to laser desorption).

Basically, the present thesis can be subdivided into three distinct task areas, as illustrated in figure 1

below.
4 ™
Laser desorption Non-covalent
experiments (App. I) interactions (App. )
“
g . f " -\
Initial UV and combined aromatic molecule-solvent
IR/UV experiments aggregates
para-aminobenzoic acid chromone-methanol
and its dimer AcTyr(Me)OMe-methanol
the dipeptide cyclo Trp-Tyr \,
d ™
Metal ion-peptide
: : interactions
neutral contact ion pairs \ y

alkali para-aminobenzoates (Li-Cs)
earth alkaline para-aminobenzoates

Mg, Ca, Ba . . . .
alkalipom—nietﬁ:)xyijen)zoates(Li—Cs) (catlomc metal-amino aCId-\
alkali benzoates (Li-K) aggregates
focus on [Al(I)AcTrpOMe]?,
neutral metal complex besides: [M(I)AcTrpOMe]", with:
tris(8-hydroxyquinolinato)aluminium M(1): i, Na*, K, Rb, Cs*, Mg",
\_ Ti*, Zn*, Ag®, Ga* -/

Figure 1: Topics covered in the present thesis, with the three main task areas highlighted in orange
(Laser desorption experiments), green (Experiments with thermal source) and blue (Quantum chemical
simulations). For each subproject, the investigated compounds are indicated in smaller font.

Beforehand, it should also be mentioned that experiments with two independent molecular beam

machines (named apparatus (I) and apparatus (ll) in the following) were performed. As indicated in

2
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figure 1, all laser desorption experiments were performed using apparatus (ll), while the studies on
aromatic molecule-solvent aggregates were carried out with apparatus (l), featuring a thermal

molecular beam source.

The applied laser desorption setup had been developed and implemented into apparatus (Il) by the
former group member Dr. Markus Becherer*®, However, at the beginning of this thesis, the
experimental achievements were still limited to at most some mass spectra. Hereby, the ion signal
intensity and stability were inadequate for any valuable spectroscopic studies. Therefore, some crucial
experimental refinements were required, which could finally be realized during the work described in
the present thesis. All optimization steps are discussed together with the whole experimental setup in
subchapter 3.4.4. On that basis, initial UV and combined IR/UV experiments could be performed.
Hereby, various compounds were investigated (see figure 1) with a focus on the improvement of the
setup rather than on the characterization of the analytes. At this point, it is to note that highly resolved
spectra were obtained, emphasizing the successful optimization of all relevant parameters.

After these initial experiments the focus was put on the investigation of neutral isolated contact ion
pairs. Studies on neutral ion pairs consist of a still new field in molecular beam spectroscopy, which is
of interest due to the huge relevance of ion pairs in nature (e.g. **?%), in therapeutics (e.g. *%??) or in
organic synthesis (e.g. 2>?¥). Therefore, it is not surprising that ion pairs have already been studied in
depth, predominantly via experiments in condensed media. However, spectroscopic investigations on
isolated ion pairs in solution have the disadvantage that different types of ion pairs, i.e., contact ion
pairs (CIPs, without any solvent molecules separating cation and anion)!?, solvent-shared ion pairs
(SIPs, with a single solvent layer between cation and anion)!? and solvent-separated ion pairs (SSIPs,
with intact primary solvation shells around both counterions)?® may coexist. This limitation can be
overcome by probing free ion pairs in the gas phase. In that manner, the intrinsic properties of isolated
CIPs can be elucidated. Even so, only a few studies on isolated contact ion pairs have been published
up to now. This may be partly explained by the fact that most ion pairs (salts) cannot be transferred
into the gas by simple heating. Yet, laser desorption sources, like the one applied in this work, are
ideally suited for this purpose. In this work various sorts of ion pairs were investigated (see figure 1),
whereby the main focus was put on the alkali (Li-Cs) para-aminobenzoates. Within that, the influence
of the size of the alkali ion on the structural and electronic behavior of the para-aminobenzoate
chromophore was followed in detail. These investigations are further motivated in subchapter 5.1.2.1,
while the results are discussed in subchapter 5.1.2.2 and in publication draft [1]. For comparison, the
alkali (Li-Cs) para-methoxybenzoates and unsubstituted alkali (Li-K) benzoates were also probed,
revealing further information, especially regarding the (photo)stability of isolated ion pairs. In order to
increase molecular complexity and find model systems for neutral metal complexes in the gas phase,

investigations of the earth alkaline para-aminobenzoates (comprising two para-aminobenzoate
3



n Introduction

ligands coordinated to the divalent metal center) were performed. In a further pilot experiment, the
neutral  OLED-relevant  (OLED: organic light emitting diode) complex  tris(8-
hydroxyquinolinato)aluminium (Algs) was successfully desorbed, photoionized and subsequently

detected in the mass spectrometer.

In the second part of this work, aromatic molecule-solvent aggregates were analyzed with regard to
non-covalent (mainly dispersion) interactions. The attractive London dispersion interactions?®?”! are
part of the long-range van der Waals interactions,?® together with the also attractive inductive Debye
interactions!?®’ and the ambivalent Keesom (dipole—dipole) forces.®” As these interactions exhibit an
1/r® dependance, with 7 being the distance separating two interacting atoms or molecules, van der
Waals interactions are of particular relevance in larger molecules.2*3? London dispersion forces may
be considered as weak, but their importance successively grows with increasing system size. In fact,
dispersion interactions can already be decisive for the structure of medium-sized molecules or
aggregates (e.g. ®3334). Thus, a deeper understanding of dispersion forces and their interplay with
other non-covalent interactions is crucially needed. Molecular beam experiments on isolated weakly
bound aggregates, in combination with thorough computational studies, should contribute to a better
understanding of London dispersion forces and their delicate interplay with other inter- or
intramolecular interactions. Furthermore, the experimental results obtained for isolated aromatic
molecule-solvent aggregates are ideally suited as benchmark values for theoretical methods, often
struggling to describe non-covalent interactions. Over the last few years, ketone solvation balances
were in the focus of these studies.*>=7 Herein, complexes formed between (mainly aromatic) ketones,
exhibiting two very similar free electron lone pairs as docking sites, and various alcohols were
investigated. Within this context, the chromone-methanol complex was analyzed in this work. For this
system, a tight competition between two distinct isomers, stabilized via distinct CH---O contacts, was
observed. Up to that point, all published studies on ketone solvation balances were limited to clusters
in their electronic ground state. For chromone-methanol, however, the electronic ground and
electronically excited states were probed. Most interestingly, the chromone unit undergoes a fast and
efficient intersystem crossing (ISC) into the triplet manifold upon electronic excitation,® which also
occurs for the respective methanol clusters. Thus, the performed studies on non-covalent interactions
could for the first time be extended to an aromatic molecule-solvent aggregate in an electronically
excited triplet state. This study is further introduced in subchapters 5.2.1 and 5.2.2, while the obtained
results are discussed in detail in publication [2].

In addition, investigations on the aggregation behavior between the protected amino-acid
AcTyr(Me)OMe and methanol as solvent were performed. Such protected amino acids, exhibiting

various potential binding motifs and sites for an alcohol molecule, are ideally suited to probe peptide
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backbone solvations.™t At the same time, AcTyr(Me)OMe-methanol is another convenient system to
probe the delicate interplay between competing non-covalent interactions. The experimental results
obtained for AcTyr(Me)OMe-methanol are discussed in subchapter 5.2.3, together with the

predictions from DFT simulations.

The last part of this work deals with the topic of metal ion—protein interactions. At first instance, the
structure of proteins primarily depends on the amino acid sequence in the protein chain. However,
several proteins found in nature bind to cofactors (e.g. solvent molecules or metal cations), which
often have a crucial influence on their conformation and functionality.®***" In particular, it is to note
that almost half of all natural proteins bind to metal atoms, whereby the formed metalloproteins**#?!
frequently play a decisive role in biological processes (e.g. *?). Despite this, the specific role of metallic
cofactors is still not well understood for many biochemical reactions. Therefore, a so-called bottom-
up approach, starting with structural investigations on small isolated metal ion-amino acid aggregates,
can be a valuable approach towards a better understanding of metal ion-protein interactions. 32442
In this context, the [AIAcTrpOMe]"* cluster, formed by complexation between the protected amino acid
AcTrpOMe and a monovalent aluminium ion (Al*), was investigated here. For this adduct, an extensive
conformational search was performed at the DFT level, followed by harmonic vibrational frequency
calculations. The obtained predictions were further underpinned by simulations at coupled cluster
level (DLPNO-CCSD(T)). Additional DFT calculations for aggregates with other monovalent metal ions
were also performed, emphasizing the features that are unique to the Al* species. Finally, the
theoretical outcome was discussed in combination with experimental results achieved by former group

members. The project is further discussed in subchapter 5.3, as well as in manuscript draft [3].
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2 Spectroscopic methods

In the following subchapters the UV and combined IR/UV laser spectroscopic techniques applied in this
work are presented. For better understanding, all methods are illustrated on the basis of simplified
term schemes.

All these techniques belong to so-called action spectroscopy!®!, where, in contrast to transmission
spectroscopy (such as FTIR spectroscopy), the effects of light excitation are detected indirectly by
recording e.g. the intensity of mass signals as function of laser wavelength. With this approach, the
sensitivity towards spectroscopic effects is considerably increased, which is a significant advantage

regarding the extremely low sample density in molecular beams.

2.1 R2PIspectroscopy

The Resonant two-photon lonization (R2PI) technique!® provides information about the (vertical)
excitation energies into the electronically excited state (S») (most often the first excited singlet state
(S1)) as well as the low frequency vibrational modes of this electronically excited state.

The R2PI technique is a UV-spectroscopic method where the absorption of a first UV photon leads to
electronic excitation into an electronically excited singlet state (Sn) (generally the S; state). Upon
absorption of a second UV photon within the lifetime of the electronically excited state the molecule
is ionized. The singly ionized molecule or aggregate is then detected in a time-of-flight (TOF) mass
spectrometer, where the measured time-of-flight correlates with the mass-to-charge ratio m/z of the
species: TOF ~ \/m_/z The described resonant two-photon ionization process is particularly efficient
if the vibrational ground state or a higher vibrational level of this electronically excited state is
resonantly reached upon electronic excitation.

An R2PI process can principally be isomer-selective if two isomers of a compound exhibit different
electronic excitation energies. This ideally leads to distinct peaks in the R2PI spectrum, which is
obtained by recording the ion signal intensity as function of the UV excitation laser wavelength. Thus,
an R2PI process is basically mass-selective and, if different isomers exhibit distinct electronic excitation
energies, also isomer-selective. The mass-selectivity is a significant advantage compared to the
alternative laser-induced fluorescence (LIF) techniquel®?®. However, one should notice that,
especially if clusters are investigated, the R2PI spectrum recorded on a certain mass trace can likely be
affected by UV fragmentation of larger aggregates upon their electronic excitation and ionization. This
means that the R2PI spectrum recorded for a specific cluster can thus show (often broad) features

belonging to the R2PI resonances of larger aggregates.

6
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An efficient photoionization via R2PI can in principle be realized for systems exhibiting electronically
allowed transitions. Further preconditions are a sufficient lifetime of the electronically excited state as
well as favorable Franck-Condon factors!®’), which are decisive for the number and the intensity of the
observed vibronic transitions. It should also be noted that vibrational modes of higher frequency, such
as the structure-sensitive NH- and OH-stretching vibrations, have generally no or a too low Franck-
Condon activity to be experimentally detected. Therefore, the combined IR/UV techniques, presented

in the following subchapters, are often applied.

The term schemes for all variants of the R2PI technique are depicted in figure 2.
a) b) c)

o, LALLLLL Lyl o LU

Ve &i'aS D,

Sn __,—.—

So S, So
Figure 2: Term schemes for the R2PI-based techniques: a) one color (1C)-R2PI method, 1 + 1 process;

b) two color (2C)-R2PI method, 1 + 1" process; c) ion current curve (2C-R2PI, whereby the ionization
laser wavelength is scanned).

As long as the ionization potential of an investigated molecule or cluster is lower than twice the
excitation energy, two photons of the same energy can be applied for excitation and successive
ionization (one color (1C)-R2PI process, 1 + 1 process). In this case, only one UV laser system is required,

which is experimentally convenient.

If, however, the ionization potential is higher than twice the electronic excitation energy, a second UV
photon of distinct (shorter) wavelength is required for ionization (two color (2C)-R2PI process, 1 + 1°
process). A 2C-R2PI spectrum is then obtained by scanning the excitation laser wavelength while
keeping the ionization laser frequency-fixed. This increases the experimental effort, as two
independent UV laser systems are required. Hereby, both UV laser beams have to be spatially
overlapped and the ionization laser has to be irradiated within the lifetime of the electronically excited
state. When investigating compounds where a 2C-R2PI experiment is indispensable, this has the

advantage that the excess energy (in the Do state) upon ionization can be reduced. In this manner, UV
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fragmentation effects occuring upon ionization (discussed above) can be suppressed, especially if
larger weakly bound clusters are investigated.

In addition, ionization potentials can also be obtained via 2C-R2PI, by measuring so-called ion current
curves (figure 2 c)). Within that, the excitation laser is frequency-fixed at a resonance obtained from
the (1C- or 2C-)R2PI spectrum, while the ionization laser-wavelength is tuned. Hereby, an (ideally
sharp) step-like increase of the ion signal is observed when the ionization potential is reached.
However, further sharp steps in the ion signal may be observed on the blue side of the ionization
potential if higher vibrational levels of the Do state are accessed. If a more precise value regarding an
ionization potential is of interest, even more demanding techniques like ZEKE (zero-electron kinetic
energy)“® and MATI (mass analyzed threshold ionization)“*>Y are required.

Finally, it should be pointed out that 2C-R2PI investigations on compounds that can also be resonantly
ionized by 1C-R2PI are always challenging, as the efficient 1C-R2PI process has to be suppressed in the
way to obtain a two color effect. For this purpose the pulse intensities of both, exciting and ionizing

laser, have to be adjusted appropriately.

2.2 IR/R2PI spectroscopy

The Infrared/Resonant two-photon lonization (IR/R2PI) techniquel®****4 combines IR spectroscopy
with the R2PI technique described above. This method is an ideal tool to measure infrared spectra of
isolated neutral molecules or aggregates in the electronic ground state (So), which is also termed

“IR/UV hole burning” or “resonant ion dip IR (RIDIR)” spectroscopy in the literature.

a) b) c)

D, L4l 72.0.0.! D, V117 92.V4

DO_ [r——

Virg{ VIR Virgl

SO SO SO

Figure 3: Term schemes for the combined IR/UV techniques in the S, state: a) IR/R2PI method; b)
IRfixed/R2P1 method; c) IRsied/IR/R2PI method.

>
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When performing an IR/R2PI experiment (see figure 3 a)), first a resonant ion signal is required, which
has to be stable over time and can be obtained by either 1C-R2PIl or 2C-R2PI. Therefore, the UV
excitation laser is frequency fixed at a specific band obtained from the R2PI spectrum. If 2C-R2PI is
applied, the ionization laser frequency is also set to a specific wavelength, whereby the excess energy
upon photoionization should be kept moderate. The IR laser pulse irradiates the sample about 50 ns
prior to the UV excitation laser and its wavelength is tuned. If the IR laser is resonant with a vibrational
mode of the investigated molecule or cluster, the vibrational ground state is depopulated. This means
that fewer molecules are available for the subsequent (1C- or 2C-)R2PI process, which thus results in a
less intense ion signal. In consequence, a depletion of the initially stable ion signal is observed, whereby
the intensity of the observed IR effect mainly depends on the oscillator strength of the respective

vibrational mode and on the pulse energy of the IR laser.

As mentioned, IR/R2PI spectroscopy yields mass selective IR spectra which can also be isomer
selective, provided that the isomers occuring in the molecular beam exhibit clearly distinct R2PI
resonances. In this case, an IR spectrum of one single isomer is obtained by recording an IR/R2PI
spectrum via an isomer-specific R2PIl resonance. Thus, the number of isomers in the molecular beam
can be determined by successively measuring IR/R2PI spectra via all resonances observed in the R2PI
experiment. In the case of overlapping R2PI resonances, the measured IR spectra show features from
more than one isomer, whereby isomer selectivity may be regained by performing an IRfied/IR/R2PI
experiment (see subchapter 2.3).

Regarding species selectivity it should however be noted that, as discussed in chapter 2.1 for the R2PI
spectroscopy, UV fragmentation effects can influence the IR spectra measured for a specific cluster.
The mass signal observed for a certain m/z often partly results from UV fragmentation of larger
aggregates down onto the respective lower mass trace. If the larger cluster undergoing UV
fragmentation is vibrationally excited by the IR laser (prior to UV irradiation), not only the ionization
efficiency of this heavier cluster decreases, but also the UV fragmentation efficiency onto lower mass
traces. This means that the IR scans recorded for a particular cluster size can show vibrational features
of larger aggregates, which impedes interpretation of the spectra.

Frequently, the vibrational pattern obtained in the IR spectra provides first hints about the structure
of the investigated compound (for e.g. free and hydrogen-bonded groups). In most cases, a specific
structural motif can then be assigned to the experiment by consulting the optimized geometries and

corresponding vibrational frequencies predicted by quantum chemical (for example DFT) calculations.

Occasionally, the application of an alternative variant of the IR/R2PI technique, namely the IRfixed/R2PI
method!33°>°¢ js helpful. Here, the IR laser is frequency-fixed at a (if possible isomer-selective) band of

the measured IR/R2PI spectrum, while the UV excitation laser is scanned (see figure 3 b)). As a result,
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all R2PI bands belonging to the vibrationally excited isomer(s) show decreased intensity relative to the
R2PI features of the isomers that are not resonantly excited by the IR laser, remaining unchanged
compared to the conventional R2PI spectrum. Finally, this method is a tool to assign observed R2PI

transitions to specific isomers occuring in the molecular beam.

As an alternative approach to the described IR/R2PI method, IR spectra can also be obtained by
recording the resonant IR depletion of a laser induced fluorescence (LIF) signal. This technique, known
as fluorescence-detected or fluorescence-dip IR (FDIR) spectroscopy 6545731 has the disadvantage
that the IR spectra are recorded without mass selection.

In this subchapter the ionization loss stimulated Raman spectroscopy (ILSRS)®%%4 as well as the
ionization gain stimulated Raman spectroscopy (IGSRS)®®4 which have been developed as
complementary methods to the described IR/R2PI spectroscopy, should also be mentioned. Here, a
vibrational excitation is realized via a stimulated Raman scattering process. Over the last years, these
demanding techniques, being particularly appropriate if structurally relevant vibrational modes exhibit

too low IR but higher Raman activities, have additionally been established in the Gerhards group.3+°

2.3 IRrixed/IR/R2PI Spectroscopy

As mentioned above, the IRfixed/IR/R2PI technique (also called IR/IR hole burning technique)35>66-68]
can be applied to achieve isomer selectivity if no isomer selective IR/R2PI spectra are obtained due to
the presence of two or more isomers with overlapping UV resonances. As illustrated in figure 3 c), an
additional IR laser (“burn” laser) is irradiated about 50 ns prior to the scanned IR laser and is frequency
fixed at a preferably intense isomer specific band obtained from the IR/R2PI spectrum. Thus, the
vibrational ground state of the isomer which is excited by the IR burn laser is depopulated, so that
fewer molecules are available for the subsequent IR/R2PI process. In the obtained IRfixed/IR/R2PI
spectrum, all IR bands belonging to the burned isomer are weakened compared to the pattern
observed in the IR/R2PI scans without burn laser. At the same time, all the isomers which are not
excited by the burn laser show unaffected IR bands in the IRsixed/IR/R2PI spectrum. In this way, ideally
all IR bands observed in the “common” IR/R2PI spectrum can be assigned to specific isomers by
successively setting the IR burn laser to various vibrational transitions and performing IRfixed/IR/R2PI
scans.

It should be emphasized that the presence of isomer specific IR transitions in the IR/R2PI spectrum,
allowing for the spectroscopic “burning” of single isomers, is mandatory for a successful IRfied/IR/R2PI

experiment.
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Besides the described IRfixed/IR approach used for isomer discrimination, IR-induced rearrangement
reactions in isolated aggregates can also be investigated by IRfxed/IR/R2PI spectroscopy. Within that,
the first frequency fixed IR laser triggers the isomerization, while the scanned IR laser probes the
generated species. First examples giving strong hints that “new” structural motifs can be formed in the

molecular beam upon IR excitation were found in the Gerhards group.>%

2.4 UV/IR/UV Spectroscopy

The UV/IR/UV techniquel>7%7%72 ‘jjlustrated in figure 4 a), is applied to measure IR spectra of neutral
molecules or aggregates in their electronically excited state. Alternatively, the fluorescence dip IR
(FDIR) approach!” can be used, with the IR laser being fired after electronic excitation. However, the

lack of mass selectivity is a significant disadvantage of the latter technique.

photofragmentation

a) b)

sl ety

-

VIR

SO - SD
Figure 4: Term schemes for the combined IR/UV techniques in the S; and Dy states: a) UV/IR/UV
method; b) UV/UV/IR method.

In contrast to the IR/R2PI technique in the Sp state, the UV/IR/UV method is only applicable in
combination with a 2C-R2PI process, whereby the UV excitation and ionization lasers have to be
synchronized with a delay of (if possible) at least a few nanoseconds. The scanned IR laser is fired
between both UV laser pulses to probe the electronically excited state. If the IR laser is resonant with
a vibrational mode of the electronically excited compound, the vibrational ground state of the
electronically excited state is depopulated, so that fewer molecules can be ionized by the ionization

laser. Thus, a depletion of the corresponding ion signal is observed.

As the singlet excited state lifetimes of the investigated organic compounds are often relatively short

(mostly below 10 ns), both UV laser pulses must be fired within a time span of no more than a few
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nanoseconds between electronic excitation and ionization. Due to an IR laser pulse width of about
10 ns, a temporal overlap between the IR laser pulse and both UV laser pulses (for electronic excitation
and ionization) cannot be avoided in these cases, so that IR transitions of the electronic and ionic
ground state (So and Do) likely appear in the excited state IR spectrum (S1). Specific IR transitions can
then be assigned to the electronically excited state by comparing the UV/IR/UV spectra with the
respective IR/R2PI and UV/UV/IR spectra. In this work, however, UV/IR/UV spectra of
chromone-MeOH clusters were recorded with the UV excitation and ionization lasers separated in
time to about 70 ns due to a long lifetime of the electronically excited (triplet) state. In this way, a

temporal overlap of the IR and UV pulses could be avoided.

Finally, it should be mentioned that in cases where no isomer selective UV/IR/UV spectra can be
obtained due to congested electronic transitions of multiple isomers, the IR/UV/IR/UV scheme®>7],
also developed in the Gerhards group, can be applied to regain isomer selectivity. In specific cases, this
sophisticated method can even be used to support the assignment of vibrational transitions observed

in So state IR spectra.™

2.5 IR(M)PD Spectroscopy

The infrared (multi-)photon dissociation (IR(M)PD) technique is commonly used to measure IR spectra
of ionic clusters or metal complexes in (cryo-cooled) ion trapst’# and rarely in molecular beams!”>~""]
(in combination with e.g. ESI®¥ or laser ablation/vaporization sources™®).

If the IR laser is resonant with a vibrational mode of the ionic species, an infrared (multi-)photon
dissociation (IR(M)PD) process can be induced. Hereby, the number of IR photons which have to be
absorbed to induce dissociation depends on the dissociation energy of the compound. If weakly bound
clusters such as hydrates are investigated the absorption of one single IR photon may already lead to
fragmentation. In case of strongly bound systems, however, multiple IR photons may be required to
induce dissociation (of e.g. covalent bonds). This is the rationale for the establishment of the so-called
“tagging” or “messenger” techniquel’®7°!, where a weakly-bound “messenger” (for example Ar, H,,
N,,...) is linked to the investigated ionic species. Hereby, the attached atom or small molecule does not
significantly disturb the intrinsic properties of the probed system and can be split off by absorption of
only one IR photon.

In case of a too high dissociation limit to apply the common IR(M)PD technique, the more complex
IR+UV method may also be helpful, developed in the group of Fujii for neutral systems®” and adapted
for the investigation of cationic clusters in the Gerhards group!”®’. The main advantage of this technique

is that principally only one IR photon is required to induce cluster dissociation. This new approach can
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also be useful if no efficient dissociation channel is reached by excitation of a certain vibrational mode
(dark mode effect).

When using the IR+UV technique the UV laser frequency is fixed about 1000 cm™ below the resonant
excitation (and also dissociation) energy determined by recording a UV photodissociation spectrum.
The tuned IR laser is irradiated about 10 ns prior to the UV laser. Thus, similarly as within conventional
IR(M)PD experiments, an IR photodissociation spectrum is obtained by recording the ion signal
intensity in function of the IR laser wavelength. It should however be noted that the IR+UV technique
was merely used to investigate cationic clusters that were generated by using a combined thermal and

ablation source, but has never been applied to probe photoionized species.

2.6 UV/UV/IR spectroscopy

The UV/UV/IR technique?788%82 jllustrated in figure 4 b), is applied to measure IR photodissociation
spectra of molecules or aggregates in the ionic ground state (Do). Hereby, the aromatic radical cations
are obtained by 1C-R2PI or 2C-R2PI, while the IR laser is fired about 50 ns after the UV ionization
process. In a UV/UV/IR experiment, IR dissociation yields can be detected on both the parent and
fragment mass traces. A dip of the ion signal is obtained on the parent mass trace, while a mirror-
inverted ion gain is observed on the fragment mass trace. Hereby, the ion signal on the parent mass
trace is always subjected to the ordinary fluctuations. If, in contrast, the fragment mass signal only
appears upon resonant IR photodissociation, the signal-to-noise ratio on this mass trace is superb (due
to the vanishing background signal), so that even weak transitions can be recorded.

When applying the UV/UV/IR technique, the measured IR photodissociation spectrum can also be
influenced by the available amount of excess energy for the cation (in the Do state) after the R2PI
process. This can be an obstacle if the investigated ions are formed within a 1C-R2PI process, where
the energy of the ionizing photon cannot be specifically adjusted to the ionization potential. A large
excess energy may lead to band broadening due to the high internal energy and vibrational frequency
shifts due to vibrational coupling between the probed transitions and other (low frequency) modes.
However, previous work illustrates that IR photodissociation spectra do not significantly depend on
the amount of excess energy, since this coupling is very small if localized vibrational transitions (such
as NH- or OH-stretch) are probed.®2%3 |t should also be noted that a considerable excess energy

introduced by the R2PI process can facilitate IR effects in case of a high photodissociation barrier.
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3 Experimental setups

3.1 Laser systems

When applying the spectroscopic techniques described in chapter 2, up to four independent tunable
laser systems are required. All laser setups are pulsed nanosecond laser systems, running at a
repetition rate of 10 Hz. The operating principles of the UV and IR laser setups are described in the

following subchapters.

3.1.1 UV laser setups

All UV laser systems used in this work basically consist of a frequency-doubled dye laser (Cobra Stretch
or PrecisionScan, Sirah) pumped by a Nd:YAG laser (Spitlight 600, Spitlight 1000 or Spitlight 1000.2,

Innolas). A schematic view of such a UV laser setup is depicted in figure 5.

FCU

dye laser (Frequency Conversion Unit)
532 nm ' « __|preamplifier '
Nd:YAG | :
- oscillator amplifier BBO crsytal
(SHG) Pellin-Broca
Innolas SpitLight 1000 grating \ prisms

b mmmp=  (telescope — |
| I L | l
dye cell | 4 dye cell
(20 mm) grating (40 mm) compensator |{"

Sirah PrecisionScan
Figure 5: Schematic view of the UV laser setups; here for a pump wavelength of 532 nm. It should be

noted that for one of the used setups the FCU was integrated into the dye laser housing, while it was
mounted into a separate unit for all other systems.

The fundamental (1064 nm) of the Nd:YAG laser is frequency-doubled (second harmonic generation
(SHG), 532 nm) or -tripled (third harmonic generation (THG), 355 nm) in nonlinear optical processes in
KD*P(KH,P0Q4) crystals. The required pump wavelength depends on the absorption spectrum of the
used laser dye, whereby the choice of a specific dye depends on the electronic excitation or ionization

energy of the investigated compound.

In a frequency conversion unit (FCU), the dye laser radiation is frequency-doubled using a BBO (j-
BaB,0.) crystal. Then, the beam passes through the compensator in order to reverse its spatial shift.
Finally, a Pellin-Broca unit (composed of two or four Pellin-Broca prisms) separates the generated

(second harmonic, SH) UV radiation from the fundamental dye laser radiation.
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By selecting the suitable laser dyes as well as the correspondingly cut BBO crystals for frequency-
doubling a tuning range of 206 to about 450 nm is principally accessible with a bandwith of 0.07 cm™.
In this work, visible light in the region of 380 to 475 nm was applied in some experiments, so that the
fundamental of the dye laser could be used directly.

The laser pulse energies were adjusted according to the applied experimental techniques (UV

excitation or ionization laser, 1C-R2PI or 2C-R2PI,...) and ranged from 50 W to 1.5 mJ per pulse.

3.1.2 IR laser setups

The IR laser systems A and B used in this work, schematically depicted in figure 6, can generate mid IR
radiation in the range of 2600 to 4200 cm™, so that NH-, OH- and also CH-stretching modes can be
probed. For setup A, the region from 600 to 1800 cm™, where CO-stretching modes as well as NH-, CH-

and OH-bending modes are found, is also accessible.

FCU

dye laser (Frequency Conversion Unit)
A2 plate lens glass tube (evacuated)
- — _— N
([, Ve i 7
AN A2 Iate. lens
Nd:YAG | 532nm | * preamplifier [ - /2p
. aser 7 amplifier N N
oscillator == A\/2 plate == \/2 plate
Spectra Physics Pro-230 grating telescope H )
(injection-seeded) 1 — ] J L m_
—J -~ rAd ~
dye cell telescope dye cell LiNbO, LiNbO, LiNbO,
(20mm)  Fgrating (40 mm)
DEM (1) OPA/OPA

Sirah PrecisionScan

Figure 6: Schematic view of the IR laser setups A and B.

The fundamental (1064 nm) of a (for system A also injection seeded) Nd:YAG laser (Quanta-Ray, PRO-
230, Spectra Physics) is frequency-doubled by a KD*P(KH,PO,) crystal. The generated 532 nm radiation
is separated from the residual of the fundamental by a dichroic mirror and serves as dye laser
(PrecisionScan, Sirah) pump source. Regarding both IR laser setups, the laser dyes styryl 8 (solved in
DMSO) or styryl 9 (solved in MeOH), or optionally a mixture of both (solved in DMSO), are

systematically used.

The dye laser output is spatially and temporally overlapped with about 30% of the remaining 1064 nm
radiation (separated from the other 70% by a dichroic mirror) in a LiNbO3; crystal, whereby the mid-IR
radiation, with a spectral range of 2600 to 4200 cm™, is generated by difference frequency mixing
(DFM). The remaining dye laser radiation as well as the 1064 nm beam are separated from the
generated IR-radiation by dichroic mirrors, before optical parametrical amplification (OPA process) via

mixing with the other 70% of the fundamental radiation in a second LiNbO; crystal. Simultaneously,
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so-called “signal” radiation in the region of 5200-6800 cm™ is generated within the latter non-linear
optical process. The remaining fundamental of the Nd:YAG laser as well as the “signal” radiation are
split off, while the “idler” radiation (corresponding to the amplified mid IR-radiation), with a spectral
resolution of < 0.1 cm™, is used for the experiments. For laser system B a second OPA crystal is
occasionally installed to obtain “idler” radiation with a pulse energy of about 19 mJ at a dye laser
output wavelength of 765.55 nm, corresponding to an “idler” wavenumber of 3664 cm™. Regarding
laser system A higher output energies of 28 mJ (“idler”) per pulse at 765.55 nm are reached, even with

only one OPA crystal for amplification.

For both systems A and B, the so-called “relay imaging technique” is applied in order to improve the
beam profile quality of the 1064 nm radiation at a distance of about four meters from the Nd:YAG
laser. Using this technique, the beam profile is projected over a distance of two meters by two convex
lenses (f = 1 m), which are separated from each other by their double focal length (2 m, 1:1 imaging
telescope with focus). In order to avoid air-breakdown in the beam focus, an evacuated glass tube with
Brewster angle windows is installed between both lenses. The described approach is required because
a spatially homogeneous laser beam profile is mandatory for efficient DFM and OPA processes.
Furthermore, any hotspots in the laser beam profile would likely damage the sensitive LiNbOs3 crystals

or its anti-reflective coatings.

These highly efficient IR laser setups have the disadvantage that the output energy is drastically lower
in the spectral region of 3460-3520 cm™, due to self-absorption of the generated IR radiation by the
LiNbOs crystals. This spectral region can still be accessed by a high-grade MgO-doped LiNbOs; crystal,
where the self-absorption is shifted to 3520-3550 cm™. However, no MgO-doped OPA crystals have
been available (up to now), so that a pulse energy of less than 3.5 mJ is reached between 3460 and
3520 cm™. For this work, the laser power was adequate for most experiments, but unfortunately
turned out to be insufficient when probing weak vibrational transitions in combination with the newly
established laser desorption setup. When the laser desorption source is used, the ion signal is
subjected to strong fluctuations (see chapter 3.4.4), so that small absorptions cannot be detected at
low IR laser pulse energy. Furthermore, the beam path between the IR laser setup and the molecular
beam apparatus Il (applied for the desorption experiments) is particularly long, which additionally

reduces the IR laser power.

For laser system A, the region of 600-1800 cm™ can also be accessed by a further difference-frequency
mixing process (DFM Il) in an additional frequency conversion unit. Hereby, the “idler” and “signal”
radiation, obtained as described above, are mixed in an AgGaSe; crystal to generate radiation in this

low-frequency spectral range.® In order to avoid damage to the delicate AgGaSe; crystal, input

16



Experimental setups

powers are kept at moderate values of about 15 mJ (“idler” + “signal”), to reach final output energies
of about 0.5 mJ per pulse.

However, measurements in this spectral region were not part of this work. It should also be noted that
laser desorption experiments requiring the DFM |l setup are out of reach due to the low laser power

(compared to the spectral region above 3000 cm™).

3.2 Molecular beam technique

As described in the following, molecular beam experiments are ideal tools for investigations on
(especially neutral) isolated molecules and clusters in the gas phase.!®! The collision-free environment
obtained by expanding a gas from a high-pressure reservoir through a small hole (nozzle) into the
vacuum provides the cold conditions required for spectroscopy on isolated molecules or aggregates.
Within molecular beam experiments, the expansion gas, also denoted as carrier gas, is enriched with
the investigated sample molecules. In this way, not only the carrier gas is cooled down during the
expansion, but also the respective analyte. At the same time, the multiple collisions which occur during
the expansion are at the basis of cluster formation. Since the probed molecules are co-expanded with
the carrier gas, the described method is often termed as “seeded beam technique”.

In case of a high backing pressure in the gas reservoir, the mean free path of the atoms or molecules
is small relative to the diameter of the hole, so that the expansion process can be described by a
hydrodynamic model. As the expansion is rapid, almost no thermal exchange with the environment
occurs, so that it is an adiabatic process. Therefore, the term “adiabatic expansion” is frequently
mentioned in the context of molecular beam spectroscopy.

Efficient cooling during the expansion is attained if the internal energy U of a molecule in the molecular
beam, with U = Uirans + Urot + Uyip, is almost entirely transformed into kinetic energy. Ideally, an
internal relative energy of U = 0 should be reached, thus with a temperature of T = 0. However, as
described further down, this cannot be fully realized experimentally.

The adiabatic cooling process can be explained by the atomic model system illustrated in figure 7.
During the expansion, molecules with a higher relative velocity in propagation direction of the
molecular beam undergo elastic collisions with relatively slower molecules. Hereby, translational
energy is transmitted up to the point where the molecules” relative velocity distribution (in
propagation direction of the molecular beam) is significantly narrowed and the particle density is so
low that no further collisions may occur. Figure 7 shows velocity distributions before the adiabatic

expansion and in the collision-free region of the molecular beam.
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Figure 7: Atomic model of a molecular beam expansion from a high-pressure reservoir into the vacuum,
with the relative velocity distributions before and after the adiabatic expansion.[®

Molecules undergoing transversal collisions are deviated and are thus unlikely to pass through the
skimmer, peeling off the outer turbulent region of the molecular beam. In this way, the transversal
velocity distribution in the skimmed and collimated molecular beam is also narrowed, so that Doppler

broadening of spectral lines is reduced.

For spectroscopic investigations the reduction of rotational energy U, and vibrational energy Uy, of
a molecule through adiabatic collisions is of particular relevance. However, the cross sections for
rotation-translation energy transfers are generally less efficient than for elastic collisions, so that
rotational energy cannot be completely dissipated within the expansion. Regarding vibrational
energies Uyp,, the adiabatic cooling is considerably less efficient than for the rotational energies U,o¢.
As the relative velocity distribution is crucially reduced during the expansion, translational
temperatures Ty ans are cooled down to almost O Kelvin. However, rotational temperatures Tyo¢

merely reach a few Kelvin, while vibrational temperatures Ty, usually drop to a few ten Kelvin:

Tvib > Trot > Ttrans

Efficient adiabatic cooling leads to less crowded spectra as hot bands are eliminated effectively and
Doppler broadening is reduced.

As mentioned, the adiabatic expansion conditions can also favor cluster formation. Due to the small
relative energies, the aggregation of two molecules can be supported by the interaction with a third

collision partner (the carrier gas) taking up the remaining relative energy. In the experiment, the
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formation of specific clusters can be optimized by adjusting expansion parameters such as the type of

carrier gas (mostly helium, neon or argon) or the backing pressure (2-3 bar relative to lab atmosphere).

3.3 Experiments with thermal sources — molecular beam apparatus (I)

In this chapter the technical aspects of the molecular beam apparatus (I) and the implemented thermal
source are described. Apparatus (I) can be used for investigations on all compounds with sufficient
vapor pressures and (if strong heating of the substance is necessary) sufficient thermal stability. As the
design of apparatus (l) is principally similar to the setup of apparatus (ll), described in detail in

subchapter 3.4.4, only the main aspects and singularities are described in the following.

Vacuum system and operation
In contrast to machine (ll), apparatus (I) has only three vacuum chambers, namely a source chamber
(a), in which the thermal source is implemented, an ionization chamber (b) and a flight tube (c). A

schematic view of the setup is depicted in figure 8.
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Figure 8: Schematic view of the molecular beam apparatus (I), showing the most relevant parts.

The molecular beam source, composed of a pulsed valve (General Valve, Series 9, 500 um orifice)
linked to the carrier gas line and to the heatable sample supply, is implemented in the source chamber
(a). Chamber (a) is pumped by an oil diffusion pump (DI 3000, 3000 I/s = 10800 m3/h, Leybold), with

the required pre-vacuum being generated by a two-stage rotary vane pump (TRIVAC D65B, 65 m3/h,
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Leybold) combined with a roots-pump (250 m3/h, Alcatel). With running pulsed valve, the pressure in
the source chamber (a) is between 2 - 107 and 2 - 10™* mbar, while a pressure of about 5 - 107® mbar
is reached if the pulsed valve is switched off. The ionization chamber (b), separated from chamber (a)
by a skimmer, is pumped by a turbomolecular pump (1150 I/s = 4140 m3/h, Turbovac 1000, Leybold),
using the same pre-vacuum pumps as chamber (a). Thereby, a pressure of about 5 - 1077 mbar is
obtained. The flight tube (c) is pumped by a turbomolecular pump (Turbovac 361, 1242 m3/h, Leybold)
to attain a pressure of 1-5 - 10" mbar, with the pre-vacuum being provided by a two-stage rotary vane

pump (TRIVAC D8B, 8 m3/h, Leybold).

A difference to apparatus (Il) is the longer field-free drift zone of about 30 mm (instead of only about
20 mm) between the interaction region with the laser beams and the center of the Wiley-MclLaren
arrangement. This longer drift zone was required for the MATI**~>! experiments performed in the past.
Although apparatus (l) is not equipped with a reflectron, which is not necessarily required for the
performed IR/UV experiments, a very good mass resolution of m/Am = 1800 (for a mass of 110 amu)
is achieved. Overall, apparatuses (1) and (1) both have very similar operating principles, but the applied
voltages are specific to each setup. For apparatus (I) acceleration voltages of VA1: +4130 V and VA2:
+3520 V are applied, while a voltage of VX1 = +230 V is applied to the deflection plate to compensate
for the remaining horizontal drift after ion extraction.

Additionally, setup (1) is equipped with a further deflection plate which can be used to specifically draw
away ions in a specific mass range, so that no or less ions of this m/z can reach the detector. Here, a
push-pull switch with adjustable rise and fall times is used (HTS 31-03 GSM, Behlke), whereby a voltage
between +10 and +200 V is applied, depending on the size of the ion signal to be suppressed. This
option is primarily utilized if an ion signal is so intense that it could damage the sensitive MCP detector.
At the MCP detector a voltage of -1700 V (VD1) is applied, which is then split up (VD2 = 54.5 %, VD3 =
9.1 %).
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Thermal sources — heatable sample supply

The sample supply is depicted in figure 9, together with the pulsed valve and the carrier gas line.

‘ " . -
Figure 9: The heatable sample supply with the pulsed valve and the carrier gas line, implemented in
apparatus (1).

This stainless steel assembly is composed of two sample holders that can be heated separately by
heating resistors and THERMOCOAX heating elements, which are wrapped around the holders. This
allows the co-expansion of two non-volatile compounds of individual vapor pressure (which are
therefore heated up to different temperatures) to investigate mixed clusters such as heterodimers. If
(like in this work) only one non-volatile compound is co-expanded with the carrier gas, solely the first
sample holder, being closer to the pulsed valve, is filled with substance and heated. In the way to avoid
any reaction between the compound and the stainless steel surface, the substance is filled into a small
tailor-made glass pot, which is inserted into the sample holder. The carrier gas (mostly helium or neon)
streams over the sample holders, so that it is enriched with the investigated substance before the
expansion into the vacuum via the pulsed valve. It should be noted that the pulsed valve is also heated,
since an increasing temperature gradient from the sample holder(s) towards the valve is required to

avoid any recondensation of the compound(s).
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Thermal sources — cooled reservoirs

If compounds with a high vapor pressure, such as methanol, are co-expanded, they are not filled into
a heatable sample holder, since in that case cooling of the substance instead of heating is required.
Therefore, two external cooled glass reservoirs containing the respective solvents are integrated into
a bypass of the carrier gas line. Hereby, each sample reservoir is placed into a well, milled out of a brass
cylinder, which is filled with the cooling liquid ethylene glycol. The brass cylinder is placed on a
thermoelectric cooling plate (Peltier cooling element). The amount of solvent in the expansion is varied

by case-dependently adapting the reservoir temperature, and is further regulated via metering valves.
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3.4 Laser desorption experiments - molecular beam apparatus (II)

3.4.1 Introduction

Apparatus (1), described in subchapter 3.3, is equipped with a thermal molecular beam source,
whereby the investigated compound is brought into the gas phase via mild heating. Thus, a
precondition is that the substance of interest exhibits a sufficiently high vapor pressure and, if stronger
heating is necessary, also shows a high thermal stability. In other words, all experiments were limited
to compounds that can be transferred into the gas phase without undergoing thermal decomposition.
To overcome this limitation, a new laser desorption source was developed by the former group
member Dr. Markus Becherer*®l, Apparatus (Il), which had been almost exclusively used for the
investigation of charged metal-alcohol”%77#¢! or metal-protected amino acid clusters!” in previous
works, was extended by an additional source chamber for implementation of the new desorption
source. In the following, preliminar test runs and preoptimization steps were performed, but at the
beginning of the present thesis the experimental achievements were still limited to at most rather
unstable ion signals of too low intensity for thorough spectroscopic studies. Thus, some major
refinements regarding the setup and especially the experimental procedure were required in order to
successfully realize the first resonant two-photon ionization (R2PI) and in particular IR/R2PI (and
UV/UV/IR) experiments with the new laser desorption setup. This could finally be achieved within this
work, whereby all relevant experimental improvements are discussed in subchapter 3.4.4. The initial

R2Pl and IR/R2PI spectra are presented in section 5.1.1.

3.4.2 History of the laser desorption technique

In the 60s and 70s of the 20™ century various techniques were developed to transfer larger non-volatile
and labile or thermally unstable molecules into the gas phase. Hereby, solid samples were irradiated
either with light pulses, electrons or neutral/charged particles to obtain neutral but also charged
isolated molecules in the gas phase, which could then be detected in a time-of-flight mass
spectrometer.’®” Although there are major technical differences between these different methods,
they have in common that the desorption process and the ionization process occur simultaneously at
the same point. Thus, the ionization parameters crucially depend on the possibly harsh conditions
required for an efficient vaporization of the sample molecules, which often leads to strong
fragmentation effects. Furthermore, only a small fraction of the desorbed molecules is also ionized to

be then detected. On top of that, often mainly cluster ions are formed within such a combined
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desorption and ionization process, so that an interpretation of the obtained spectra gets more
complicated.[7-%

The idea to separate the desorption and ionization processes in time and space goes back to 1980,
when R. J. Cotter desorbed guanosine with a CO; laser from a solid sample prior to ionization through
chemical ionization upon collision with a reagent gas.® Then, the groups of Schlag and Gillen
combined the laser desorption with multiphoton-ionization (MPI1).[’°% Gillen and coworkers desorbed
small clusters from a NBS copper C1252 surface by pulsed Ar* probe beam bombardment, followed by
ionization with an excimer laser (248 nm).®® The group of Schlag used a CO, (IR) laser to desorb
tryptophan and retinal from solid sample pills (free of any matrix compound), prior to ionization at 266
nm and 355 nm, respectively. Then, they moved on to larger molecules, with chlorophyll a and
porphyrin derivatives being successfully desorbed and ionized by resonance enhanced multiphoton-
ionization (REMPI) using a frequency-doubled dye laser. Hereby, the parameters could be adjusted to
detect the intact species without any strong limitations due to adduct formation or fragmentation.®”:8°
Over the following years, laser desorption sources with diverse variations regarding target shape,
target preparation as well as desorption laser wavelength and power were designed by different
groups. For example, the group of Zare used a CO, laser to desorb molecules from a sample film
deposited on a rotating glass cup.®” Lubman and coworkers desorbed their compounds from the
surface of a rotating ceramic rod with a CO, laser. Meijer and de Vries et al. desorbed molecules from
a thin sample layer brought on fritted glass by using a KrF excimer (248 nm) desorption laser.!**%¥ |n
the case of rather volatile compounds, they opted for an activated carbon substrate.>°*! Levy and
coworkers, from their side, investigated various dipeptides by doping the sample with a certain
amount of Rhodamine 6G, to then desorb it from a rotating brass disc with a 530 nm laser.® Later on,
the group of de Vries systematically used graphite as substrate.”*¢° |n 2000, Piuzzi, Mons and
coworkers took up the concept of graphite matrices by mixing the investigated compound with
graphite powder and pressing it to a solid disc.’® Since then, few other groups designed various
source types where graphite matrices are applied. The groups of Fujii and Kleinermanns use rotating
graphite discs with the substance being desorbed from its lateral surface.'%1%2 The Miiller, Miiller-
Dethlefs and Fernandez groups desorb the samples from a rotating graphite rod.'°*1% These setups
are similar to the laser ablation source type developed by Smalley?), also used in the Gerhards
group!”™!. Desorption sources using translatable graphite sample bars (similar to the targets used in this
work) are employed in the groups of de Vries®®, Rijs!*%!, Kiipper!*®®!, Zehnacker!*®” and Zwier!’®!, Thus,
the latter source type is nowadays definitely one of the most common laser desorption setups in the

field. All details regarding the desorption source applied in this work are discussed in chapter 3.4.4.
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3.4.3 The laser desorption process - physical aspects

In this paragraph, the physical concepts of the laser desorption techniques should be illustrated, while
the development of laser desorption over the last 40 years with all its variants was actually discussed
in the preceding subchapter.

In general, the investigated sample is either deposited on or mixed with a substrate or matrix, to be
then desorbed by laser irradiation (mostly a ns or even a ps laser!®!). The desorption process is a
thermal process, where the laser energy absorbed by the substrate is very rapidly transferred into
thermal energy, with extremely high heating rates in the range of 108-10% K/s.[*1% Regarding the
mechanism of thermal desorption processes different variants have been proposed and the role of
each of these mechanisms crucially depends on parameters like the desorption laser wavelength and
power. Furthermore, the optical and thermal properties of the probed molecule and the substrate
definitely play a role. However, a desorption of intact molecules should in all cases result from the
abrupt temperature increase induced by the laser pulse, whereby surface reactions or decomposition

of the investigated compound are unlikely due to the high heating rate.[*1014
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3.4.4 Molecular beam apparatus (II) with implemented laser desorption source

In this chapter, the molecular beam apparatus used for the laser desorption experiments is described
in detail. Important technical aspects are discussed, together with the crucial optimization steps that
were realized during this thesis. In figure 10 below, a detailed view of the molecular beam apparatus

(1), consisting of a four-chambered differentially pumped vacuum system, is depicted.
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Figure 10 a): Schematic drawing of the molecular beam apparatus (ll), with (a) desorption chamber,
(b) ionization chamber, (c) flight tube, (d) ablation chamber.
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Figure 10 b): Simplified sketch of the apparatus (ll), showing the most relevant parts (ablation chamber
is omitted), with (a) desorption chamber, (b) ionization chamber, (c) flight tube, (VA1/VA2)
acceleration plates of the Wiley-McLaren arrangement.

Differentially pumped vacuum system

The machine is composed of the laser desorption chamber (a), the ionization chamber (b), the flight
tube (c) and the ablation chamber (d). Hereby, chambers (b) and (c) form the time-of-flight (TOF) mass
spectrometer. During the laser desorption experiments the ablation (or thermal) source implemented
in chamber (d) is not running, but this chamber has nevertheless to be evacuated for technical reasons.
The laser desorption chamber (a) is pumped by the combination of a two-stage rotary-vane pump and
a roots pump, providing the pre-vacuum required for the operation of the turbomolecular pump
(Turbovac 1000, 4140 m3/h, Leybold), used to reach a final vacuum of about 1.2-:10™* mbar with running
pulsed valve (10"® mbar with switched-off pulsed valve). In the standby operation mode, the
desorption chamber is separated from the mass spectrometer by a gate valve (Co. VAT). This has the
crucial advantage that the source chamber can be vented for maintenance, while the TOF-mass
spectrometer with its air sensitive micro channel plate (MCP) detectors remains evacuated. Between
the desorption chamber (a) and this gate valve there is a small intermediate volume which is linked to
the source chamber via a skimmer (aperture of 1 mm, Beam Dynamics) and (when no experiment is
running) also via a bypass. The intermediate volume can thus be evacuated together with the whole

chamber (a). Just before running an experiment, the gate valve is opened, while the bypass between
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chamber (a) and the intermediate volume is then closed. Thus, this intermediate volume is virtually
part of chamber (b) during measurement operation.

Concerning the ablation chamber (d) the pre-vacuum is generated by a two-stage rotary-vane pump
(TRIVAC D65B, 65 m3/h, Leybold) combined with a roots pump (WAU 501, 505 m3/h, Leybold), while
the final vacuum (1-:107® mbar) is reached with an oil-diffusion pump (DI 3000, 3000 I/s = 10800 m3/h,
Leybold). The ionization chamber (b) is pumped by a turbomolecular pump (Turbovac 361, 1242 m3/h,
Leybold) (pressure: 10 mbar), using the same backing pumps as the oil-diffusion pump. The flight-
tube is pumped by another turbomolecular pump (Turbovac 361, 1242 m3/h, Leybold) to reach a final
vacuum of about 2:10°® mbar, whereby the pre-vacuum is provided by another two-stage rotary vane
pump (TRIVAC D40B, 40 m3/h, Leybold).

As the graphite target carrying the investigated sample has to be exchanged at short intervals when
using the desorption source, an air lock has been mounted on the side of chamber (a), which allows an
exchange of the target while keeping the desorption chamber under high vacuum. The air lock (see
figure 14), consisting of a small additional vacuum chamber which is separated from the source
chamber (a) by a gate valve, is pumped by a two-stage rotary vane pump (either TRIVAC D8B, 8 m3/h,
Leybold or TRIVAC D16B, 16.5 m3/h, Leybold) to reach a pressure of 107 mbar.
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In the following subchapter the laser desorption source, implemented in chamber (a) and generating

the seeded molecular beam, is described in detail.

Laser desorption source

The laser desorption source applied in this work was constructed and implemented into the molecular
beam apparatus by the former group member Dr. Markus Becherer. This setup is based on the design
used in the group of Prof. Dr. Anouk Rijs (now at Vrije Universiteit Amsterdam).l*%! A detailed view of

the laser desorption source used in the Gerhards group is presented in figure 11 below.
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Figure 11: Schematic drawing of the laser desorption source used in the Gerhards group.

The molecular beam is generated by a pulsed valve (General Valve, Series 9, 500 um orifice), whereby
argon (instead of helium) proved to be the most appropriate carrier gas. Backing pressures of 2.2-
3.0 bar (relative to lab atmosphere) provided efficient vibrational/rotational cooling during the
adiabatic expansion. The opening time of the valve can be adjusted and was systematically maintained
at 210-220 ps. In the beginning of this work, the gas load coming out of the valve was further optimized
by adjusting its cap. Hereby, the optimized setting, yielding the most intense ion signals, went along

with pressures of about 1.0-1.2-10* mbar in the source chamber with running pulsed valve.

The graphite target (75x24x3 mm) with the investigated compound is mounted in front of the pulsed
valve, whereby a mixture, composed of the probed substance and the chosen matrix (soot, graphite
powder or active charcoal powder), is put on the narrow target edge with a reduced width of only
1 mm (figure 12). Compared to laser desorption sources using pellets as target!*°>112 the setup used

here has the advantage that smaller amounts of substance are required.
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Targets ready for experiment are obtained by preparing a mixture of a certain amount of the
investigated compound and the chosen matrix substance before smoothly pressing it onto the surface
of the graphite bar. Hereby, the ratio between the investigated compound and the matrix substance
can be adapted individually, whereby a ratio of approximately 1:1 was used for most experiments.
During the present work this handling was crucially optimized. Concretely, the employed amount of
probe mixture was enlarged, while the force applied to press the substance onto the graphite target
was deliberately kept more moderate. In this way, targets carrying a substantial (clearly visible to the
naked eye) and homogenous substance layer were systematically obtained. This was a major step
towards an increased ion signal intensity and improved signal stability.

Another crucial aspect is the specific choice of the most appropriate matrix substance. For the first
laser desorption experiments with the new setup soot and partly graphite powder were applied as
matrix. Graphite-based laser desorption matrices are indeed very commonly used by many
groups.[921021061121131 The oroup of Fernandez and Coccinero, however, also applied carbon nanotube
matrices for the investigation of specific compounds where the ion signal intensity was rather weak.[***
Carbon nanotubes have the advantage that they have an exceptionally large surface at a molecular
level™*®!, which may facilitate the uptake of energy introduced into the matrix by the desorption laser.
During this work, the main trigger was to look for another maybe more efficient matrix substance than
soot or graphite powder. No experiments using carbon nanotubes were performed, as these materials
are known for being hazardous to the lungs and even cancerogenic.l**® Furthermore, carbon
nanotubes are rather expensive. Another approach was to use active charcoal powder as laser
desorption matrix, since it is comparatively cheap and has a very high pore surface area.**”? On top of
that, charcoal is not associated with any major health issues as it is the case for carbon nanotubes. To
the best of my knowledge no studies where active charcoal powder was chosen as laser desorption
matrix have been published up to now, but in the present work this “new” matrix substance led to
considerably increased ion signal intensities (up to a factor of 3-4) and a substantially ameliorated ion
signal stability. This was without any doubt a crucial step towards the first UV- and especially combined

IR/UV-spectroscopic experiments with the new setup.

The prepared graphite target (see figures 11 and 12) is put into a target holder which is pushed into a
rail to fix the target just in front of the pulsed valve (within 2 mm from the valve cap). During an
experiment the height of the graphite target relative to the valve can principally be adapted, as
indicated by the vertical blue arrows in figure 11. Hereby, movements are realized by a small DC-motor
(2619S024S R 814:1, Faulhaber). An optimal ion signal was commonly obtained when the target
surface carrying the probe was placed about 1 mm below the nozzle. This is valid both for investigations

on isolated molecules as well as for aggregates (homodimers). The fact that efficient cluster formation
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occurred (see subchapter 5.1.1) shows that the expansion conditions were well-adjusted with the
described settings, as clustering of molecules in combination with a laser desorption source is generally
less evident than with a thermal source (with more efficient adiabatic cooling). The graphite target is
moved continuously (as indicated by the horizontal blue arrows in figure 11) during the measurement
by a small DC-motor (26195024S R 814:1 or 26195024S R 1257:1, Faulhaber), so that the desorption
laser (1064 nm, Continuum Minilite, 10 Hz) hits fresh sample with every single shot. As a high
translation velocity generally goes along with an improved ion signal stability, the translation motor
voltage was generally kept at a value which corresponds to a measurement duration of 30 min before

the next target exchange.

For further illustration of the setup, a sketch of the desorption laser beam path is shown in figure 12.

desorption laser
Continuum Minilite

v =

|
desorption laser beam (1064 nm
| p ( )
|
|

graphite target

Figure 12: Sketch of the desorption laser beam path.

The desorption laser is mounted onto a framework above the desorption chamber and the desorption
laser beam is deflected by 90° by a prism in the way to perpendicularly hit the target on the axis of the
molecular beam, so that the desorbed material is carried off by the gas pulse. The laser is mildly
focused onto the target surface by a convex CaF,-lens (f= 50 cm), using rather moderate desorption
laser powers in the range of 1.5-2.5 mJ/pulse (which are thus lower than for laser ablation/vaporization

cluster sources (~10 mJ/pulse)”) to ensure a soft desorption process.
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Experimental operation

The seeded expansion is generated by the laser desorption source as described above. After a distance
of about 40 mm from the laser desorption source, the molecular beam passes through a skimmer into
the ionization chamber, whereby the outer turbulent part of the beam is skimmed off. In the second
chamber, the aromatic molecules are ionized via an R2PI process and after passing through a field-free
drift zone of about 20 mm the center of the Wiley-MclLaren arrangement!**®! is reached, which is
composed of three acceleration plates, with high voltage pulses being applied to the two lower plates
(VA1 and VA2 in figure 10 b)), while the upper plate is grounded. For all the experiments the same
voltage settings were used with VA1: +3850 V and VA2: +3322 V. The two potentials are applied by
two fast high voltage switches (HTS 50, Behlke), accelerating the ions into the field-free flight tube,
perpendicular to the propagation direction of the molecular beam. With this pulsed setup, the
occurrence of a constant background ion signal is thus avoided. In the field-free drift zone, the ions
pass between the VXY-deflection plates, with voltages of +210 V or +260 V (when investigating
compounds with m/z > 500) being applied. This ion optic is required in order to compensate for the
horizontal drift component in the propagation direction of the molecular beam remaining after ion
extraction. The ions are then mass-resolvedly detected at the micro channel plate (MCP) detector in
chevron arrangement. Hereby, the apparatus can be run in the linear time-of-flight mode or
alternatively in the reflectron TOF mode, whereby the ions are then detected at the second MCP
detector. In this work all experiments were performed in the linear TOF mode, mainly because the
efficient ion velocity focusing under reflectron TOF conditions hinders the “reference ion signal
correction” approach applied for all combined IR/UV experiments, which is described further down.
The MCP detector is supplied with a total voltage of -3780 V, which is split up by a cascade of resistors
(VD1 =44 %, VD2 = 24 %, VD3 = 4 %) and applied to the MCPs. The signal is amplified by a low-noise
wideband amplifier (HVA-200M-40-B, 40B, Femto) and visualized with a digital oscilloscope (TDS 520A,
Tektronix). All spectra are recorded by LabVIEW-based software programs installed on a computer,

interacting with the oscilloscope via a GPIB interface.

As already mentioned, the experiments are performed in pulsed operation at a repetition rate of 10 Hz.
Hereby, the pulse driver triggering the pulsed valve acts as master trigger. Thus, every pulse sequence
starts with the opening of the gas valve, while all the other processes, namely the flashlamps and Q-
switches (pockels cells) of the Nd:YAG lasers, the oscilloscope as well as the high voltage switches
(acceleration pulses) are triggered at specific time delays via two digital delay generators (DG 535,
Stanford Research Systems). The optimized timing on the example of the IR/R2PI experiments

performed in this work is presented in figure 13.
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Figure 13: Temporal sequence of all processes on the example of an IR/R2PI experiment. The given
time delays indicate the optimized trigger delays relative to the master trigger (opening of the pulsed
valve).

It should be noted that, even if the same delay for the IR and UV laser pockels cell triggers is set at the
delay generator, both lasers do not cross the molecular beam simultaneously. With the optimized
timing, the IR laser reaches the molecular beam about 50 ns prior to the UV laser, as required for an
IR/R2PI experiment (see chapter 2.2). For the UV/UV/IR scans exactly the same experimental
conditions were maintained, the only difference consisting in the adapted timing of the IR laser (fired
about 100 ns later than for IR/R2PI). Regarding the 2C-R2PI investigations, the timing of the two
independent UV lasers was also synchronized, so that they simultaneously crossed the molecular

beam.

As mentioned above, targets are exchanged via an air lock installed on the side of the desorption

chamber. On the basis of figure 14, it should be clarified how samples are pulled out or implemented.

gate valve

rotary vane pump

graphite target

manipulator with flange .
“~. air lock

target holder

Figure 14: Schematic view of the air lock with its most relevant parts.

When a new target is inserted, the graphite bar is put into the target holder, which is then mounted
onto the tip of the so-called “manipulator”. This manipulator is required to implement or remove a
target from the desorption chamber (a). The manipulator is provided with a flange, so that it can be
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mounted on the T-shaped tube of the air lock, prior to evacuation with the rotary vane pump. After
reaching a pressure of about 1-102 mbar, the gate valve (Co. VAT) towards the source chamber can be
opened to push the target into the target rail just in front of the pulsed valve. After inserting the target,
the manipulator bar is pulled backwards and the gate valve can then be closed again. As soon as the

measurement cycle is finished, the target is removed from the apparatus in the same manner.

Reference ion signal correction

Although the described optimization steps had been realized, the ion signal fluctuations observed in
the laser desorption experiments turned out to be too significant to perform combined IR/UV
experiments, especially if vibrational modes of rather low oscillator strength were of interest. Up to
then, even the experimentally most demanding investigations on neutral molecules/aggregates
performed in the Gerhards group were successfully carried out by simply averaging a considerable
number of scans. However, these experiments had all been executed in combination with a thermal
source, where the signal-to-noise ratio is in general far better than when applying a laser desorption
source.?>1% Therefore, a “reference signal correction” method was established in this work, to make
the IR/UV spectroscopic techniques accessible in combination with the new laser desorption setup.
Within that, the ionizing UV laser beam is redirected after passing through the molecular beam in order

to cross the interaction region a second time, as illustrated in figure 15 a).
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Figure 15: “Reference ion signal correction” with (a) sketch of the UV/IR laser beam paths, crossing the
molecular beam between the acceleration plates of the TOF mass spectrometer; (b) side view through
the CaF,-windows of the ionization chamber with the UV laser beam crossing the molecular beam at
two distinct heights (UVis: and UVang); (c) (1): mass spectrum with the UV laser beam passing once
through the interaction region (only UVig), (I1): mass spectrum with the UV laser passing twice through
the interaction region (UVis and UVang).

In this way, two clearly separated mass signals for exactly the same mass-to-charge ratio (m/z) can be
obtained as shown in figure 15 (c), provided that the Wiley-McLaren settings are slightly off the ideal
mass focusing conditions. Here, it should be noted that an optimal setting of the Wiley-McLaren setup
would largely compensate for the initial spatial separation of both ion packets. A further precondition
for this “reference signal” approach is that the molecular beam has to be crossed at two distinct
heights (difference of ~5 mm) relative to the acceleration plates (see figure 15 (b)), because of the
perpendicular orientation of the time-of-flight mass spectrometer axis relative to the propagation
direction of the molecular beam. Concretely, the bunch of molecules which is ionized at the second
passage of the UV laser beam through the interaction region (UVang in figure 15 (b)) is closer to the

repeller plate (VA1 in figure 15 (a)) of the mass spectrometer than particles that are hit at its first
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passage (UVist). In consequence, the ion packet of UV,ng experiences a stronger electric field and thus
a slightly harder acceleration towards the flight tube than ions generated by UVis. Along the field-free
drift zone, the ion packet of UV.nq can therefore overtake the ions formed by UVi.. This explains why
the additional “second” mass peak (marked in orange in figure 15 (c)) appears at a shorter time-of-

I”

flight than the “main ion signa

Assuming that the UV laser beam is ideally overlapped with the molecular beam when it passes for the
first time through the interaction region, the molecular beam can only be “grazed” when the UV laser
passes a second time. Mainly for this reason, but also due to the inevitably reduced laser power after
this long beam path, the “second” ion signal (with shorter time-of-flight) is generally weaker in
intensity than the “main ion signal”. Therefore, the IR laser beam is spatially overlapped with the first
point of interaction between the UV laser beam and the molecular beam, so that the analyte molecules

III

of the intense “main ion signal” interact with the wavelength-tuned IR laser. At the same time, the

“second”, smaller ion signal is only affected by signal fluctuations and is taken as “reference ion signal”.

I”

In the IR/R2PI experiments scans on the “main ion signal” are recorded, while parallel measurements

are performed on the “reference ion signal”. Finally, the intended reference signal correction is

|II III

realized by taking the ratio between the “mainion signal” and “reference ion signal” mass traces, which
largely eliminates the strong background signal fluctuations. For illustration, two IR/R2PI spectra (for
Cs*PABA") are depicted in figure 16. For spectrum (a) the “reference ion signal correction” was applied,

III

while spectrum (b) was obtained by (“classical”) simple averaging of exactly the same scans without

considering the “reference ion signal” in the evaluation. In (b) the resonance at 3419 cm™ hardly comes

out, while it is very clearly resolved in (a).

(a) (b)
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Figure 16: lllustration of the effect of the “reference ion signal correction” approach. Spectrum (a) was
obtained by applying the new approach. Spectrum (b) was obtained by simple averaging of exactly the
same scans.
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The effect of the described “reference ion signal correction” is most notable if the two mass signals
are of similar intensity. This could often be realized by intentionally non-optimally overlapping the UV
laser beam (UVis) with the molecular beam at the first interaction to obtain two mass peaks of
comparable size.

The described “correction method” is similar to the techniques used by the groups of Leel®?, Zwier!*?%,
Kleinermanns? and Mons!**?. Hereby, it should be noted that the molecular beam apparatus used
by the Mons group has the advantage that the time-of-flight mass spectrometer is mounted
downstream along the propagation axis of the molecular beam. In that case the UV laser beam can be
ideally overlapped with the molecular beam for both the first and the second interaction, whereby two
separated mass signals for the same m/z can still be obtained.

It is also worth mentioning that many other groups commonly carry out so-called on/off
measurements with the UV laser running at 10 Hz, and the IR laser at 5 Hz (or optionally the UV laser
at 20 Hz and the IR laser at 10 Hz) to correct for ion signal fluctuations.[!04105107.1221 \Nithin this
approach, the IR depletion spectrum is finally obtained by subtracting (or dividing) signals recorded

with and without IR laser.
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4 Theoretical methods

Accurate theoretical predictions are often essential assets to molecular beam spectroscopy, as
assignments of specific structural motifs on the sole basis of experimental spectra are rarely possible.
Therefore, quantum chemical calculations were performed on all investigated systems, partly by my
colleagues Patrick Strebert and Marcel Meta as well as by myself. In the present work mostly geometry
optimizations, harmonic vibrational frequency calculations and NBO population analyses were carried
out using dispersion corrected DFT, as well as the ADC(2) and CC2 approaches. In the way to further
confirm (maybe unexpected) trends obtained within DFT, single point calculations at the DLPNO-
CCSD(T) level were additionally performed for some clusters.

In the following, the theoretical methods applied in this work will be briefly introduced, while the
energy decomposition approaches are discussed in detail in the PhD thesis of Patrick Strebert as well

as in publication 2.

4.1 Density Functional Theory (DFT)

Unlike the ab initio approaches (such as the Hartree-Fock (HF) method[*?¥), density functional theory
does not require the exact wavefunction to describe a molecular system. Concretely, it has been
postulated that the ground state properties of a system can be fully described by its spatially varying
electron density p(7).'2* This postulation was finally proven by Hohenberg and Kohn in 1964.11%%!

In other words, this means that the properties of a compound in its ground state are functionals of the
electron density. On that basis, Kohn and Sham*?®! suggested the following approach for the ground

state energy of a system comprising N paired electrons:

N N N
1 1 1
Ep®1 = =5 @ilr?lo0 +5 0 3 [[ 10— o))" 47 + Exclp ™)
i i

N M 7
_ZIZélwi(‘ﬁ)lzdﬁ (1)
i A

Herein, the first term describes the kinetic energy of the electrons, the second term represents the
Coulomb interaction between the total charge distributions and the last term describes the electron-
nucleus attractions. The remaining term Ey.(p) represents the exchange correlation energy of the

electrons, which is a functional of the electron density.

In equation (1), ; represents the Kohn-Sham orbitals, which are in relation to the electron density

distribution:
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Thus, equation (1) can also be written as:
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The one-electron Schrédinger equations, also referred to as Kohn-Sham equations, are then obtained

by applying the variational principle to E[p(7)]:
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Hereby ¢; stands for the energy of the Kohn-Sham orbital i and V. is the exchange-correlation
potential. It can be noted that for an N electron system, N one-electron Schrodinger equations have

to be solved.
Vyc is a functional derivative of the exchange-correlation functional Ex¢[p]:
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The exact exchange-correlation functional Ex.[p] is not exactly known, so that the Kohn-Sham
equations have to be solved via iteration. The required approximation of the exchange-correlation
term Exc[p] is a major challenge within density functional theory. Therefore, several approaches, like
the local density approximation (LDA)*?”) or the generalized gradient approximation (GGA)™*?®, have
been developed. Regarding the calculation of many molecular properties like geometries, vibrational
frequencies and rotational constants so-called hybrid functionals, incorporating a portion of Hartree-
Fock exchange energy, yield accurate results for most systems. One of the most common hybrid

functionals is the B3LYP functional*?®12°1 which was also used in this work.

A significant deficiency of DFT is that it cannot properly describe dispersion interactions, although they
play a key role in non-covalently bound aggregates and within larger molecules (e.g. peptides3).
Therefore, Grimme!*3®132 and few other groups!***! developed different dispersion correction terms,

which are subtracted from the conventional DFT energy:

Edispersion corrected DFT = EKS—DFT - Edisp (6)

whereby Exs_ppr is the uncorrected DFT energy, while Eg;g, is the respective correction term which

is composed of two and three body terms:
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Egisp =E@ +E® (7)

Herein the most important two body term E® is defined as:

@ 1 CT‘?B
Edisp = - Ez z Sn %fd,n(rAB) (8)

AB n=6,8,10,...

with the scaling factor s, the averaged n'"-order dispersion coefficient C4Z (orders n=6, 8, 10,...) for
an atom pair AB, the damping function f;, (needed to avoid singularities at small interatomic

distances between A4 and B), and r4p being the internuclear distance.

Within this work, Grimme’s D3-correction approach, published in 20103, as well as the D3-correction

with Becke-Johnson damping!*3? were used.

The program packages Gaussian09™3*, Turbomole®**! as well as ORCA™®! give the possibility to
perform e.g. geometry optimizations, harmonic vibrational frequency calculations as well as natural
bond orbital (NBO)*3”! analyses. Harmonic frequencies are generally scaled to account for
anharmonicity, whereby either established (mode specific) scaling factors were taken from literature
or appropriate factors were determined by performing reference calculations on simple model systems
and referring to the corresponding experimental spectra. The specific scaling factors used for the

various systems studied within this work are addressed in the respective subchapters.

When molecules or complexes of huge structural flexibility are investigated, local minima on the
potential energy surface may be almost iso-energetic. In cases of fine energetic balances between
multiple isomers, the zero-point vibrational energy (ZPE) and even the basis set superposition error
(BSSE) can sometimes be decisive for the predicted energetic ordering. Therefore, all relative energy
values given in this work systematically include the harmonic ZPE.

The basis set superposition error plays a role if two molecules are interacting within an aggregate, for
example in a solute-solvent cluster or in dimers. Within a dimer AB, the basis functions of molecule A
are shared by molecule B and vice versa. In other words, an increased number of basis functions is
available for each monomer unit A or B (compared to the situation in an isolated monomer), which
leads to an artificial stabilization of the aggregate AB. The described effect is particularly pronounced
if small basis sets are used. To account for this artefact, the counterpoise method established by Boys

and Bernardil**® can be applied.

Besides the energetic minima on a potential energy surface, the interconversion barriers between
distinct minimum structures may be of interest, since estimated isomerization barriers can provide

valuable hints on the relative population of various isomers in the molecular beam experiments.
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Transition state optimizations can for example be performed by applying the QST3™3° method
implemented in Gaussian 09. For this, the required initial transition state guesses can for example be
generated using the “woelfling” path finder**” algorithm of Turbomole.

For some systems so-called relaxed potential energy surface (PES) scans can be realized, where e.g. a
specific dihedral angle is varied (scanned) in a stepwise manner. Geometry optimizations are then
performed at each fixed angle. This rather simple approach may however not be applicable in case of

a more complex isomerization mechanism.

4.2 Ab initio methods

4.2.1 Coupled-Cluster Methods

Within Hartree-Fock (HF) theory, electron-electron interactions (electron correlations) are only
considered by assuming that each electron feels all the other electrons in the system as an average
charge cloud.?® Different Coupled Cluster approaches, often called post-Hartree-Fock methods, were
established to describe the explicit electron correlation.’! One approach is the configuration
interaction (Cl) method™4?143 where the wavefunction W, is a linear combination of the HF ground
state Slater determinant and the Slater determinants obtained by exciting electrons from occupied

orbitals (i, j, k, L, ...) into non-occupied orbitals (a, b, ¢, d, ...):

n
W, = by + Z Clgqplg + Z Ciajbd)iajb + Z C?jicd)?j?fc +..=14+ Z ép @ (9)
a,i p

i<j,a<b i<j<k,a<b<c

whereby the operator (f‘p is used to describe the electronic excitations.

A so-called full Cl approach, considering all possible configurations of a molecular system, is however
computationally very demanding. That is why, the above linear combination is often truncated after
the second or third term, so that only single (CIS) or single and double (CISD) excitations are
considered.

A significant disadvantage of these two methods is their lack of size-consistency (E(A + B) # E(A) +
E(B), with A and B being two non-interacting systems). To overcome this deficiency, the following

exponential coupled cluster approach can be applied!***:

Yoo =eT¥, (10)

with the operator T = T; + T, + T3 + ---, which is equivalent to the operator C'p and includes all

electronic excitations.
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Coupled cluster calculations are commonly performed with only single and double excitations (CCSD,
scaling with ~“N®, whereby N is a measure of system size), as the inclusion of triple excitations already
requires much higher computational efforts (CCSDT, scaling with ~N8).[%*) Therefore, the third term T
is often treated using perturbation theory, which significantly reduces computational costs (scaling
with ~“N7).[**I The latter approach, abbreviated with CCSD(T), is often considered as the “gold standard
in quantum chemistry”.[**! Nevertheless, these variants are still limited to small molecular systems.

That is why less expansive approximation methods were developed.

SCS-CC2

The CC2 approach!**! is an approximated CCSD method, in which the double excitation part of the
equations has MP2(Mgller—Plesset perturbation theory)-like character®®”], while only the singles are
fully treated via the iterative coupled cluster approach. Hereby, the obtained energies are of MP2
quality™™®®, while computational costs are considerably reduced (scaling ~N° with increasing system
size). In this way, also larger systems can be treated, which are difficult to access with higher correlated

methods.

The spin-component scaling (SCS) approach, which introduces distinct scaling factors for the same-spin
(css = 1/3) and opposite-spin (cos = 6/5) contributions to the correlation energy, is applied to improve
the accuracy of the CC2 method.!**3%) That approach is ideally suited to compute electronic excitation
energies!**91°% pesides its good performance regarding geometry optimizations and harmonic

frequency calculations.

DLPNO-CCSD(T)

Despite its huge success, the CCSD(T) method has the huge disadvantage that it is non-affordable for
large systems due to a non-linear scaling with system size. By applying the “domain based local pair
natural orbital” approaches DLPNO-CCSD and -CCSD(T), developed by Neese and coworkers!14>151,
fully linear scaling with system size can be achieved while considering about 99.9% of the total
correlation energy!*>?. This is realized by combining the pair natural orbital (PNO) approach with the
concept of domain-based orbitals, whereby terms without any significant contribution are neglected.
In other words, it is assumed that the electron correlation is a local phenomenon, with a strong

weakening of electron-electron interactions upon increase of the inter-electronic distance.*>*
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4.2.2 Algebraic Diagrammatic Construction (ADC) Methods

The Algebraic Diagrammatic Construction (ADC(n)) approach is a family of excited state methods based
on perturbation theory. Hereby, the ADC method of n-th order is the excited state equivalent of the n-
th order Mgller—Plesset (MPn) perturbation theory for the ground state. The second-order ADC
(ADC(2)) method™* can at the same time be considered as an approximation to the CC2 method
presented above, neglecting the T; amplitudes (T; = 0) and symmetrizing the Jacobian matrix.!14-155
1571 Geometry optimizations and harmonic frequency calculations performed by using the ADC(2)
approach are of CC2 accuracy, which also applies to predictions of electronic excitation energies.
However, the mentioned symmetrization of the ADC approach is of crucial importance for physically
correct descriptions in proximity of intersections between potential energy surfaces, where CC
methods likely fail .[155-157]

The strict version of second order ADC (ADC(2)-s), also used in this work, scales with N°, while its
extended variant ADC(2)-x scales with N°.1*>7! Similarly as for the CC2 approach, the accuracy of the

ADC(2) method is considerably improved by applying its spin-component scaled variant SCS-ADC(2).[*5¢!
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5 Results and discussion

5.1 Laser desorption experiments

The first experiments combining the UV and IR/UV techniques with the newly established laser
desorption setup were performed within this work. Crucial apparative refinements were realized on
the basis of these initial measurements, using the compounds para-aminobenzoic acid and the cyclic
dipeptide cyclo Trp-Tyr. These spectra are discussed in subchapter 5.1.1, together with all relevant

experimental details.

After these initial studies, investigations on various isolated contact ion pairs were performed. The
results obtained for the monovalent para-aminobenzoate alkali (M*PABA") ion pairs are discussed in
subchapter 5.1.2.2 and in manuscript draft [1]. The spectra recorded for the aggregates formed by
complexation of a divalent metal ion (Mg?%, Ca®*, Ba®*) with two para-aminobenzoate ligands are
presented in subchapter 5.1.2.3. All spectra recorded for the alkali para-methoxybenzoate (M*PMBA")

and alkali benzoate (M*BA~) ion pairs are discussed in subchapter 5.1.2.4.

In order to make first studies on a larger neutral isolated metal complex in the gas phase, investigations
with the OLED relevant complex tris(8-hydroxyquinolinato)aluminium (Algs) were performed. These

experiments are presented in subchapter 5.1.2.5.
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5.1.1 Successful implementation of R2PI- and IR/R2PI experiments

In the following the first R2PI- and especially IR/R2PI spectra recorded with the newly established laser

desorption setup are presented.

para-aminobenzoic acid monomer (PABAH)
In figure 17, the 1C-R2PI spectrum of the para-aminobenzoic acid (PABAH) monomer, chosen as

reference substance for optimization of the laser desorption setup, is shown.

(a) 34183 (b)
O._OH

o NH,

33750 34000 34250 34500 34750 35000
wavenumber of UV laser / cm’

Figure 17: (a) 1C-R2PI spectrum of the para-aminobenzoic acid (PABAH) monomer; (b) schematic
structure of PABAH.

This is the first R2PI spectrum recorded with the new source, where it turned out that the sharp S; ¢
So transitions observed by Meijer and de Vries et al.® can only be properly reproduced when argon
(2.2 bar relative to lab atmosphere) is used as carrier gas instead of helium. Nowadays, argon is indeed
almost exclusively used as carrier gas in combination with laser desorption experiments by many
groups (e.g. 194105108)) |n the Gerhards group, however, this step was somehow a novelty as up to that
point, making use of a thermal source, almost all experiments have been performed in helium or neon
as expansion gas, while attempts in argon were generally less successful. To avoid confusion, it should
also be noted that all (1C- and 2C-)R2PI experiments presented in this thesis were realized without

using any “reference signal correction”, which was only applied for combined IR/UV measurements.
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After this achievement, the next step was to measure an IR/R2PI spectrum of PABAH in the way to

couple the desorption setup with the combined IR/UV spectroscopic techniques. However, as

discussed above within the context of the “reference signal correction” approach, the signal

fluctuations due to the desorption source were too significant to record a valuable IR/R2PI spectrum.

Finally, the newly established correction approach brought the decisive breakthrough. The obtained

spectrum is shown below in figure 18.
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Figure 18: IR/R2PI spectrum of the para-aminobenzoic acid (PABAH) monomer in the region of 3520-
3750 cm™, measured via the 0o°-UV transition at 34183 cm™.

The asymmetric NH-stretching band of the amino group as well as the OH-stretching band of the

carboxylic acid group are clearly resolved. The symmetric NH-stretching frequency is found at

3446 cm™ and was measured later on (see draft [1]).
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The cyclic dipeptide cyclo Trp-Tyr

After this, the next step was to investigate a larger molecule. Therefore, the cyclic dipeptide cyclo Trp-
Tyr (cyclo-L-tryptophanyl-L-tyrosine; see figure 19 (b)) was chosen. The obtained IR/R2PI spectrum,
measured via the R2PI resonance of the indole chromophore at 35073 cm™, is depicted in figure 19
(a). The gap in this spectrum between 3460 and 3520 cm™ is due to the spectral gap of the used

DFM1/0OPA IR laser system (see chapter 3.1.2).

(a) (b)
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Figure 19: (a) IR/R2PI spectrum of cyclo Trp-Tyr, measured via the R2PI resonance at 35073 cm™, with
vnn(bb): NH-stretching vibrations of the cyclic backbone; (b) molecular structure of cyclo Trp-Tyr.

Within this IR/R2PI spectrum the measured bands, especially the indole NH- and OH-stretching bands,
are strikingly sharp, which underlines that the expansion conditions have been successfully optimized.
At closer look, the circled region in the spectrum shows that the OH-stretching band is slightly
asymmetric on the high-frequency side of the main peak. Therefore, the spectral region between 3645
and 3685 cm™ was scanned at a particularly high resolution (with a 0.2 cm™ step size), as shown in

figure 20.
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Figure 20: IR/R2PI spectrum of cyclo Trp-Tyr in the region from 3645 to 3685 cm™ including Gaussian
fits, measured via the R2PI resonance at 35073 cm™ and scanned with a step size of 0.2 cm™.

The spectrum in figure 20 clearly shows that, besides the strong peak at 3659 cm™?, there is another
albeit smaller feature at 3662 cm™, which is likely due to the presence of a second isomer. In figure
21, a comparison between the experimental IR/R2PI spectrum and the harmonically calculated IR

spectra for the energetically most relevant geometries (see figure 22), as obtained at the DFT/B3LYP-

13425
3406

D3/TZVP level, is depicted.
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Figure 21: Comparison of the experimental IR/R2PI spectrum of cyclo Trp-Tyr and predicted vibrational

frequencies obtained from DFT calculations (B3LYP-D3/TZVP) for the two energetically favored
structural motifs @ and b; scaling factors: 0.9608 for free NH-stretching frequencies**®, 0.9593 for OH-
stretching frequencies (determined by taking phenol as reference molecule). Also indicated are the
relative Gibbs free energies (at 298.15 K) according to DFT.
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Regarding the OH-stretching frequency as well as the NH-stretching frequency of the indole
substituent, the calculated vibrational frequencies of both isomers a and b are in perfect accordance
with the experimental spectrum. Concerning the spectral region of the stretching vibrations of the
backbone NH groups around 3400 cm™, however, the splitting of 19 cm™ between both bands
observed in the experiment is in best accordance with the vibrational pattern predicted for isomer b.
The slight differences regarding the splitting between the backbone NH-stretching frequencies are due

to the distinct (although weak) NH---1t interactions.

Even if isomer b is, at least according to DFT, not the global minimum structure, it is predicted to be
only 315 cm™ higher in energy, which makes an assignment of structure b to the experiment definitely

feasible. The discussed geometries a and b are depicted in figure 22.

v(OH;):3659 cm™

v(OH,):3658 cm™

Figure 22: Optimized DFT (B3LYP-D3/TZVP) geometries and relative Gibbs free energies (calculated at
298.15 K) of isomers aand b. The structures of the corresponding OH-rotamers are indicated in orange,
together with the respective OH-stretching frequencies of all rotamers. Scaling factor: 0.9593
(determined by taking phenol as reference molecule).

Both isomers a and b have in common that one aromatic residue (either Trp or Tyr) is folded over the
cyclic peptide backbone, while the other aromatic substituent is turned away from this ring. For
structure g, the CH; group of Tyr as well as one of its aromatic C-Hs undergo CH---1t interactions with
the extended m-system of the indole substituent, which lies above the cyclic backbone. Regarding
isomer b, the indole substituent points away, while the CH, group of Trp shows a CH---1t interaction
with the aromatic ring of the Tyr residue, which is folded over the peptide backbone. Furthermore,
weak NH---m interactions occur between the backbone NH groups and the aromatic residues (NH--
n(Tyr) for structure @ and NH--- i(Trp) for structure b).
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Hereby, in particular geometry b is extremely similar to the structures that the Zehnacker group
assigned for cyclo Tyr-Tyr®”! and cyclo Phe-Phel**®. In the performed conformational analysis a
multitude of other local minimum structures was found. Most of these isomers were, however,
considerably higher in energy. One of these structures (not depicted here) could principally be assigned
to the experiment, although it is higher in energy by 617 cm™. Yet, this structure is very similar to the
geometry of isomer b, since the X, angle of the Trp residue is the only major structural difference
relative to b.

Figure 22 also indicates the structures of the respective OH group rotamers of isomers aand b. Hereby,
the geometries of the most stable rotamers are depicted, with the unfavored rotamer being 44 and
216 cm™ less stable for motifs @ and b, respectively. Regarding motifs a and b, the calculated OH-
stretching frequencies (see figure 22) predict a slight blue-shift of 1-2 cm™ for the OH-stretching
frequencies of the less stable rotamers. As the feature at about 3662 cm™ in the experimental
spectrum is indeed comparatively low in intensity, it seems conceivable to assign this band to an
energetically higher rotamer. Concerning the intense NH-stretching band at 3523 cm™ no “additional”
feature is obtained. However, the indole NH group is completely free for the discussed geometries, so
that no considerable NH(indole)-frequency shifts may occur between two OH-rotamers. Regarding the
backbone NH-stretching vibrations, the measured bands are so weak in intensity that such small effects
as observed for the intense OH-bands may not be experimentally detectable anymore.

Finally, as mentioned above, structure b could most likely be assigned to the experiment. Due to an
energetic gap of 216 cm™ between both OH-rotamers, the relative population of the energetically
higher rotamer may be lower, which may explain the relative intensities of the measured OH-bands at
3659 and 3662 cm™. The theoretical Boltzmann distribution predicts a population ratio of 0.35
between both rotamers at 298.15 K, which is a fair temperature to estimate population ratios in
molecular beam experiments (e.g.3%7?). At the same time, the deconvolution of the experimental
spectrum (figure 20) yields a ratio of 0.34. Thus, there is indeed a very good correlation between the
experimental and theoretical ratios. For motif g, both rotamers are energetically separated by only 44
cm™, so that a more similar contribution of both rotamers would be very likely in that case (theoretical
ratio of 0.81), which is however not in accordance with the measured IR/R2PI spectrum. This aspect

makes the assignment of structural motif b even more conceivable.

Thus, even if the main aim of the investigations on cyclo Trp-Tyr was to extend the newly established
combination of laser desorption and IR/UV techniques to a first larger molecule, a structural

assignment could be made.
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The para-aminobenzoic acid dimer ((PABAH),)

Since nowadays the aggregation behavior between two or even more molecules is often of particular
interest in gas phase spectroscopy, a further step was to investigate a molecular aggregate by applying
the R2PI and IR/R2PI techniques. Therefore, the homodimer of the previously investigated para-
aminobenzoic acid ((PABAH);) was studied. The R2PI spectrum of (PABAH); is depicted in figure 23.

34690

34220

I T 1
34000 34100 34200 34300 34400 34500 34600 34700 34800 34900
wavenumber of UV laser / cm™

Figure 23: R2PI spectrum of the para-aminobenzoic acid dimer (PABA)..

Within this spectrum, the 0o° transition is blue-shifted relative to the electronic origin of the PABAH
monomer by 37 cm™, which is in good agreement with the spectra published by Meijer and de Vries
et al.®. The IR/R2PI spectra were recorded via the intense R2PI resonance at 34690 cm™ to obtain a
strong enough ion signal for the IR scans. Furthermore, it should be noted that the ion signal intensity
of the dimer was significantly improved by increasing the argon backing pressure from 2.2 to 3.0 bar
(relative to lab atmosphere). As expected, dimerization primarily occurs under the particularly cold
expansion conditions at higher backing pressures. For most experiments on smaller molecules (e.g. for
the M*PABA™ ion pairs; see draft [1]), however, the backing pressure was deliberately maintained at
only 2.2 bar to suppress the formation of (undesired) argon containing clusters. Clustering of the
investigated molecule with argon frequently leads to crowded UV and IR spectra on lower (often most

relevant) mass traces if these argon clusters undergo UV fragmentation upon photoionization.
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The IR/R2PI spectrum of (PABAH); is depicted in figure 24, together with its optimized DFT geometry.
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Figure 24: (a) IR/R2PI spectrum of the para-aminobenzoic acid dimer (PABAH),, measured via the
intense R2PI transition at 34690 cm™; (b) Optimized DFT geometry of (PABAH),, calculated at the
DFT/B3LYP-D3/TZVP level.

Regarding the NH-stretching region, the spectrum is very similar to the IR spectrum of the PABAH
monomer. The symmetric and asymmetric NH-stretching bands were found at 3445 and 3539 cm™,
which are thus almost identical to the values found for the PABAH monomer, with 3446 and 3540 cm™.
This observation is however not surprising, as the amino groups remain completely free within the
expected dimer structure, cleared up by Meijer and de Vries through R2PI experiments supported by
specific deuterations.® A major difference compared to the IR spectrum of the PABAH monomer is
the obvious drop of the baseline towards 3000 cm™, which is due to the OH-stretching frequencies of
the strongly hydrogen-bonded carboxylic acid OH groups in the dimer structure. In the fluorescence
dip IR spectra (FDIR spectra) measured for the dimers of the structurally related compounds anthranilic
acid and salicylic acid, the OH-bands are indeed strongly red-shifted and extremely broadened, so that
the “true baseline” is only reached at about 2700 cm™.%%! However, the broad features in that
spectral region were of minor relevance within the context of this work. In other words, the IR/R2PI
spectrum of (PABAH), was mainly recorded to validate the potential of the new laser desorption setup
for further IR/UV investigations on isolated clusters. The shoulder around 3100 cm™ may be explained

by (aromatic) CH stretching vibration(s).

52



Results and discussion

Laser desorption with larger organic molecules (of high mass-to-charge ratio (m/z))

Apart from the spectra discussed above, attempts to investigate larger molecules were also made.

Figure 25: Molecular structures of (a) beauvericin; (b) 4-tert-butylcalix[6]arene.

In initial experiments with the cyclic hexadepsipeptide beauvericin (structure (a) in figure 25) the
(charged) alkali adducts (with Na*, K*) were successfully detected, while the isolated neutral monomer
species could not be found. Either the R2PI process for this neutral species was not efficient or there
was no major amount of free uncomplexed beauvericin on the target. Since beauvericin is known to
be a very efficient ionophorel*®®, complex formation with the ubiquitous alkali ions Na* or K* is
definitely conceivable. As there was only a very small amount of substance available, experimental

possibilities were unfortunately very limited for this sample.

Therefore, test measurements with other organic macrocycles from the calixarene family were
performed to further refine the experimental parameters. Calixarenes are organic macrocycles formed
by hydroxyalkylation of phenol and aldehyde.l**¥ Specifically, 4-tert-butylcalix[6]arene, depicted in
figure 25 (b), as well as its smaller structural analogue 4-tert-butylcalix[4]arene, with only four 4-tert-
butlyphenole monomer units, were investigated. These compounds were both intactly transferred into
the gas phase by laser desorption, ionized within an R2PI process and subsequently detected in the
mass spectrometer. For these species with comparatively higher m/z ratio, it turned out that an ion

I”

signal can be readily obtained with the same settings as for the “small” PABA species. However, the
ion signal intensities were drastically lower for the large macrocycles. Slight improvements of the ion
signals were realized by increasing the acceleration voltages up to 4200 V and 3770V, respectively, as
well as by adjusting the voltage applied to the MCP detector to -3964 V. Furthermore, the VXY-
deflection voltages were set to +260 V (instead of 210 V) in order to compensate for the comparatively

high inertia of heavier compounds.
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However, the recorded R2PI and IR/R2PI spectra did not show any convincing features. The absence
of any pronounced spectral effects is likely due to the less efficient adiabatic cooling if flexible
molecules of this size are investigated. Furthermore, the ion signal intensities were still a limiting
factor. In contrast, very impressive ion signal intensities were observed for most compounds of low
molecular weight (e.g. for M*PABA" ion pairs, see draft [1]). At this point one should also note that a
significant decrease of the photoionization efficiency with increasing molecular weight is to be
expected, leading to a reduced ion signal size for larger molecules.!*®?! Apart from that, a reduced
sensitivity of the time-of-flight mass spectrometer for high molecular weight species (with m/z >> 500)
could be another limiting factor. Thus, the limitations of the used experimental setup were probably
gradually reached.

Principally, there should still be room for further improvement, which would, however, likely entail
greater expenditure. Given the change of the circumstances during the course of the present work,

any more extensive remodeling of the laser desorption setup would have been beyond the scope.
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5.1.2 Investigations on isolated contact ion pairs (CIPs)

5.1.2.1 Introduction

After the successful first R2PI and IR/R2PI experiments with the new desorption setup, the focus of
this work turned towards investigations of isolated neutral contact ion pairs. lon pairs are of major
relevance in nature, as they e.g. play a key role in the self-assembly of charged oligomeric bilayers™?,
in ion transport through phospholipid bilayers®?® or in pharmacology, where the solubility of charged
hydrophilic therapeutics is often regulated by targeted ion pairing?*??. On top of that, ion pairing is of
crucial importance in organic synthesis, e.g. in asymmetric ion-pairing catalysis!?*?%. Therefore, it may
not seem surprising that ion pairs have already been studied extensively, predominantly in various
condensed phase experiments.[2>163164165 Degpite this, the characterization of the intrinsic properties
of ion pairs through experiments in condensed media is still a huge challenge, because their
spectroscopy is evidently influenced by the surrounding medium.?>! A major challenge is the aspect
that the structure of cation-anion pairs may fluctuate between three different ion pair types, namely
the solvent separated ion pairs (SSIP, with intact primary solvation shells around both counterions),
solvent shared ion pairs (SIP, with a single solvent layer between cation and anion) and finally the
contact ion pairs (CIP, without any solvent molecules separating cation and anion), where no solvent
molecules are separating cation and anion.!?>%%%7] Dye to these limitations in condensed media
experiments, investigations on isolated contact ion pairs in the gas phase are an ideal tool to explore
the intrinsic properties of ion pairs. Nevertheless, gas phase studies on isolated ion pairs are still very
scarce, which may be due to the fact that the majority of ion pairs (salts) have a low vapor pressure,
so that most of them cannot be transferred into the gas phase by simple heating. A few works on
(comparatively volatile) ionic liquids, investigated by using thermal sources (e.g. [*%®), as well as on ion
pairs embedded in helium nanodroplets!*®® have already been published. In 2016, the group of Mons
and Gloaguen were the first to transfer isolated contact ion pairs (namely Li*---phenylacetate,
Li*---benzylacetate as well as Li*-:-(4)-phenylbutyrate) into the gas phase by using a laser desorption
source.” In their first publications, they performed UV and combined IR/UV experiments and
discussed the high potential of the gained spectra as benchmark values for investigations on ion pairs
in solution.’>%®! | ater on they focused on Stark experiments, where huge resonance shifts were
observed in the UV spectra upon substitution of the alkali ion (from Li* over Na*, K*, Rb* to Cs*) due to
the tuned electric field strength of up to about 4 GV - m™ reigning within ion pairs.'% Here, it should
be pointed out that in common capacitor-based experiments, electric field strength of no more than
0.1 GV - m™ are reached.”®'7Y Furthermore, they demonstrated by UV experiments on model ion

pairs in a molecular beam, in combination with electric field calculations, that UV based Stark
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spectroscopy in the gas phase has a high potential for conformational investigations of
biomolecules.™

These particularly stimulating studies were the motivation to investigate isolated alkali (Li* to Cs*) para-
aminobenzoate ion pairs (M"PABA") within the present work (see draft [1]). Regarding the structure of
these systems, the cation is doubly coordinated to the carboxylate group of the para-aminobenzoate
anion. For the sake of clarity, the calculated geometry of an M*PABA™ ion pair is exemplarily shown in

figure 26 (a).

a b .
(@) M: Li, Na, K, Rb, Cs ° M* (b)  m: ,Ca, Ba

M2+

PABA-

Figure 26: Molecular structures of a) M*PABA" ion pairs; b) M#*(PABA"), complexes. Geometries as
obtained within DFT optimizations (using B3LYP-D3(BJ)/def2-TZVP).

As the binding motif is the same for all these ion pairs and the anion does not show any major
conformational flexibility, trends observed in the (one color- and two color-)R2PI, IR/R2PI as well as
UV/UV/IR experiments should be mainly due to electronic Stark effects. Specifically, the spectroscopic
behavior of the para-aminobenzoate chromophore depends on the size of the coordinating alkali
cation, leading to clear trends in both the UV and IR spectra. Regarding the IR/UV experiments, the
NH-stretching frequencies of the amino group in para position were probed to get insights about the
specific influence of the positive charge at this larger distance from the cation. This represents a novel
aspect, as in the studies of Mons and Gloaguen the C=0-stretching vibrations of the carboxylate were

investigated, whereby the cation is thus directly coordinated to the probed functional group.[*>16¢!

To the best of my knowledge, the ion current curves, recorded in order to estimate the ionization
potentials of the different species, are the first ion current curves measured for isolated contact ion
pairs. Moreover, the IR spectra recorded for the photoionized complexes (ionic ground state Do)
contribute to the understanding of the studied systems and are the first Do state IR spectra reported
for CIPs so far.

Additionally, R2PI spectra were recorded for the structurally related alkali para-methoxybenzoate ion
pairs as well as for the unsubstituted alkali benzoate ion pairs, yielding further information, especially

regarding ion pair photostabilities. On top of that, small metal complexes comprising a divalent metal
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center (Mg?, Ca?* and Ba?*) linked to two para-aminobenzoate units, as depicted in figure 26 (b), were

investigated by R2PI spectroscopy, whereby the measured trends are in line with the observations for

the respective monovalent alkali ion pairs.

To give an overview of the ion pairs investigated in this work, all successfully probed systems are
highlighted in table 1 below.

Table 1: Overview of the alkali and earth alkaline ion pairs investigated in this work. All successfully

probed cation-anion combinations are highlighted using green check marks.

para-aminobenzoate
(NH; substituent)

para-methoxybenzoate
(OMe substituent)

benzoate
(no substituent)

Li

Na

Rb

Cs

Mg

Ca

Ba

All results are discussed in the following subchapters and partly in manuscript draft [1].
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5.1.2.2 Isolated alkali/para-aminobenzoate contact ion pairs in gas phase: insights into nuclear
and electronic structure by laser spectroscopy (see manuscript draft [1])

Preamble:

All laser desorption experiments were performed by myself. | conducted the DFT- and ADC(2)
calculations. The concept was designed by myself, together with Christoph Riehn. The results were
analyzed and interpreted by myself. Furthermore, | wrote an initial manuscript. The manuscript was

revised by Christoph Riehn, Kirsten Schwing and myself. Christoph Riehn was my supervisor.

This chapter has been prepared as a manuscript draft for publication and is printed in chapter 7; see
manuscript draft [1]. To give a short overview, the most important results and discussions are briefly

summarized in the following.

Summary:

This project dealt with the spectroscopic investigation of isolated alkali (Li-Cs) para-aminobenzoate ion
pairs (M*PABA™). Within that, the main aim was to probe the structural and electronic behavior of the
PABA™ chromophore in dependance of the size of the coordinating alkali cation (increasing from Li* to
Cs* [¥72)), Structurally, the alkali cation is doubly-coordinated to the carboxylate group of PABA™. The

structure of the M*PABA™ ion pairs is illustrated in figure 27 (a).

(a) o M* (b)

PABA-

M*: Li, Na, K, Rb, Cs PABA
Figure 27: Optimized geometries of an M*PABA" ion pair in the So (a) and Do (b) state. Structures as

obtained at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

As the binding motif of M* to PABA™ does not change along the row from Li*PABA™ to Cs*PABA", the
spectral effects observed in the measured UV and IR/UV experiments should result from electrostatic

effects, rather than from geometric changes.
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Various spectroscopic techniques (see subchapter 2) were applied to probe both the Sp and Do state,
namely 1C-R2PI, 2C-R2P!I (ion current curves), IR/R2Pl and UV/UV/IR. First of all, 1C-R2PI spectra (see
figure 28) were recorded, revealing that the M*PABA™ species exhibit well-defined electronic

transitions, as already observed for the para-aminobenzoic acid monomer (PABAH).

PABAH 34433 Li* PABA- Na* PABA-

34230

34199

33750 34000 34250 34500 34750 35000 33750 34000 34250 34500 34750 35000 33750 34000 34250 34500 34750 35000

Kt PABA- Rb* PABA- Cs* PABA-
34159
=24 cm™t
e
PR
33750 34000 34250 34500 34750 35000 33750 34000 34250 34500 34750 35000 33750 34000 34250 34500 34750 35000
wavenumber of UV-laser / cm™ wavenumber of UV-laser / cm™ wavenumber of UV-laser / cm™

Figure 28: 1C-R2PI spectra of para-aminobenzoic acid (PABAH) and its alkali ion pairs Li*PABA-,
Na*PABA~, K'PABA-, Rb*PABA™ and Cs*PABA" in the spectral range of 33613-34965 cm™. For the ion
pairs the shift of the 0¢° transition relative to the next smallest cation is given in dark red.

As indicated by the arrows in figure 28, the electronic origin transition (S; ¢ Sp transition of 1 — *
character) undergoes a successive red-shift when going from Li*PABA™ over Na*PABA-~, K*PABA™ and
Rb*PABA™ towards Cs*PABA™. Hereby, the relative frequency shifts decrease from 31 cm™ between
Li*PABA™ and Na*PABA™ to only 7 cm™ between Rb*PABA™ and Cs*PABA". The pronounced correlation
between the electronic origin and the size of the respective alkali ion can be demonstrated by plotting
the frequencies of the 0¢° transition against the inverse radius of the coordinating cation (see figure 29

(a)). The obtained approximately linear dependance is in nice accordance with the Coulomb law.[273174]
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Figure 29: Correlation between (a) the electronic origin transitions and (b) the ionization potentials

(IPs) and the inverse radius of the coordinating alkali ion.

The measured spectral shifts are relatively small, with the ion pairs exhibiting UV transitions in the

same spectral region as the PABAH monomer. This is also reflected by the adiabatic excitation energies

calculated at the SCS-ADC(2)/def2-TZVP level, predicting very similar S; ¢ Sp transition frequencies for

all considered species.
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To estimate the ionization potentials (IPs) of the ion pairs, ion current curves (see figure 30) were
recorded by keeping the UV excitation laser frequency-fixed at the respective electronic origin

transition while scanning the UV ionization laser.

PABAH Li* PABA Na“ PABA

-2317 cm™®
64582 =

3

64050 64200 64350 64500 64650 64800 601‘00 GOéOO 60§00 60:100 57800 57900 58000 58100
Vuvy, + Vuy, / cm™ v, + Vyy, /em? v, + Vyv, [ em?

Rb* PABA”

K PABA

lonization potential: Viyy, + Vyy,

-373 cm™!
4(-1420 cm™ «
<

56400 56500 56600 56000 56100 56200
Vuv, + Yoy, /em™ Vuv, + Yoy, /em™

Figure 30: lon current curves of para-aminobenzoic acid (PABAH) and its alkali ion pairs Li*PABA",
Na*PABA~, K*PABA", Rb*PABA". For each ion pair the ionization laser wavelength was tuned in the
region of the respective ionization potential, while the excitation laser was frequency-fixed at the
respective 0¢° transition.

No ion current curve for Cs*PABA" is depicted, since no two color (2C) effect could be obtained for this
species anymore (2C effect of about 50 % for Li*PABA"; ca. 10 % for Rb*PABA™). The ionization potential
undergoes a significant red-shift of in total 4110 cm™ between Li*PABA” and Rb*PABA". The IPs
measured for the ion pairs are drastically red-shifted relative to the IP of PABAH (shift by 4371 cm™
between PABAH and Li*PABA"). This is not surprising, as an electron is photodetached from the anionic
PABA™~ chromophore for the M*PABA™ species. Like shown in figure 29 (b), an almost perfect linear

correlation is observed between the (estimated) IPs and the size of the alkali cation.

The frequency shifts measured for the IPs are much stronger than for the S; < So electronic origins.
Thus, the energetic gap between the S; and Do state decreases significantly from Li*PABA™ to Cs*PABA"™.
This trend may be explained by consulting the respective binding energies between cation and
chromophore in the So and Do state. For the Li* species, the binding energy is lowerded by ABE = 32906
cm™ upon photoionization. If, however, Cs* is bound to the para-aminobenzoate, the interaction
between Cs* and the carboxylate is throughout weaker, which goes along with a decrease of the

binding energy by only ABE = 28343 cm™ due to ionization. Focusing on the last-mentioned numbers,
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the decline of the M*---PABA™" binding energy upon photoionization decreases by A(ABE) = 32906 —
28343 = 4563 cm™ from Li*PABA™ to Cs*PABA". Interestingly, the value of 4563 cm™ (4565 cm™ when
considering Li*tPABA™ and Rb*PABA") is indeed close to the experimentally observed decrease of the IP
by 4110 cm™ between Li*PABA™ and Rb*PABA", which supports the suggested interpretation on the
basis of M*---PABA™ binding energies.

Apart from the described UV experiments, IR spectra were recorded for both the So and Dy state.
Hereby, the focus was put on the NH-stretching frequencies of the amino (NH,) group. In figure 31, the
IR/(1C-)R2PI spectra are depicted, all featuring a sharp transition, which is assigned to the symmetric

NH-stretching vibration v(NHsym).

i+ -
PABAH Li* PABA Nat PABA-
WW B
. 3425
3446
3300 3350 3400 3450 3300 3350 3400 3450 3300 3350 3400 3450
K+ PABA- Rb* PABA- Cs* PABA
_ -1 1 cm™? —0cmt
W\WMW (_
3420 S 3419
3300 3350 3400 3450 3300 3350 3400 3450 3300 3350 3400 3450
wavenumber of IR-laser / cm™ wavenumber of IR-laser / em™? wavenumber of IR-laser / cm™t

Figure 31: IR/R2PI spectra of the Li*PABA~, Na*PABA~, K*PABA~, Rb*PABA™ and Cs*PABA™ ion pairs (So
state) in the spectral region of v(NHsm), measured via the respective 0¢° transitions.

As described above for the UV experiments, a red-shift of the symmetric NH-stretching frequency is
observed between Li*PABA™ and Cs*PABA™. Among the M*PABA" series, Li*fPABA™ exhibits the highest
value of 3433 cm™ for v(NHsm). This observation can be explained by the strong mesomeric donor
(+M) effect of the amino group towards the aromatic ring if a small cation of high positive charge
density is coordinated to the PABA™ chromophore. This +M effect goes along with an increased “s”
hybridization character of the N atom and with an enhanced planarization of the amino group

“u_n
S

(according to DFT calculations). This higher character also leads to a contraction of the N-H bonds
(with increased bond strength) and thus to a relatively higher NH-stretching frequency. Within free
PABA~, however, no “perturbation” by a cationic counterion occurs, leading to a strong

. _n
S

pyramidalization of the NH; group, a reduced “s” character and a particularly red-shifted NH-stretching
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frequency of 3382 cm™ according to theory (obtained at DFT/B3LYP-D3(BJ)/def2-TZVP level; scal.:
0.963). With increasing size of the alkali cation the influence of M* on PABA™ successively decreases,
so that the IR frequencies shift towards lower frequencies relative to Li*PABA™ (3433 cm™).
Accordingly, an almost linear correlation between the symmetric NH-stretching frequency and the
respective inverse ionic radius is observed (see draft [1]). Finally, it should be pointed out that the
measured vibrational frequencies are in excellent agreement with the values predicted by the
harmonic frequency calculations at the DFT/B3LYP-D3(BJ)/def2-TZVP level. The shifts of the
asymmetric NH-stretching frequencies v(NHa.sym) are not further discussed here. For several ion pairs
they fall into the spectral gap of the used IR laser system (see subchapter 3.1.2) and could thus not be
detected. However, DFT calculations predict very similar trends for the vibrational shifts of v(NHsym)

and V(NHasym).

In addition to the IR/R2PI experiments, IR spectra of the photoionized M*PABA ions (in the Do state)
were also recorded by applying the UV/UV/IR technique. The respective mass traces for the spectral

region of the symmetric NH-stretching vibration v(NHsm) are depicted in figure 32.

Li*PABA Rb'PABA
Na*PABA “PABA Cs"PABA

Li'PABA-CO,
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3405 . 3412
Rb'PABA-CO, Cs'PABA-CO, 3414
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3 cm_; +2cm™?
—_ +2cm?

=
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wavenumber of IR4aser/cm™  wavenumber of IR4aser/cm™  wavenumber of IR4aser/cm™  wavenumber of IR4aser/cm™  wavenumber of IRJaser / cm™
Figure 32: UV/UV/IR spectra of the Li*PABA’, Na*PABA, K*PABA’, Rb*PABA and Cs*PABA’ species (Do
state) in the spectral region of v(NHsm), showing the parent (M*PABA’) and fragment (M*PABA-CO,)
mass traces. The initially neutral ion pairs were ionized via 1C-R2PI at the respective 0¢° transitions.

In the UV/UV/IR spectra, the resonance effects could be detected on both the fragment and parent
mass traces, with the dissociation channel corresponding to a loss of neutral CO,. Hereby, the IR
photodissociation efficiency drastically increased from Li*PABA towards Cs*PABA’, which is largely due
to the lower stability of ion pairs with larger cations. As the effects observed for LitPABA" were very
weak, the resonance effect could only be detected on the fragment mass trace, showing a significantly

improved signal-to-noise ratio (due to the zero-background effect, see subchapter 2.6).
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According to the DFT geometry optimizations, the doubly-coordinated binding motif observed in the
So state is maintained in the Do state. Exemplarily, the optimized geometry of an M*PABA ion pair is
depicted in figure 27 (b). For all systems, except Li*PABA’, the carboxylate group is twisted relative to
the aromatic ring plane. The latter geometric effect, which is most pronounced for M*PABA' species
with larger M*, may go along with structural fluctuations (due to a low rotational barrier around the
C(aromatic)-C(carboxylate) bond). Therefore, structures that are slightly displaced from the ideal
geometry, exhibiting (slightly) distinct NH-stretching frequencies, may contribute to the spectrum. This
might be a reason for the band broadening observed in the Dy state IR spectra. However, it should also
be kept in mind that the probed radical species are formed via 1C-R2PI, so that the excess energy upon
photoionization cannot be specifically adjusted. Particularly high excess energies of up to 12231 cm™
(for Rb*PABA’) may lead to the population of low frequency modes, possibly coupling with high
frequency vibrations. This is another potential explanation for the broad tail on the low frequency side
of the measured IR bands.

At first glance, it may seem surprising that, in contrast to the effects in the S, state, a successive blue
shift of v(NHsym) is observed when going from Li*PABA" towards Cs*PABA’, to gradually approach the
value of 3450 cm™ predicted for free PABA'". This trend is perfectly reflected by the predicted harmonic
frequencies (at DFT level). Regarding the isolated PABA radical, the frequency of 3450 cm™ is
significantly blue-shifted relative to the respective So state vibrational frequency of PABA™. This shift
could be readily expected, as the amino group is strongly planarized in the Do state, which goes along

ou_n
S

with an increased hybridization character and thus stronger N-H bonds. Yet, a further effect must
play a role: Although the amino group is almost fully planar for all M*PABA" ion pairs, a red-shift of
v(NHsym) by 33 cm™ relative to the respective frequency in the Sy state is measured for Li*tPABA’, which
is to a minor extent also observed for Na*PABA' (red-shift of 20 cm™) and K*PABA’ (red-shift of 10 cm™).
Regarding Rb*PABA" and Cs*PABA, the Do state frequencies are closer to the values for v(NHgm) in the
So state (red-shifts by merely 7 cm™ and 5 cm™, respectively). These effects may be explained by

consulting the orbital occupancies, obtained within a natural bond orbital (NBO) analysis, performed

at the DFT level. The 6*(N-H1) and o*(N-H,) orbital occupancies are given in table 2.
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Table 2: Total (a + B) orbital occupancies obtained for the antibonding o*(N—-H1) and *(N-H>) orbitals
in the Do state. The NBO population analysis was performed at the DFT/B3LYP-D3(BJ)/def2-TZVPP level.

occ. o*tot(N-H,), occ. *tot(N-H>)
Li*PABA 0.00847/0.00847
Na*PABA 0.00839/ 0.00839
K*PABA 0.00829/ 0.00829
Rb*PABA 0.00825/ 0.00825
Cs*PABA 0.00824/ 0.00824
PABA 0.00774/ 0.00777

An increased o*(N-H) occupancy should go along with a weakening of the N-H bond. Like mentioned

above, the hybridization of the N atom definitely has a crucial influence on the N-H bond strength and

2.34 2.35

frequency. However, as for the Do state a very similar hybridization of sp*>* or sp*>- is predicted for all
M*PABA species, the orbital occupancies may become the more decisive factor. Indeed, the o*(N-H)
population decreases along the row from Li*PABA to Cs*PABA’, which is in line with the measured as
well as the simulated vibrational frequencies (at DFT level). In other words, the change in hybridization
and the electron density transfer to the antibonding orbitals are competing processes, whereby the
latter one should be most relevant for the M*PABA  species in the Do state. It can also be noted that in
the So state the 0*(N-H) occupancies are throughout lower and hardly change along the series from
Li*PABA™ to Cs*PABA™ (see supplementary information of draft [1]).

The described approach has already been applied to interpret the NH, stretching frequencies
measured for the structurally related aniline and its radical cation*’®, as well as for guanine and its
dimer?®l. It should be further noted that the vibrational shifts observed in the Do state are once again
in nice accordance with the Coulomb law (see draft [1]). However, the spectroscopic effects found for
the alkali para-aminobenzoate ion pairs (especially regarding the Do state) may not be explained by

I/I

assuming a “classical” vibrational Stark effect!!®3164171] |nstead, the spectroscopic shifts seem to be

caused by electronic effects, which are induced by the electric field of the coordinating alkali cation.
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5.1.2.3 Metal para-aminobenzoate complexes with divalent metal centers (Mg?+, Ca2* and Ba2*)
With the idea to make a further step towards investigations on neutral isolated metal complexes in
the gas phase, complexes of the types Mg?*(PABA™),, Ca?*(PABA"); and Ba%*(PABA"), were also studied
in this work. The compounds Mg*(PABA"), and Ca?*(PABA™), were synthesized by a salt metathesis
reaction between K'PABA™ and the corresponding chloride salts MgCl, and CaCl,, respectively.
BaZ*(PABA™); was obtained by simple acid-base reaction between Ba(OH), and para-amino benzoic
acid.

In the optimized geometries of the complexes, the metal center is coordinated by the two bidentate
carboxylate groups of the PABA™ ligands (see figure 33 (b)). Hereby, the planes of the aromatic
rings/carboxylates are twisted with respect to one another by ~82°. Although the ion signals obtained
for the M?*(PABA"), complexes were drastically smaller than for the M*PABA™ ion pairs, R2PI spectra

could be recorded for the three M*(PABA"), compounds, as depicted in figure 33 (a).

(a)

W0 IEL0 MO0 400 34400 34500

CaZ*(PABAT)p 34211

3300 33800 MO000 4200 34400 34500

BaZf(PABA)2 34179

30 W0 MO0 MI00 4400 24500
wavenumbers of UV -laser / crr!
Figure 33: (a) 1C-R2PI spectra of the metal para-aminobenzoate complexes Mg?*(PABA"),, Ca?*(PABA™),
and Ba**(PABA),; (b) Optimized geometry of Mg?*(PABA™); (calculated at the DFT/B3LYP-D3(BJ)/def2-
TZVP level).
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In the R2PI spectra the electronic origin transition shifts to the red when going from Mg (PABA"), over
Ca?*(PABA"), to Ba?*(PABA™),. This trend reflects the observations made for the corresponding alkali
ion pairs (see draft [1]). For illustration, the correlation between the measured electronic origin

transitions and the inverse ion radii is depicted in figure 34.
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Figure 34: Correlation between the electronic origin transitions of the M?*(PABA~), complexes and the
inverse ion radii of the respective earth alkaline ion.

Thus, similar to the M*PABA™ ion pairs, a linear correlation is obtained. However, it should be noted
that the red-shift of 87 cm™ between Mg*(PABA"), and Ba?*(PABA"), is considerably larger than the
shift of 40 cm™ observed for the alkali row (Na*PABA™ to Cs*PABA™). Most probably, the divalent earth
alkaline ions, exhibiting smaller ion radii (0.72 A for Mg? to 1.35 A for Ba**)"7 and thus a
comparatively higher positive charge density, have a stronger influence on the spectroscopy of the
coordinating PABA™ chromophores than the larger monovalent alkali ions (with radii of 1.02 A for Na*

to 1.67 A for Cs*)*72 within the M*PABA" species.

Principally, the NH-stretching frequencies of the para-aminobenzoate ligands would be perfectly
suited for IR/R2PI experiments (as demonstrated in draft [1] for the M*PABA" ion pairs). However, no
combined IR/UV experiments were performed for the M*(PABA™), species because of a too low ion

signal intensity, ruling out the application of the “reference signal correction” approach.
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5.1.2.4 Alkali para-methoxybenzoate (M*PMBA-) and alkali benzoate (M*BA-) ion pairs

Alkali para-methoxybenzoate (M*PMBA") ion pairs

Prior to the measurements on the respective alkali ion pair species, attempts were made to record an
R2PI spectrum of the (still protonated) neutral para-methoxybenzoic acid monomer (PMBAH).
However, no photoionized molecules could be detected. As for this species the stability of the
compound may rather not be a limiting factor, decomposition during either the laser desorption or
photoionization process seems improbable. Instead, no ion signal may be observed due to an
unsuccessful R2PI process, at least if a resonant ionization via 1C-R2Pl is pursued. Maybe the ionization
potential cannot be surpassed by absorption of two UV excitation photons, so that a UV ionization
laser with a shorter wavelength may be required to resonantly ionize PMBAH (via a 2C-R2PI process).
Nevertheless, 1C-R2PI spectra could be successfully recorded for the respective alkali ion pairs (from

Li* to Cs*), as presented in figure 35.
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Figure 35: (a) and (a’) 1C-R2PI spectra of the alkali para-methoxybenzoate ion pairs Li*PMBA-,
Na*PMBA~, K'PMBA~, Rb*PMBA™ and Cs*PMBA"; (b) Optimized geometry of Na*PMBA™ (calculated at
the DFT/B3LYP-D3(BJ)/def2-TZVP level).

Similar to the observations for the M*PABA™ ion pairs, sharp electronic transitions are observed in all
R2PI spectra shown in figure 35, which are blue-shifted by about 1850 cm™ relative to the transitions

of M*PABA". As the bands are again very sharp, even small frequency shifts can be unambiguously
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detected. A significant difference compared to the experiments with M*PABA™ ion pairs is the obviously
lower photoionization stability of the M*PMBA™ species. Concretely, strong UV photofragmentation
effects upon electronic excitation/ionization were readily observed for K*PMBA™ and Rb*PMBA~, while
the R2PI spectrum of Cs*PMBA™ could only be recorded via the fragment mass traces, as no ion signal
was detected on the parent mass trace for this species. Therefore, the R2PI trace for the [parent
mass—CO,]* ion signal, appearing upon UV photodissociation (loss of neutral CO;) within the ionization
process of Cs*PMBA-, is depicted in figure 35 (a’). Due to the increasing UV fragmentation yield
observed from Li*PMBA™ (no fragmentation) to Rb*PMBA~ (strong fragmentation), the features
detected on the [parent mass—-CO,]* trace of the Cs species very likely belong to the parent Cs*PMBA~
ion pair species. For further illustration, R2PI traces reflecting the observed photofragmentation
pathways are shown in figure 36, on the example of Rb*PMBA". As this species undergoes strong
fragmentation, with the parent ion signal still being detectable, Rb*PMBA™ is most convenient for

demonstration.
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Figure 36: 1C-R2PI spectrum of Rb*PMBA" (recorded on the Rb*PMBA" mass trace) together with the
fragment mass traces [parent mass—CO;]*, Rb*CO, and Rb*. The dashed lines should illustrate the
photofragmentation channels.

As highlighted by the dashed lines in figure 36, all vibronic transitions observed on the parent
Rb*PMBA™ trace are parallelly detected on the respective fragment mass traces [parent mass—CO;]",
Rb*CO; and Rb*. This fragmentation behavior is very similar to the effects observed by Gloaguen and
Mons and coworkers for various alkali-carboxylate ion pairs.*¥ Compared to the relative peak
intensities measured on the parent trace, the transitions at 36777 and 36852 cm™ are particularly
pronounced on the fragment mass traces, especially for Rb* and Rb*CO,. This effect may be due to an
increased photofragmentation yield if a larger amount of energy (higher photon energy) is introduced
into the chromophore within the R2PI process. Furthermore, the population of (higher) vibrational
modes in the electronically excited state or in the ionic ground state may facilitate

photofragmentation.
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These effects are in contrast to the observations made for the M*PABA™ ion pairs, where no significant
UV photofragmentation was observed for the whole series from Li*PABA™ to Cs*PABA". For the
M*PABA™ species, considerable dissociation effects were merely observed upon resonant vibrational
excitation (symmetric NH-stretching mode) of the photoionized species, thus in the Do state (see draft
[1]). The trends regarding ion pair stability in function of the substituent in the para-position (-NH, -

OMe or -H) are discussed further down.

Concerning the measured 0¢° transitions, clear but maybe unexpected frequency shifts were observed.
A blue-shift of 18 cm™ is observed when going from Li*PMBA™ to Na*PMBA", while a successive red-
shift of in total 22 cm™ occurs between Na*PMBA™ and Cs*PMBA". Overall, a strong dependance of the
0o° frequencies on the size of the respective alkali ions is observed from Li*PMBA™ to Cs*PMBA", as

shown in figure 37.
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Figure 37: Correlation between the electronic origin (0c°) transitions of the M*PMBA™ ion pairs and the
inverse ion radii of the coordinating alkali ions.

The red-shift from Na*PMBA™ to Cs*PMBA" is in line with the trends observed for the M*PABA™ species,
while the value for LitPMBA~ somehow breaks this tendency. The origin of this unexpected effect
remains unclear, but major geometric effects may be ruled out, as the same doubly-coordinated
structural motif is maintained for the Sy state geometries of the whole alkali row, according to the
performed DFT geometry optimizations. Thus, a deeper interpretation of the measured frequency
shifts is challenging. A strong peak at 36530 cm™ (+511 cm™) is observed in the R2PI spectrum of
Li*PMBA". In contrast, this transition is much weaker or even absent in the R2PI spectra of Na‘PMBA",
K*PMBA~, Rb*PMBA™ and Cs*PMBA". This may be an indication of clearly distinct electronic properties
for Li*PMBA”, relative to the electronic behavior of the PMBA™ chromophore in the presence of a larger
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alkali counterion. However, the possibility that the intense and also most red-shifted peaks occuring
in the measured R2PI spectra may result from transitions to higher vibronic states (and thus, at least
for some of the M*PMBA™ species, not the 0¢° transitions) should not be completely excluded.
According to the DFT geometry optimizations, the presence of a second isomer (exhibiting a distinct

binding motif) in the case of Li'fPMBA™ is not to be expected.

It should also be noted that geometry optimizations in the electronically excited state, performed at
the SCS-ADC(2)/def2-TZVP level, were challenging, since the subsequent harmonic vibrational
frequency calculations yielded imaginary frequencies for most M*PMBA™~ species. Any further
interpretation of the R2PI spectra might be realized on the basis of Franck Condon simulations, as
performed in several studies in the literature (e.g. *73'77).

A structural similarity compared to the M*PABA™ ion pairs is that, according to DFT, the plane of the
carboxylate group is twisted relative to the aromatic ring plane in the Do state, thus after
photoionization. Merely for photoionized LifPMBA~, named Li*PMBA’ in the following, a second binding
motif occurs, with the Li* ion being singly-coordinated to only one O atom of the carboxylate group,
whereby this isomer is however 1516 cm™ less stable. The two discussed minimum structures are

presented in figure 38 below.

(a) (b)

Ocm™ 1516 cm™

Figure 38: Optimized geometries of both LifPMBA" minimum structures in the Do state, together with
the corresponding relative energies (including ZPE; calculated at the DFT/B3LYP-D3(BJ)/def2-TZVP
level): (a) with doubly coordinated Li* ion; (b) with singly coordinated Li* ion.

Regarding the singly coordinated arrangement in the Do state, a particularly high negative partial
charge is localized on the O atom which is linked to the small, highly charged Li* ion, as illustrated in

table 3.
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Table 3: Atomic partial charges for the Li*fPMBA" ion pairs in the Do state, as obtained from an NBO
analysis at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

Li*PMBA- o(1) 0(2) m*
doubly coordinated -0.74110 -0.74175 0.96021
singly coordinated -0.49276 (free Q) -0.85034 (coord. O) 0.97789

For the M*PMBA’ species, this binding motif may occur due to the (relative to e.g. PABA’) reduced
mesomeric donor (+M) effect of the methoxy substituent*’®, which goes along with an overall lower
electron density on the carboxylate group being available for cation stabilization (in the case of PMBA’).
Therefore, especially the smaller cations of high charge density may favor a singly coordinated motif,
with the negative charge being “accumulated” on the coordinating O atom. Indeed, as further
discussed below, geometries of this motif were also found for the alkali benzoate (M*BA’) ion pairs,
whereby it is even the most stable binding type if Li* is involved. In this line, no minimum structure of
this motif could be found for the M*PABA  compounds. Finally, singly coordinated structures may likely
occur if a small cation of high charge density is linked to a comparatively electron-poor carboxylate
group. Regarding Li*PMBA’, the presence of the still energetically favored doubly-coordinated motif is
to be expected. IR experiments (UV/UV/IR) in the ionic ground state, focusing on the C=0 stretching
region, would provide a final proof for this statement. However, IR experiments in that spectral region
were virtually inaccessible within the context of this work, especially in combination with the laser
desorption setup.

To avoid confusion, it should be pointed out that the discussed structural variety may merely occur in
the ionic ground state (Do), while only planar geometries with a doubly coordinated M* ion are
predicted for the electronic ground state (So) of all ion pairs considered in this work.

It should also be noted that the orientation of the methoxy group of PMBA' (with its HsC-0 bond always
being in the plane of the aromatic ring) has no relevant influence on the energy of the M*PMBA’

systems.
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Alkali benzoate (M*BA") ion pairs

In the following the 1C-R2PI spectra of the unsubstituted alkali benzoates (M*BA™ with M*: Li*-K*) are
discussed. Regarding the (unsubstituted) alkali benzoate ion pairs particularly strong
(photo)fragmentation effects were observed. Due to this low ion pair stability, merely R2PI spectra for

Li*BA-, Na*BA™ and K*BA™ could be recorded and are depicted in figure 39.

(a)

Li*BA- 26351

r T T T T T T T T T T T T
353800 36000 36200 36400 26600 36300 37000
Na'BA (b)

36592

— — T L e T T 1
35800 38000 36200 36400 36600 36800 37000

r T T T T T T
35800 26000 36200 36400 36600 36800 37000

wavenumbers of UV-laser/ cm'1

Figure 39: (a) 1C-R2PI spectra of the measured alkali benzoate ion pairs Li*BA~, Na*BA™ and K*BA~; (b)
Optimized geometry of Na*BA™ (calculated at the DFT/B3LYP-D3(BJ)/def2-TZVP level).

The photoionization stability of K'BA™ is already strongly reduced, so that only a small ion signal of the
decarboxylated species was obtained, while the parent mass could not be detected at all. Regarding
Rb*BA™ and Cs*BA", not even fragment mass signals could be observed. Thus, it seems rather probable
that Rb*BA™ and Cs*BA™ already undergo fragmentation during the laser desorption process.
Concerning the (photo)fragmentation pathways, the dominant fragmentation channel (loss of neutral
CO,) already observed for M*PMBA™ (and for M*PABA" upon resonant IR excitation) also occurs for

M*BA". The observed trends regarding ion pair (photo)stability are discussed in detail further down.

A clear difference compared to the M*PABA™ and M*PMBA" species is the blue shift of the 0,° transition

observed between Li*BA™ and K'BA~, whereby the frequency shifts upon substitution of the alkali
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element are also stronger than for the M"PABA™ and M*PMBA" ion pairs. Particularly pronounced shifts
may be observed here due to the (according to the NBO analysis, see table 3) reduced electron density
localization on the carboxylate group if no substituent exhibiting a positive mesomeric (+M) effect is
attached to the para-position of the aromatic ring. In other words, a higher negative charge density on
the carboxylate group may shield the probed chromophore from the positive charge of the cation if an

-NH; or -OMe substituent is attached to the ring.

It should also be noted that the benzoic acid monomer (BAH) undergoes intersystem crossing into the
triplet manifold upon electronic excitation and that, in contrast to the experiments performed for the
M*BA™ species, no ionization via 1C-R2PI is possible for BAH. Specifically, Meijer et al. found the S; ¢
So origin (into the Y(m, ") state) at 35960 cm™ by performing a 2C-R2PI experiment, whereby they used
a wavelength of 193 nm for subsequent ionization.® This also means that the 0¢° transitions of the
M*BA™ ion pairs are blue-shifted relative to the resonance of the benzoic acid monomer. Regarding the
M*BA™ ion pairs, a still considerable (calculated) adiabatic ionization potential of 59114 cm™ (for
Cs*BA”) to 67646 cm™ (for Li*BA™) is obtained within DFT, with a predicted T1 < So gap of merely 27284
cm™ (for Cs*BA™) to 26974 cm™ (for Li*BA”). Thus, the observed photoionization via 1C-R2PI would
probably not be possible in the presence of an efficient intersystem crossing process. This statement
may be further confirmed by performing a 2C-R2PI experiment, yielding an estimation of the excited
state lifetime. However, the ion signal intensity observed for the M*BA™ species was very low
(compared to e.g. investigations on M*PABA™ ion pairs), so that a demanding 2C-R2PI experiment, in

which the efficient 1C-R2PI process has to be suppressed, would be very challenging.

75



Results and discussion

In figure 40, the correlation between the 0o° transitions and the inverse ion radii is given for Li*BA",

Na*BA~ and K*BA".
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Figure 40: Correlation between the measured elecronic origin (0¢°) transitions of the M*BA™ ion pairs
and the inverse ion radii of the coordinating alkali ions.

Once again, a pronounced dependance of the electronic origin transitions on the size of the
coordinating alkali cation is observed. As for the M*PMBA™ ion pairs, excited state geometry
optimizations performed at the ADC(2) level revealed to be problematic and may therefore not explain
the experimentally observed trends.

Regarding the conformational analysis in the Do state, a variety of minimum structures was found, in
contrast to M*PABA and M*PMBA' (see above and draft [1]). Concretely, fully planarized motifs with
doubly-coordinated M*, twisted doubly coordinated structures as well as twisted geometries with M*

being singly coordinated to only one O atom of the carboxylate were found (see figure 41).
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0Ocm™ 97 cm™! 143 cm™!
doubly coordinated twisted singly coordinated twisted doublycoordinated planar
(d.c.t.) (s.c. t.) (d.c.p.)

Figure 41: Structural motifs observed for the M*BA" ion pairs in the Do state with the corresponding
relative energies (including ZPE; calculated at the DFT/B3LYP-D3(BJ)/def2-TZVP level), illustrated on
the example of K*BA': (a) twisted structure with doubly coordinated K* ion; (b) twisted structure with
singly coordinated K* ion; (c) planar structure with doubly coordinated K* ion.

The relative energies obtained for all conformers of M*BA" are summarized in table 4.

Table 4: Relative energies for the doubly coordinated twisted (d. c. t.), singly coordinated twisted (s. c.
t.) and doubly coordinated planar (d. c. p.) structures of the M*BA ion pairs in the Do state, as obtained
at the DFT/B3LYP-D3(BJ)/def2-TZVP level. All values are given in cm™,

Li*BA’ Na‘BA K‘BA Rb*BA Cs'BA
d.c.t. 306 0 0 no min. no min.
s.c. t. 0 145 97 207 255
d.c.p. 1054 706 143 0 0

Here, it is to note that the singly coordinated binding type is the most stable motif in the presence of
a small highly-charged Li* ion, while this motif is more and more disadvantaged with increasing cation
size. The doubly coordinated and twisted type, as also found for the M*PABA" and M*PMBA' species, is
advantaged for Na*BA" and K*BA, while it is less favored for Li*BA and was not found for Rb*BA and
Cs*BA'. The doubly coordinated fully planar structures, which are similar to the So state geometries,
were found for all considered M*BA" species and are the favored motifs for Rb*BA" and Cs*BA'. Finally,
the singly coordinated motif is advantaged for ion pairs with small highly charged cations, which is in
line with the observations made for M*PMBA". The presence of the last-mentioned structural motif for
all M*BA" ion pairs may be explained by the relatively reduced electron density on the carboxylate
group of BA" (compared to PABA and PMBA’), due to the absence of any substituent with strong +M
effect in para-position. The per se small electron density is thus “accumulated” on the coordinating O

atom to stabilize the positive charge of the respective M* cation. In the presence of a larger M* cation
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with a reduced positive charge density, the doubly coordinated motifs are still energetically

advantaged, even in the absence of any substituent with +M effect.

Comparison of the electronic origin (0°) transition frequencies of M*PABA~, M*PMBA™ and M*BA™

The trends observed for the electronic origin (0o°) transitions of the alkali ion pairs M*PABA”, M*PMBA~

and M*BA™ are compared to each other in figure 42 below.
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Figure 42: Comparison of the trends observed for the measured electronic origin (0o°) transitions of
the alkali ion pair species M*PABA~, M*PMBA™ and M*BA". For the sake of clarity, the most blue-shifted
transition of each row was normalized to 1.

The plot in figure 42 clearly shows that the shifts of the electronic origin transitions upon substitution
of the alkali ion are rather small for the M*PABA™ and M*PMBA" ion pairs, while the induced effects
are much larger for the M*BA™ ion pairs. As mentioned above, the particularly large shifts observed for
M*BA™ are probably due to the absence of any substituent exhibiting a positive mesomeric (+M) effect

in para-position.
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(Photo)stability of the investigated ion pairs

Overall, clear trends are observed regarding the (photo)stability of the studied ion pairs. Concerning
the M*PABA™ ion pairs a maybe surprisingly high stability was observed, whereby considerable
fragmentation effects were merely obtained if a resonant IR laser (symmetric NH-stretching frequency)
was irradiated after the R2PI process. As demonstrated, fragmentation effects are already strong for

M*PMBA"™ species with larger alkali metal ions, and are even more pronounced for the M*BA™ ion pairs.

The fragmentation pathways, discussed in the paragraphs above, reflect the observations that Mons,
Gloaguen and coworkers made for other alkali carboxylate ion pair species** and can be explained by

the respective alkali-carboxylate binding energies, which are summarized in table 5.

Table 5: Alkali-carboxylate binding energies for the M*PABA~, M*PMBA™ and M*BA" ion pairs (including
ZPEs), calculated at the DFT/B3LYP-D3(BJ)/def2-TZVP level. All values are given in cm™.,

PABA™ PMBA™ BA~
Li* 61372 60698 59965
Na* 52055 51513 50941
K* 44994 44517 44044
Rb* 42499 41953 41511
Cs* 41281 40817 40363

Obviously, the binding energy between the alkali ions and the respective anions systematically
decreases with increasing size of the alkali ion. A second observation is the decrease of the binding
energy (when considering the same alkali element) from PABA™ over PMBA™ to BA™. Here, the strength
of the positive mesomeric effect (+M) of the substituent in the para-position of the benzoate should
be the decisive factor. The +M effect of the -NH; group of PABA is stronger than the +M effect of the
-OMe group of PMBA™.[*78l Therefore, a slightly stronger negative partial charge is localized on the O
atoms of the carboxylate group of M*PABA™ ion pairs, compared to the respective species with an OMe
substituent. The negative partial charge on the carboxylate is lower if no substituent with +M effect is

attached in para-position. This is illustrated in table 6, on the basis of the Na* ion pairs.
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Table 6: Atomic partial charges for the investigated ion pairs in the So state, given for the respective
Na* species, as obtained from an NBO analysis at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

o(1) 0(2) M
Na*PABA- ~0.81099 -0.81207 0.93571
Na*PMBA- ~0.80825 -0.80825 0.93724
Na*BA" ~0.80255 ~0.80239 0.93876

A higher electron density on the carboxylate group goes along with an increased binding energy, due
to a strengthening of the electrostatic interaction with the cation. According to literature, the
M*:+-~00C bond should indeed be dominated by electrostatics.[*’”® Therefore, the binding energies (see
table 5) are comparatively high for M*PABA™ ion pairs, relative to the respective M"PMBA™ and M*BA~
species (M*PABA™ > M*PMBA™ > M*BA"). In case of the unsubstituted benzoate, no substituent with a

+M substituent is present, so that the binding energy is thus particularly weak for the M*BA™ species.

5.1.2.5 Investigations on the metal complex tris(8-hydroxyquinolinato)aluminium

The newly implemented technique of molecular beam sampling by laser desorption was also
successfully applied to the preparation of ligand stabilized metal complexes. In a pilot study, the
complex tris(8-hydroxyquinolinato)aluminium (Alqgs), presented in figure 43 (a), was selected, which is
composed of three anionic bidentate 8-hydroxychinolate ligands that are coordinated to a trivalent
aluminium center. It should also be noted that this complex is commonly used for light-emitting diodes
(OLEDs).[*8-183] These aromatic 8-hydroxychinolate ligands should be strong UV chromophores, as
required for an efficient photoionization of the complex via R2PI. In solution (in polar solvents), the UV
absorption spectrum exhibits four absorption bands, with a very pronounced feature in the region of
350-450 nm (transition of predominantly m — m*character) and an even more dominant band at about
210-280 nm (transition of predominantly p — m*character).l'¥183 Principally, these intense ligand
centered transitions should provide a good basis for R2PI based experiments. The ionization energy of
Algs (as a film surface), determined by applying high-sensitivity photoelectron yield spectroscopy (HS-
PYS), is relatively low with 5.7 eV.[*®8 Thus, an efficient ionization via one color R2PI may be possible,
even when exciting the complex in the spectral region around 400 nm. However, no effect of the UV
excitation/ionization laser could be detected when applying a UV laser wavelength between 380 and
405 nm. Yet, an intense ion signal of the intact Alqs complex was found using a much higher UV laser

photon energy of 260 nm. Hereby, the same experimental parameters were used as for the
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investigations on metal para-aminobenzoate systems. The respective mass spectrum of photoionized

Algs and three parallelly detected fragment mass signals is depicted in figure 43 (b).
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Figure 43: (a) Schematic structure of tris(8-hydroxyquinolinato)aluminium (Algs); (b) Mass spectrum
of Algs and three fragment mass signals marked with asterisks (71 m/z, 135 m/z and 319 m/z; the noise
around 200 m/z is due to artefacts).

The mass spectrum clearly shows the intense mass signal of the intact Algs complex at 459 m/z. The
peaks at 71 m/z, 135 m/z and 319 m/z could not be assigned to specific species up to know, but the
signals at 135 m/z and at 319 m/z likely belong to cationic fragments resulting from fragmentation
during the laser desorption process, as their intensity is largely independent from the UV laser

radiation. In contrast, the signal at 71 m/z only appears when the UV excitation laser is irradiated.

The R2PI spectra recorded for Algs did not show any vibronic features, but the ion signal intensity of
Algs clearly decreased towards longer wavelength, when tuning the UV laser between 260 nm and
283.5 nm. Merely the fragment at 71 m/z, which might result from impurities in the used laser
desorption matrix or might be due to the (resonant) photoionization of an initially neutral fragment of
Algs, formed within the laser desorption process, exhibited sharp UV transitions in the R2PI scans.

Finally, it can be pointed out that, although the R2PI spectra did not show any resolved electronic
transitions, the OLED relevant complex Algs could be successfully desorbed, photoionized and
subsequently detected in the TOF mass spectrometer. In this way, these experiments once more
underline the potential of laser desorption setups for investigations on isolated neutral metal

complexes in the gas phase.
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5.2 Non-covalent interactions

5.2.1 Introduction

In the second part of this thesis, aromatic ketone-alcohol aggregates were investigated with regard to
non-covalent interactions, which play a key role e.g. in biochemical processes and in catalysis.%8
Within that, the main focus was put on the role of London dispersion interactions?®?”!, which belong
to the attractive long-range van der Waals interactions?®), along with the, also attractive, Debye
(induction)®?® and the ambivalent Keesom®” forces. However, London dispersion forces have been
underestimated for a long time and have therefore often been wrongly neglected. Dispersion forces
may be considered as weak, but that is only valid if only one single pair of interacting atoms is
considered.?" As the three mentioned forces are all proportional to 1/7°, with 7 being the distance
separating two atoms or molecules, these interactions are particularly relevant in larger systems.31:32
A vivid example from nature illustrating the strength of dispersion forces is the adhesion of Gecko
spatulae, allowing these animals to climb up even smooth glass walls.'®®! Beyond that, dispersion
forces contribute crucially to the stability of the DNA helix!*®® and play a decisive role in interactions
between proteins!*®”) and other molecules. In a molecular beam study performed in the Gerhards
group, the finally assigned folded structure of the linear depsipeptide CyCO-Gly-Lac-NH-PhOMe
(cyclohexylcarbonyl-glycine-lactate-2-anisidine) was only retrieved within DFT calculations if Grimme’s
D3 dispersion correction!**!) was applied.’**

In organic synthesis, unusual compounds can be stabilized by dispersion forces. For example,
hexaphenylethane is unstable due to steric repulsion of the phenyl groups. If, however, tert-butyl
substituents (also called dispersion energy donors (DEDs)Y) are introduced in all meta positions,
attractive dispersion forces between both subunits overcome the steric Pauli repulsion to stabilize an
exceptionally long C-C-bond.*®® Moreover, the all-meta tert-butyl substituted triphenylmethane
showed a dimerization with a so-called head-to-head arrangement in the condensed phase with an
exceptionally short intermolecular CH---H-C distance.™® By applying Raman spectroscopy in molecular
beam experiments it could be demonstrated that this unique dimer structure is maintained under
isolated gas phase conditions. Regarding the unsubstituted triphenylmethane dimer, however, a so-
called tail-to-tail arrangement is formed due to the absence of any tert-butyl groups (DEDs)
compensating Pauli repulsion.!3¥

Thus, London dispersion interactions obviously play a decisive role in many systems, so that a deeper
understanding as well as an accurate theoretical description of dispersion interactions and their

interplay with other non-covalent forces is required.
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Investigations on small isolated model aggregates in molecular beams, eliminating any environmental
effects, are ideal tools for benchmarking of quantum chemical methods. After the adiabatic expansion
and in absence of any kinetic trapping effects, only the lowest energy isomers and vibrational states
should be preferentially populated, which facilitates direct comparison with theoretical predictions.
For these studies, selected complexes formed between an (aromatic) organic compound and a solvent
molecule, exhibiting fine energetic balances between competing binding motifs and sites, are
specifically chosen. By investigating multiple aggregates with various dispersion energy donors (e.g. by
considering alcohols with varying alkyl residues) random error cancellation is ruled out, while subtle
deficiencies of the theoretical methods are unveiled.!*®

Within this context, extensive studies on aromatic ether-alcohol aggregates have been performed,
whereby several spectroscopic methods (FTIR, IR/UV and MW) in molecular beam experiments were
applied and combined with various theoretical methods.566883190-1921 Hearein, primarily the
competition between the distinct binding motifs OH---:O(ether) and OH---r was investigated. Regarding
the structures of diphenylether (DPE)-alcohol aggregates, the OH---O motif is increasingly favored over
the OH:---;t arrangement with increasing size of the alcohol alkyl group, throughout the series from
water, over methanol, tert-butanol to adamantanol. This counterintuitive trend is driven by the
interplay between dispersion and deformation energies.'®? Partly, these systems were also
investigated in the electronically excited state (S1) by applying the UV/IR/UV technique, as well as in
the ionic ground state (Do) (using the UV/UV/IR method). In the S; state, the binding motifs observed
for the respective species in the electronic ground state were generally maintained. Nevertheless,
vibrational shifts of the OH-stretching frequencies occurred due to charge transfer processes upon
electronic excitation.P®831% Concerning the DPE-methanol complex in the Do state, however, the
OH--0 bond observed in the Sp and S; state is broken upon photoionization.®

Over the last couple of years, the focus has been gradually turned towards the investigation of
ketone-solvent balances, that have been launched by the Suhm group, investigating complexes
between acetophenone derivatives (with varying alkyl substituents) and several alcohols (with
different alkyl residues) by FTIR spectroscopy in a molecular jet in combination with DFT
calculations.?>! In the following, they performed similar investigations on pinacolone-alcohol
aggregates®®, as well as on phenol-halogenated acetophenone clusters®®”). Other studies on
ketone-solvent complexes include investigations on fenchone-phenol/benzene aggregates.!**3

In this work, chromone-methanol aggregates were analyzed by applying IR/UV spectroscopy in a
molecular beam experiment. As chromone has a rather high vapor pressure and has a convenient
thermal stability, apparatus (1), with its thermal source, could be used.

In this complex, the methanol is hydrogen-bonded to the carbonyl O atom, which has two very similar

free electron pairs. In this way, the molecular balance consists of the competition between these two
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docking sites, named “outside pocket” and “inside pocket”. These two isomers are energetically very
close to each other, but are stabilized via distinct CH:--O contacts (1,2-like contact for the outside
isomer and 1,3-like contact for the inside isomer). The possible structural motifs of chromone-alcohol

aggregates with the two competing sites are illustrated in figure 44.

Figure 44: Schematic structure of the chromone-alcohol aggregate, illustrating the two competing
“outside pocket” and “inside pocket” structural motifs.

Regarding the chromone-methanol system, both the electronic ground and excited state were of
interest. Most importantly, as already demonstrated in the Gerhards group for the related compound
xanthone”, chromone undergoes intersystem crossing (ISC) into the triplet manifold upon electronic
excitation into the S, state®®. Similarly, an ISC is also expected for the respective chromone-methanol
clusters. To the best of my knowledge, the first UV/IR/UV spectrum of an organic molecule-solvent
complex in an electronically excited triplet state is presented here. Moreover, the thus prepared triplet
state facilitates the quantum chemical investigations with respect to the energy partioning. As the T,
state (in contrast to Si1) has ground state character, energy decomposition (LED) approaches like
“symmetry-adapted perturbation theory” (SAPT)[*°41%] and “domain based local pair natural orbital”
(DLPNO)-CCSD(T)/LED!™6%97] can thus be applied. As the “outside pocket” and “inside pocket” docking
sites are structurally very similar to each other, merely a low zero point vibrational energy (ZPVE)
difference between both isomers is to be expected.?>3® This is another advantage of this model system

compared to previous studies with competing OH---O and OH---it binding motifs.

Other nature-related compounds containing carbonyl groups in different environments are protected
amino acids, like the protected phenylalanine AcPheOMe. AcPheOMe!*%®1%] 35 well as its mono-, di-
and trihydrates!l. They have been extensively studied in the Gerhards group by applying IR/R2PI
spectroscopy in the amide A and amide /Il regions. As the very polar C- and N-termini are capped, the
solvent molecules may only interact with the amino acid residue and with the NH and CO groups of

the backbone. Therefore, these protected amino acids are predestined for investigations of peptide
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backbone solvations.™! Within this context, the aggregate of the protected tyrosine AcTyr(Me)OMe
with methanol was also studied in the present work by applying IR/R2PI spectroscopy (using apparatus

(I)). The optimized DFT geometry of isolated AcTyr(Me)OMe is depicted in figure 45.

Figure 45: Optimized global minimum geometry of AcTyr(Me)OMe with its stretched (B.-)backbone
conformation, as obtained at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

At first glance, the backbone of AcTyr(Me)OMe shows several potential docking sites for solvent
molecules, with one (amide) NH group and two (amide and ester) carbonyl groups. Furthermore,
interactions with the m-system and the OMe groups are conceivable. Therefore, a huge variety of
possible minimum geometries within the conformational search could readily be expected, whereby
IR/R2PI experiments in the region of OH- and NH-stretching vibrations allowed for a preliminary

structural assignment.

5.2.2 Chromone-methanol cluster in the electronic ground and lowest triplet state: A

delicate interplay of non-covalent interactions (see publication [2])

Preamble:

The combined IR/UV experiments in the molecular beam were performed by Patrick Strebert and
myself, assisted by Marcel Meta. Quantum chemical analyses consisting of (TD)DFT-, SAPT- and
DLPNO-CCSD(T)/LED calculations were performed by Patrick Strebert and Marcel Meta. The procedure
was designed by Fabian Dietrich and Markus Gerhards. An initial manuscript was written by Patrick
Strebert and myself. The manuscript was revised by contributions of all coauthors. Markus Gerhards

and Christoph Riehn were my supervisors.
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This part has already been published in the journal Physical Chemistry Chemical Physics (as part of the
2022 PCCP HOT Articles collection) and is reprinted in chapter 7; see publication [2]. To give a short

overview, the most important results and discussions are briefly summarized in the following.

Summary:

In this project the chromone-methanol carbonyl balance was probed by applying combined IR/UV
spectroscopy in combination with sophisticated quantum chemical investigations (DFT, SAPTQ!41%]
and DLPNO-CCSD(T)!*?¢*%7!), The chromone unit provides two very similar carbonyl lone pairs as binding
sites for an alcohol molecule, which are stabilized via distinct CH:--O contacts. Concretely, the two
competing structural arrangements, called “outside” isomer and “inside” isomer, exhibit 1,2-like and
1,3-like CH-:-O contacts, respectively (see figure 44). Energetically, both isomers are separated by AE =
1.8 kI-mol™ in favor of the “outside” isomer according to DFT. Consistent with this, the measured
IR/R2PI spectrum for the Sy state reveals a higher population of the more stable “outside” isomer in

the molecular beam.

As the chromone unit undergoes a fast and efficient intersystem crossing (ISC) into the triplet manifold
upon electronic excitation into the S, state,® the studies on (aromatic) molecule-solvent aggregates
could for the first time be extended to a cluster in an electronically excited triplet state (T; state). In
this way, the present study demonstrates that the powerful UV/IR/UV technique can be applied to
investigate a neutral cluster in an excited triplet state. Hereby, possibly (vibrationally) “hot” clusters
are probed, as the isolated clusters cannot dissipate any energy by collisions after ISC. At the same
time, the experiment may, however, be supported by UV-induced cluster fragmentation, i.e.
evaporative cooling effects, going along with a loss of excess energy and yielding “cooled” triplet state
clusters.

For both competing isomers, the measured UV/IR/UV spectrum (in accordance with the DFT harmonic
frequency calculations) unveils a blue-shift of the OH-stretching frequencies after electronic excitation
and subsequent ISC, indicating a weakening of the hydrogen bonds. The latter trend is further
confirmed by binding energy calculations and by the energy decomposition analysis (performed using

SAPTO).

In the T state, the clusters keep a strong preference for the OH---O structures observed in the So state.
However, a ring puckering, localized on the 4-pyrone ring, occurs in the T, state. Concretely, the Catom
of the CH moiety adjacent to the ether O atom lies outside the plane of the chromone unit. Hereby,

the spin density is localized on the puckered C atom. This geometric distortion leads to a stronger
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energetic differentiation between the two competing isomers (with AE = 3.2 kl-mol™ (at DFT level)),
since the “outside pocket” binding site is part of the flexible non-planar 4-pyrone ring. The energy
decomposition analysis further reveals that, for both isomers, dispersion forces are similarly
dampened by the electronic excitation, while the electrostatic and inductive interactions are strongly
modulated depending on the binding site. Finally, distinct electrostatic and induction contributions for

both isomers are responsible for the increased AE rather than dispersion forces.

5.2.3 AcTyr(Me)OMe-methanol cluster

Besides the chromone-methanol clusters, the AcTyr(Me)OMe-methanol cluster, formed by
aggregation of the protected amino acid AcTyr(Me)OMe (see figure 45) and one methanol molecule,
was investigated. Amino acid- or small polypeptide-solvent clusters are, of course, convenient model
systems for exploration of non-covalent interactions and also allow to follow the possible structural
rearrangement of peptides upon stepwise microsolvation. Hereby, most studies found in literature
focus on hydrate clusters (e.g. [120%20%202]) " \ith water being one of the most relevant aggregation
partners in nature, while investigations using methanol?°>2°?! 3s solvent are rather scarce.
AcTyr(Me)OMe corresponds to the amino acid (L-)tyrosine (Tyr) with protected N- and C-termini, as
well as a methylated OH group. Due to these protecting groups, an attached methanol molecule may
interact with the NH- and CO groups of the “peptide” backbone or with the rt-system of the Tyr residue,
but not with the polar end groups as it would be the case for unprotected Tyr. Therefore, such
protected amino acid (model “peptide”)-solvent aggregates are ideal model systems to investigate
peptide backbone solvations. Within this context, the mono- di- and trihydrates of AccheOMe!*, were
investigated in the Gerhards group by applying IR/R2PI spectroscopy. In the present work, the focus
was put on the AcTyr(Me)OMe-MeOH cluster, comprising merely one methanol molecule, whereby
the aggregation to larger clusters with more than one methanol molecule was suppressed by adapting
the vapor pressure of the solvent via the temperature of the cooled reservoir.

The R2PI spectrum of AcTyr(Me)OMe features a broad transition around 36461 cm™, which is thus
blue-shifted relative to the S; & So transitions of the various conformers of unprotected Tyr, found
between 35491 and 35650 cm™ [*22I, However, the UV resonance of AcTyr(Me)OMe does not undergo

any clearly visible frequency shifts upon attachment of a methanol (or water) molecule.
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Regarding the IR/R2PI experiments, the amide I/Il region (1400-1800 cm™) was not readily accessible
within this work, so that the focus was put on the spectral region of the NH- and OH-stretching
vibrations. For the isolated AcTyr(Me)OMe monomer, very similar features as for the structurally

related AcPheOMel**%1%! were observed in the IR/R2PI spectrum, depicted in figure 46.

3400

3462

. —
3280 3300 3320 3340 3360 3380 3400 3420 3440 3460 3480 3500 3520 3540
wavenumbers of IR-laser / cm™
Figure 46: IR/R2PI spectrum of the AcTyr(Me)OMe monomer.

Concretely, a sharp NH-stretching band is observed at 3462 cm™, as well as a weaker feature at 3400
cm™, which was assigned to the overtone of the C=0 stretching vibration of the amide group. Finally,
a geometry with a stretched backbone and a so-called C5 interaction®*>?%®! between the NH group and
the ester carbonyl group (B-sheet arrangement®”) was found, similar to AcPheOMe!*%¥1%! The
orientation of the Tyr(Me) residue relative to the backbone may be further elucidated by probing the

amide /1l spectral region.

Geometry optimizations and harmonic vibrational frequency calculations at DFT level were performed
by my colleague Patrick Strebert. The energetically most stable structure, with a B.(g+) conformation,
is depicted in figure 45. At this point, it can also be noted that both methoxy rotamers are almost
isoenergetic, both minima being only separated by few wavenumbers.

On that basis the microsolvation of AcTyr(Me)OMe was investigated. The IR/R2PI spectrum of
AcTyr(Me)OMe-MeOH, recorded in the spectral region between 3190 and 3750 cm™ via the R2PI
transition at 36461 cm™ is depicted in figure 47, together with the calculated stick spectra for selected
isomers (A-F). Hereby mode specific scaling factors were applied, with the OH-stretching frequencies
being scaled by a factor of 0.9674 [**1], while all NH-stretching frequencies were scaled by 0.9597. These
scaling factors were derived from reference calculations for an isolated MeOH molecule and for the
isolated AcTyr(Me)OMe monomer, respectively.
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Figure 47: IR/R2PI spectrum of AcTyr(Me)OMe-MeOH, recorded via the UV transition at 36461 cm™,

together with the calculated stick spectra for selected isomers (A-F), as obtained at the DFT/B3LYP-
D3(BJ)/def2-TZVP level.

The IR/R2PI spectrum of the AcTyr(Me)OMe-MeOH cluster shows two clearly dominating features at
about 3337 cm™ and at 3570 cm™, respectively. The slightly broadened intense band at about
3337 cm™t should definitely be assigned to a hydrogen-bonded NH (or OH) group, while the somewhat
sharper band at 3570 cm™ likely arises from an OH-stretching frequency of a weakly bound methanol
molecule. The two much weaker dips around 3460 cm™ may be due to the minor contribution of a
second isomer or might be caused by UV photofragmentation of larger AcTyr(Me)OMe—-(MeOH), or

AcTyr(Me)OMe—(MeOH),—(H,0), clusters upon ionization. As the two mentioned transitions at 3337

89



m Results and discussion

and 3570 cm™, respectively, clearly stand out in this IR/R2PI spectrum, this is a first indication for the

predominance of one single isomer of AcTyr(Me)OMe—-MeOH in the molecular beam.

A selection of the optimized DFT (B3LYP-D3(BJ)/def2-TZVP) geometries is depicted in figure 48. As can

be seen in table 7, entropic contributions seem to have a considerable influence on the relative

stabilities of the found minimum structures. Therefore, the relative Gibbs free energies (AG, at

298.15 K) of the distinct isomers are considered in the following.

0 kJ/mol

2.6 klJ/mol

D
3.2 kJ/mol

3.2 kJ/mol

C
2.6 kJ/mol

5.7 ki/mol

Figure 48: Optimized geometries of the AcTyr(Me)OMe—-MeOH clusters, as obtained at the DFT/B3LYP-
D3(BJ)/def2-TZVP level, together with the corresponding relative Gibbs free energies (at 298.15 K).

Table 7: Relative Gibbs free energies (AG) and relative electronic energy values (AEo, including zero-
point energy (ZPE) correction) for the considered isomers A-F, as obtained at the DFT/B3LYP-

D3(BJ)/def2-TZVP level.

AG / kJ-mol? AE, / kl-mol™
A 0.0 9.1
B 2.6 6.5
C 2.6 8.5
D 3.2 8.2
E 3.2 0.0
F 5.7 3.8
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Regarding the global minimum structure (isomer A), the methanol molecule is doubly bound to the
peptide backbone, with the OH group simultaneously acting as hydrogen bond donor and acceptor.
Concretely, the amide NH group is linked to one of the free electron pairs of the O atom of the
methanol, while the OH group acts as hydrogen bond donor towards the O atom of the C=0 site of the
ester. Hereby, the corresponding calculated vibrational frequencies are however only partly in
accordance with the measured IR/R2PI spectrum. The predicted NH-stretching frequency may
correlate with the broadened band at 3337 cm™, but the calculated OH-stretching frequency of about
3470 cm™is too low to be assigned to the intense band observed in the experiment at 3570 cm™. Thus,
the global minimum structure may rather not occur in the experiment.

In contrast, the calculated NH- and OH-stretching frequencies of structure B, which is merely
2.6 ki/mol higher in energy, principally reflect the measured features. Here, the NH-stretching
frequency perfectly fits to the measured band at 3337 cm™, while the OH-stretching frequency is
significantly blue-shifted relative to isomer A to give a much better agreement with the experiment for
structure B. This effect can be explained by minor distortions within the backbone geometry, which go
along with a slightly increased OH---OC distance of 1.924 A (compared to 1.855 A for isomer A) and a
marginally larger £C=0-:-H angle of 130.1° (relative to 123.0° for isomer A). These geometric changes
should give rise to a somewhat weakened OH:-:O=C hydrogen bond in the case of structure B,
coinciding with its higher OH-stretching frequency. It should also be noted that, within the
investigations on the related AcPheOMe-H,0 aggregate, a feature observed at 3575 cm™ had been
attributed to the hydrogen-bonded OH-stretching vibration of the water molecule that is bridged to
the C=0 group of the ester. On top of that, a geometry showing the discussed doubly hydrogen-bonded
motif was indeed one of the assigned structures for monohydrated AcPheOMe. !

Regarding isomers C and D, the methanol molecule is singly hydrogen-bonded to the O atom of the
amide group, while the backbone conformation of the lowest energy isomers is basically maintained.
For these two structures, the calculated vibrational spectra do not reflect the experimental data. As
the solvent molecule is in a sterically free environment it can adopt an optimal orientation for strong
hydrogen bonding between the OH group and the lone pair of the carbonyl O atom. This goes along
with a particularly red-shifted OH-stretching frequency around 3410 cm™, which does not correlate
with the IR/R2PI spectrum. It should however be noted that, besides a doubly-bound geometry, a
structure of this binding motif had been assigned for AcPcheOMe-H,0."

The IR frequencies predicted for structure E, showing the same binding motif and a similar backbone
geometry as the most stable structures A and B, are principally in accordance with the experiment.
However, this also means that the orientation of the Tyr(Me) side chain, as well as the orientation of
the methanol molecule relative to the residue may not be fully cleared up by IR/R2PI experiments in

the OH-/NH-stretching region. Interestingly, isomer E is the most stable structure if the pure electronic
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energies (including ZPE) are considered, but is disadvantaged by 3.2 kJ/mol if the relative Gibbs free
energies are taken into consideration. Within structure E, the methyl group of the solvent molecule
interacts with the m-system of Tyr(Me), stabilizing the cluster. However, this interaction may be the
reason for its higher relative Gibbs free energy, as the CH:--1t contacts go along with a loss of
conformational entropy.

Finally, isomers showing an OH---mt interaction, such as isomer F, should be discussed. This structure is
5.7 kJ/mol less stable relative to isomer A, but the corresponding vibrational pattern is principally in
agreement with the experimental spectrum. Within this geometry, the NH group of the backbone is
hydrogen-bonded to an electron lone-pair of the O atom of the methanol molecule, while the OH
group interacts with the rt-system of Tyr(Me). Surprisingly, OH---m interactions did not play a major role
within the studies on AcPheOMe, which is however likely due to the fact that, by this time, geometry
optimizations were performed without taking dispersion interactions into account (no DFT-D
correction). In spite of that, it should also be emphasized that the predicted OH-stretching frequency
clearly lies above 3600 cm™, while the measured band was found at 3570 cm™. Indeed, as observed
for the deeply investigated aromatic ether-methanol aggregates, OH-stretching frequencies are
mostly found between 3620 and 3640 cm™ in case of OH---1t bound structures.®®*%! Furthermore, the
measured feature is slightly broadened, which is typical for hydrogen-bonded OH groups. Therefore,
the discussed band may be assigned to an OH::-:O bound motif, rather than to an OH:--t geometry.
Finally, the presence of an OH:--it structure might not be completely excluded, but seems rather
unlikely. This statement may be further confirmed through measurements in the spectral region of
C=0 stretching vibrations (amide I/Il region), which was unfortunately not readily accessible within the
present work.

Lastly, it remains to mention that other binding motifs, such as structures with the methanol molecule
being linked to the C=0 site of the ester, as well as geometries with the solvent molecule being
hydrogen-bonded to the the O atom of the OMe group of the Tyr(Me) residue are all higher in energy

and are therefore not further discussed here.

To conclude, the measured IR/R2PI spectrum with its two pronounced features is a clear indication of
the presence of one specific structural type in the molecular beam. Specifically, isomer B, in which the
methanol molecule is inserted between the NH and ester CO groups should most likely be assigned.
Structurally, the stretched backbone geometry of isolated AcTyr(Me)OMe is largely maintained in its
methanol aggregate, so that the stretched B arrangement is conserved. Regarding binding type and
backbone geometry, this structural motif resembles one of the two isomers of monohydrated
AcPheOMe."! As mentioned above, the proposed assignments may be further supported by probing
the C=0 stretching vibrations, whereby OH:--:O and OH-1t bound structures should yield distinct

vibrational patterns. From a theoretical point of view, sophisticated local energy decomposition
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approaches such as SAPT!*%41%! gnd (DLPNO)-CCSD(T)/LED!*?¢*7] demonstrating the contributions of
distinct types of intra- and intermolecular (electrostatic, induction, dispersion, repulsive exchange)

interactions to the stability of specific structural motifs, may be of interest with regard to this project.

5.3 Metal ion-peptide interactions

5.3.1 Introduction

Although the conformation of a peptide strongly depends on intrinsic factors such as the amino acid
sequence, structure and functionality of peptides are often further influenced by the presence of
cofactors (such as solvent (water) molecules or metal cations).**" Hereby, it should be mentioned
that almost half of all proteins coordinate to metal atoms to form so-called metalloproteins“**?, which
play a decisive role in numerous biochemical reactions (e.g. [*¥). Despite this, the specific role of
metallic cofactors is not yet fully understood for many biological processes. Therefore, a so-called
bottom up approach, starting with gas phase and quantum chemical investigations on rather small
aggregates between isolated amino acids or peptides and other binding partners (e.g. metal cations
(157%1) can be a constructive first step.[34042]

Within this context, structural analyses on the cationic [AIAcTrpOMe]* aggregate were performed
here. In this system, a monovalent aluminium(l) ion is coordinated to the protected amino acid
AcTrpOMe. Structurally, isolated AcTrpOMe forms a stretched backbone conformation, which is very
similar to the geometry of AcTyr(Me)OMe depicted in figure 45.1204

In most gas phase studies on ionic metal-amino acid/peptide complexes, the isolated aggregates are
commonly generated by using ESI sources in combination with room temperature (e.g. 2°-2%]) or
cold2%219 jon traps. Alternatively, these experiments can also be realized in a molecular beam
experiment by using a cluster source like the combined thermo-ablation source applied in the Gerhards
group (implemented in apparatus (1)), already used for the IR/UV investigations of [AIAcPheOMe]* and
[AIAcPheOMe]?**.”! The IR+UV photodissociation spectra of [AlAcTrpOMe]*, discussed in draft [3],
were recorded by the former group members Dr. Philipp Bialach and Dr. Markus Becherer utilizing the
same setup. Most studies on small metalloproteins in the gas phase focused on the biologically
relevant alkali and earth alkaline elements like e.g. Na*, K* or Ca?* (e.g. 2°7219), In the Gerhards group
aggregates with aluminium cations were investigated, whereby aluminium does however not show
any specific biological function. Nevertheless, it should be noted that since the 1970s a link between
exposure to aluminium and Alzheimer’s disease has been suspected. In fact, particularly high

aluminium concentrations are frequently detected in the brain tissue of Alzheimer patients (e.g. 2'4).
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Due to the low stability of monovalent aluminium ions, and aluminium being commonly found in the
+3 oxidation state, their biological relevance is of course arguable. This high reactivity may also be a
reason for the very limited number of publications about stable Al(I) organometallic complexes.[2122%3!
Aluminium(l) can however be stabilized by complexation with a B-diketiminato (NacNac) ligand.
Interestingly, compounds with stable X-H bonds (with X = e.g. H, N, O) can be activated by these
Al(I)NacNac complexes to form an aluminium hydride species.?*#2'4 |solated aluminium hydride
clusters can also be generated e.g. in a pulsed arc cluster ionization source (PACIS), with the formed
clusters likely exhibiting terminal Al-H bonds.!?*>! Compared to the Phe residue of AcPheOMe, the
heterocyclic indole group of Trp shows a considerably larger m-system and an increased reactivity,
which is already apparent from the formation of indole Grignards.?*®! These aspects should be kept in
mind, as the indolic residue of Trp already leads to another homodimer geometry of (AcTrpOMe),
relative to (AcPheOMe),. Within (AcTrpOMe),, a hydrogen bond is formed between an indole NH group
and a backbone CO group, which cannot be formed in the case of (AcPheOMe),.[198/199,204]

In order to simulate the experimental IR+UV spectrum of [AIAcTrpOMe]* an extensive conformational
search was performed in the present work. Besides the geometry optimizations and harmonic
frequency calculations, single point energy calculations were conducted at the DLPNO-CCSD(T) level.
Later on, the theoretical studies on the DFT level were extended to aggregates of AcTrpOMe with other
monovalent metal ions (Li*, Na*, K*, Rb*, Cs*, Mg*, Ti*, Zn*, Ag*, Ga*), in order to reveil the influence of
the specific metal ion properties (such as redox properties and ion radii) on the structural behavior and

reactivity of the cluster.

94



Results and discussion

5.3.2 Theoretical and Spectroscopic Investigations on Monovalent Cationic
Metal-AcTrpOMe Clusters in the Gas Phase (see manuscript draft [3])

Preamble:

The UV-and IR+UV experiments were performed by Philip Bialach and Markus Becherer. | reconducted
and complemented initial DFT studies and further extended the studies to clusters with other metal
elements apart from aluminium. Additionally, | conducted single point calculations at DLPNO-CCSD(T)
level and performed transition state calculations. Markus Gerhards and Kirsten Schwing assisted in
interpreting the results. An initial manuscript was written by Kirsten Schwing and myself. The
manuscript was revised by Markus Gerhards, Kirsten Schwing and myself. Markus Gerhards was my

supervisor.

This chapter has been prepared as a manuscript draft for publication and is printed in chapter 7; see
manuscript draft [3]. To give a short overview, the most important results and discussions are briefly

summarized in the following.

Summary:

This project focused on the structural analysis of the cationic [AIAcTrpOMe]* cluster, formed by
aggregation between a monovalent aluminium ion (Al*) and the protected amino-acid AcTrpOMe.
Compared to the structurally similar [AIAcPheOMe]*, investigated in a previous study (see 1)), the Trp
residue of AcTrpOMe with its extended m-system and a potentially reactive NH group may lead to
“new” binding motifs. Indeed, the conformational search (at DFT level) performed for [AIAcTrpOMe]*
yielded a unique and maybe unexpected structural arrangement, depicted in figure 49 (a). Herein, the
aluminium ion is linked to both carbonyl groups of the backbone and is at the same time inserted into
the N-H bond of the indole system. This “insertion” could be considered as a kind of oxidative addition

of the indole NH group onto aluminium, which thus approaches its most stable +3 oxidation state.
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Figure 49: (a) Optimized geometry of the “inserted” minimum structure of [AIAcTrpOMe]* as obtained
at the DFT/B3LYP-D3/TZVP level; (b) IR+UV spectrum of [AIAcTrpOMe]".

Alongside this unique isomer, a multitude of other “intact” minimum structures, with the Al* ion being
either coordinated to one or both carbonyl groups of AcTrpOMe, were found. However, the
extraordinary “inserted” motif is by far the most stable isomer, being 1133 cm™ lower in energy than
the most stable “intact” geometry. Even if entropic effects are taken into account, the “inserted”
structure is still among the most stable geometries. This finding was further confirmed by single point
energy calculations at the DLPNO-CCSD(T) level, according to which this unique motif is 4786 cm™
more stable than the energetically most stable structure with intact AcTrpOMe. Harmonic frequency
calculations were performed for all minimum structures, which were then compared to the measured
IR+UV spectrum (see figure 49 (b)). In the presence of one single isomer of [AIAcTrpOMe]* in the
molecular beam, two features would principally be expected in the probed NH-stretching region.
However, the experimental spectrum shows three clearly separated bands. Hereby, the occurrence of
a Fermi resonance between the first overtone of a C=0 stretching mode and the fundamental of an
NH-stretching vibration seems very improbable (according to the calculated C=0 stretching

frequencies).

Finally, the measured spectrum can only be explained by the presence of two isomers. An “intact”
structure with Al* being doubly-coordinated to both carbonyl groups can be unambiguously assigned,
explaining the two measured features at 3293 cm™ (NH-stretching mode of the backbone NH group,
undergoing NH---1t interaction) and 3488 cm™ (indole NH-stretching frequency). Although exhibiting
slightly different backbone conformations, the latter geometry resembles the two structural motifs
previously assigned for [AIAcPheOMe]*. Besides, a second isomer must be responsible for the
additional feature at 3414 cm™. Here, a geometry in which Al* is coordinated to COac and additionally
stabilized by Al*:-rt interactions could in principle be assigned. In that case, the feature at 3488 cm™
would result from an overlay of the indolic NH stretching vibrations of two distinct isomers.
Alternatively, the discussed “inserted” structure could indeed be assigned as second isomer. In order
to elucidate if an “insertion” reaction may occur as isomerization process in the molecular beam,

transition state optimizations were performed. As the predicted (lowest) transition state lies
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16300 cm™ higher in energy than the maybe most plausible starting geometry (a geometry with
identical backbone conformation as the “inserted” structure and with the indolic NH group placed
above the Al* ion), an isomerization in the molecular beam expansion can be ruled out. Nevertheless,
an oxidative addition reaction under the harsh plasma conditions of the used thermo-ablation source
remains conceivable. A final assignment may be possible on the basis of measurements in the amide

I/l region, since the relevant isomers exhibit distinct vibrational patterns in this spectral region.

In addition, the DFT study was extended to other clusters of the type [M(I)AcTrpOMe]*, with M(l): Li*,
Na*, K*, Rb*, Cs*, Mg*, Ti*, Zn*, Ag*, Ga®. In this way, it could be cleared up whether the “inserted”
structural motif is only advantaged for [AIAcTrpOMe]" or if it may also occur in presence of other
monovalent metal ions. Among this row, an “inserted” structural motif is only favored relative to the

competing “intact” structural motifs in presence of Ti* and Al*.
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Kaiserslautern, Germany.

Abstract

Isolated neutral alkali para-aminobenzoate contact ion pairs were investigated by applying combined
IR/UV spectroscopy in a molecular beam experiment in combination with quantum chemical
calculations (at the DFT and ADC(2) levels). As all species exhibit clearly defined electronic and
vibrational transitions, even small spectroscopic effects, induced by a substitution of the alkali cation
(e.g. Li* to Na*), could be followed. Significant electronic shifts were observed for the S; ¢ Sq transitions
and especially for the ionization potentials (IPs), exhibiting a strong red-shift from Li* towards Cs*.
Similarly, a spectral shift (red-shift from Li* to Cs*) of the symmetric NH-stretching vibration as function
of the alkali element (in the So state) was observed in the ground state IR experiments. Additionally, IR
photodissociation spectra of the photoionized adducts (Do state) were also recorded, revealing an
opposite trend (blue-shift from Li* to Cs*) relative to the observations in the S, state.

Introduction

lon pairs are ubiquitous in nature and play a crucial role in many biological systems, such as in the self-
assembly of charged oligomeric bilayers!¥, in ion transport through phospholipid bilayers?, in
pharmacology, where the solubility of charged hydrophilic therapeutics is often controlled by specific
ion pairing!®), stabilization and tertiary structure determination of peptides or proteins by salt bridges!*
® or in organic synthesis, in particular for asymmetric ion-pairing catalysis!”. Therefore, it seems
obvious that ion pairs have already been studied in depth, predominantly in various condensed phase
experiments.®1%11 Three distinct types of ion pairs are generally distinguished in solution, with cation-
anion-aggregates constantly fluctuating between three different types, namely the solvent separated
ion pairs (SSIPs, with intact primary solvation shells around both counterions), solvent shared ion pairs

(SIPs, with a single solvent layer between cation and anion) and finally the contact ion pairs (CIP)
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without any solvent molecules separating cation and anion.!®23 Nevertheless, the characterization
of the intrinsic properties of ion pairs is still challenging since in condensed phase media the
spectroscopic properties of cation-anion-pairs are influenced by the surrounding medium'®, strongly

depending on the type of ion pair (see above) and its (specific) interaction with the solvent.

Due to the limitations in condensed media, spectroscopy on isolated ion pairs in the gas phase should
be a powerful tool for an in-depth exploration of their intrinsic properties of ion pairs. However, only
few studies on neutral isolated ion pairs in the gas phase have been published up to now. One reason
for these studies being rather scarce is the aspect that, apart from a few ionic liquids that are
vaporizable by using a thermal sourcel*** neutral ion pairs cannot be easily transferred into the gas
phase by a simple heating process!**#**!. Alternatively, other groups studied cold neutral ion pairs by
embedding their samples in helium nanodroplets!*. Related to these experiments are also ion trap
studies targeted towards zwitterionic structures of amino acids and small peptides identified by salt
bridges formed with alkali metal cations.>® However, as emphasized, these investigations relate to
overall ionic systems, but contribute as well as studies on neutral systems to the comprehensive topic
of metal ion-bioorganic molecule interactions. These studies are often carried out on molecular model
systems and detailed by vibronic spectroscopy under metal cation size variation, e.g., in the group of
alkalis Li* - Cs*, in order to elucidate deducted structural and functional modulations.[7:8!

In 2016, the group of Mons, Gloaguen and coworkers transferred neutral, isolated contact ion pairs for
the first time into the gas phase by using a laser desorption source.[*

Subsequently, they have extended their studies in this field.**2¥ In their first publication they
investigated isolated Li*---phenylacetate and related derivatives in a molecular beam by UV and
combined IR/UV-spectroscopy and demonstrated the high potential of such gas phase spectroscopic
data as benchmark values for investigations in solution.[*%**!

Another aspect of these studies lies in their interpretation as electric Stark experiments on isolated
neutral ion pairs.?2% Hereby, a UV chromophore (phenyl substituent), acting as electric field probe,
was intramolecularly immerged into a strong electric field of ca. 0.2-4 GV - m™, reigning in the
proximity of a carboxylate-alkaliion pair which was covalently linked to the phenyl chromophore. Thus,
particularly high electric field strengths are achieved within isolated contact ion pairs, as field strength
of nomore than 0.1 GV - m™ are reached in common capacitor-based experiments.?%22 Within isolated
ion pairs considerable electronic and vibrational spectroscopic effects are induced by these strong
fields and detected experimentally.?%2%

Finally, UV experiments in the gas phase in combination with conformer-dependent electric field
calculations have been shown to have a high potential for conformational investigations on
biomolecules.?¥ In other words, the spectral features of a UV chromophore, being influenced by the

surrounding electric fields (environment-induced electronic Stark effects (EI-ESE)), yield information
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on the environment of this chromophore and thus on the structure of the studied biomolecule. In such
experiments even small electronic shifts of merely a few wavenumbers can be rationalized.!?"

These particularly stimulating and pioneering studies on neutral contact ion pairs by applying UV and
combined IR/UV spectroscopy in molecular beam experiments are triggering further investigations in
this still juvenile field.

Here, we studied isolated ion pairs of the alkali salts (from Li* to Cs*) of para-aminobenzoate (PABA")
in UV and IR/UV experiments in a molecular beam using a laser desorption source. Structurally, the
cation is coordinated to the deprotonated carboxylate group of the para-aminobenzoate anion (see
Figure 2). Upon photoionization, one electron is removed from the m-system of the PABA-
chromophore, while the binding motif remains unchanged. As only structures of the mentioned
binding motif are expected and PABA™ is geometrically a rather simple molecule without major
conformational variations, the spectral shifts observed in the UV- and IR/UV-experiments upon
variation of the alkali cation (Li* to Cs*) should be mainly induced by electronic Stark effects rather than
strongly differing structural motifs. Nevertheless, para-aminobenzoic acid (PABAH) is a unique system,
due to its push-pull character, with the amino-group acting as electron density donor (mesomeric
donor (+M) effect) and the carboxylate anion withdrawing electron density from the aromatic ring

(mesomeric acceptor (-M) effect).

A series of publications on gas phase studies of PABAH have been published, where the spectroscopic
properties of its monomer were investigated by applying the resonant-two-photon ionization method
(R2P1)-123241 two-color-R2P124, IR/VUV-2° as well as zero-electron-kinetic energy (ZEKE)-techniques'?3..
The electric dipole moments within an isolated PABAH molecule in its ground and excited states were
determined by applying rotationally resolved electronic spectroscopy?® and electric deflection
measurements?”). In addition, the spectroscopic features as well as the geometry of the PABAH-dimer

were characterized by R2Pl-spectroscopy!?*.

While isolated para-aminobenzoic acid and its dimer have thus been investigated in detail, this is not
the case for the alkali ion pairs of PABA™ that are in the focus here. In order to gain a deeper
understanding of the intrinsic effects reigning within these ion pairs, various spectroscopic techniques
were applied. Besides the 1-color-R2PI spectroscopy, also the ionization potentials of the respective
ion pairs were analyzed within a 2-color-R2P| experiment, revealing pronounced electronic effects. To
the best of our knowledge, no ion yield curves of isolated contact ion pairs have been reported up to
now. As the amino group within PABA™ is an ideal probe for vibrational spectroscopy, combined IR/UV
experiments were also performed, focusing on the relative frequency shifts of the symmetric NH;
stretching band in dependence of the coordinating alkali cation, both in the electronic and ionic ground

state (So and Do). We have chosen the NH; group as a vibrational probe which is localized in the para
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position relative to the coordination site (carboxylate group) of the respective alkali cation.
Interestingly, the NH modes show a spectral response due to the alkali cation substitution although
the vibrational probe is not directly linked to the cation under variation. It should be further noted that
no IR-spectroscopic studies on photoionized ion pairs (Do state) have been published up to now.
However, the comparison of the spectral trends observed in the So- and Do-IR spectra may significantly

contribute to the understanding of the studied systems.

The spectroscopic results, and in particular the frequency shifts observed upon substitution of the
alkali cation (Li*-Cs*), are discussed in combination with computational predictions obtained from
geometry optimizations and harmonic frequency calculations as well as natural bond orbital analysis

at density functional theory (DFT) and at SCS-ADC(2)/def2-TZVP level.

Experimental methods

Isolated neutral ion pairs were prepared in a molecular beam using a laser desorption apparatus, based
on the setup developed in the group of A. Rijs!??.. The investigated substance was mixed with activated
charcoal powder (VWR) in a ratio of approximately 1:1. A thin layer of this sample mixture was applied
on the edge of a graphite target which was mounted in front of a pulsed valve (General Valve, 500 um,
10 Hz), about 1 mm below the nozzle. The probe mixture was laser-desorbed by the fundamental of a
Nd:YAG laser (Continuum Minilite, 10 Hz, 1064 nm), which was mildly focused onto the target surface
by a 50 cm lens, using a laser power of 1.5-2.5 mJ/pulse. The target was translated continuously during
the experiments, so that the continuously fresh material could be desorbed. For efficient adiabatic
cooling argon was used as a carrier gas at a backing pressure of 3.2 bar. After passing through a
skimmer into the second vacuum chamber, the molecular beam was crossed by the UV (and IR) laser(s)
in the interaction region of a time of flight (TOF) mass spectrometer, oriented perpendicular to the
propagation direction of the molecular beam and operated in the linear-TOF mode.

In order to considerably improve the signal-to-noise ratio in combined IR/UV experiments, a reference-
signal correction method was applied, which is quite similar to the approaches used by the groups of
Mons?! and Kleinermanns3?, After passing through the interaction region the excitation and
ionization UV laser beam (about 1.0 mJ/pulse, unfocused) was redirected through the molecular beam,
so that it ionized a second bunch of molecules. As mentioned, the molecular beam propagated
perpendicularly to the axis of the flight-tube. For this reason, the UV laser had to cross the molecular
beam at two slightly different heights, so that, combined with slightly defocused Wiley-McLaren
conditions, two clearly separated mass peaks of the same m/z are obtained. The IR laser beam was
spatially overlapped with the UV laser beam in the first interaction region of the UV laser with the

molecular beam. In this way, one of the two ion signals detected was influenced by the wavelength-
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tuned IR laser (about 8 mJ/pulse, unfocused) while the second mass peak remained untouched by the
IR laser radiation. Thus, this second ion signal, which was only underlying the unavoidable signal
intensity fluctuations, could be used as “reference ion signal”. The IR spectra were then obtained by
taking the intensity ratio between the ion signal which is affected by the IR beam and the reference
ion signal. At this point, it should still be noted that this powerful approach is however limited to
combined IR/UV investigations based on a 1-color-R2PI process.

The IR laser was fired about 50 ns prior to the UV laser for IR/R2PI experiments in the S, state and
about 50 ns after the UV laser if the Do state was probed (UV/UV/IR scans). lon yield curves were
obtained within 2C-R2PI-experiments. For this, the wavelength of the excitation laser was set to the
00,°-R2PI-resonance of the investigated molecule while the wavelength of the second ionizing UV laser,
which was temporally and spatially overlapped with the excitation laser pulse, was tuned. In order to
suppress the efficient 1C-R2PI process, the pulse energy of the excitation laser had to be reduced to
about 50 pl/pulse (unfocused), while the ionization laser had a much higher fluence of 1.0-1.5 mJ/pulse
(unfocused).

The required UV laser radiation was obtained by BBO frequency-doubling the output of a dye laser
(Sirah, PrecisionScan), pumped by the second harmonic (532 nm) of a Nd:YAG laser (Innolas, Spitlight
1000 or Spitlight 1000.2). For most of the 2C-R2PI experiments radiation in the visible or near UV region
was required for ionization, so that the simple output of the dye laser, then pumped by the third
harmonic (355 nm) of the Nd:YAG laser, was used. IR radiation was obtained by difference-frequency
mixing (DFM) of the fundamental (1064 nm) of a seeded Nd:YAG laser (Pro 230, Spectra Physics) with
the output of the dye laser pumped by the second harmonic (532 nm) of the same Nd:YAG laser. The
obtained IR radiation was amplified by using an optical parametric amplification (OPA) process in a
further LiNbOjs crystal using the DFM output and again the fundamental (1064 nm) of the Nd:YAG laser.
The spectral window of 3290-3750 cm™ (except for the 3460 — 3520 cm™ region due to crystal water

absorption) was recorded with the described tunable IR laser.

Para-aminobenzoic (PABAH) was purchased from Alfa Aesar and used without further purification. The
alkali (Li*-Cs*) para-aminobenzoate salts were obtained by reaction of an excess of the corresponding
hydroxydes (MOH, M: Li*-Cs*) with PABAH at room temperature using methanol as solvent. After
evaporation of the solvent the samples for the laser desorption experiments were prepared as

described above.

Computational approaches

Input structures were generated manually with Avogadro®Y and preoptimized by applying the

implemented UFF (Universal Force Field)®?. Geometry optimizations as well as harmonic frequency
111



Publications and manuscript drafts

calculations for both the So and Do electronic state were performed at the DFT level, using the B3LYP
functional®®® including the D3 dispersion correction®! with Becke-Johnson (BJ) damping®”! in
combination with the basis set def2-TZVP (def2-ecp for Rb and Cs)3® (identical auxiliary basis sets for
the Rl approximation). Within that, geometry optimizations were carried out using the Berny algorithm
from Gaussian 0957, while energies and gradients were calculated with Turbomole 7.5B8., The
obtained harmonic DFT-based frequencies were scaled by 0.963 to account for anhamonic effects. To
further understand the measured and calculated trends, a natural bond orbital (NBO) analysis®%! was
performed using the NBO module®®” from Gaussian 09, at the DFT/B3LYP-D3(BJ)/def2-TZVPPE® |evel.
In this approach, the wavefunction of the molecular system is transformed in a way to obtain an
optimized “Lewis-like” bonding pattern of the molecular system, composed of localized one-center
“core” (c) or “lone pair” (n) NBOs and two-center “bond” (o, ) NBOs with a maximum-occupancy
character, complemented by the low-occupancy antibonding orbitals (c*, *) and the (negligibly
occupied) extra-valence “Rydberg-type” (Ry) NBOs. Generally, (“Lewis orbital”-type) bonding NBOs
have occupation numbers around two electrons, while antibonding (“non-Lewis”-type) orbitals have
occupations close to zero. Weak populations of antibonding orbitals are effects of delocalization and
resonance stabilization or may be induced by non-covalent interactions such as hydrogen bonding.*"
An NBO analysis is thus a convenient tool to describe even very small electronic effects within a
compound, which may then explain observed structural features (e.g. bond lengths) and spectroscopic
observations (e.g. vibrational frequencies).#243!

Additionally, geometry optimizations were performed at the SCS-(ADC(2)-s) level®!, implemented in
Turbomole, for the electronic ground state as well as for the first excited singlet state. This latter
approach of CC2-like accuracy is well known for its accurate prediction of electronic excitation energies
(with typical errors of 0.1-0.2 eV for ADC(2))1#*.1*¢! Hereby, the basis set def2-TZVP (def2-ecp for Rb
and Cs)*”! was applied, choosing the corresponding auxiliary Coulomb fitting basis set (cbas) def2-
TZVP-cbas!*® required by the ricc2 module for the Rl approximation. The obtained geometries were
confirmed to be minimum structures by performing harmonic frequency calculations with the
NumForce script of Turbomole, using the option “-central”. The respective harmonic frequencies were
scaled by 0.969.

To yield an estimation about the enantiomerization barriers between different isomers, relaxed
Potential Energy Surface (PES) scans were performed for the relevant dihedral angle at the DFT/B3LYP-
D3(BJ)/def2-TZVP level, using Gaussian 09.
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Results and discussion
Electronic spectra and ionization potentials (1C-R2PI and 2C-R2PI methods)

One-color R2PI spectra of para-aminobenzoic acid (“protonated” neutral monomer, named PABAH in
the following) and of all possible alkali cation para-aminobenzoate contact ion pairs (M*PABA~, with
M: Li*-Cs*) (Figure 1), were recorded in the range of 33613-34965 cm™, yielding their vibrationless 0¢°

(electronic origin) transitions as well as higher vibronic transitions in dependence of the coordinating

alkali cation.
PABAH 34493 Li* PABA- Na* PABA-
1230
1199
33750 34000 34250 34500 34750 35000 33750 34000 34250 34500 34750 35000 33750 34000 34250 34500 34750 35000

K" PABA- Rb* PABA- Cs* PABA-

33750 34000 34250 34500 34750 35000 33750 34000 34250 34500 34750 35000 33750 34000 34750 34500 34750 35000
wavenumber of UV-laser / cm™ wavenumber of UV-laser / cm™ wavenumber of UV-laser / cm™

Figure 1: 1C-R2PI spectra of para-aminobenzoic acid (PABAH) and its alkali ion pairs Li*PABA-,
Na*PABA-, K'PABA", Rb*PABA™ and Cs*PABA" in the spectral range of 33613-34965 cm™. For the ion
pairs the shift of the 0¢° transition relative to the next smallest cation is given by the horizontal arrow
(in dark red).

In all spectra a pronounced electronic origin transition is observed, followed by a series of blue-shifted
peaks resulting most probably from the excitation of low-frequency vibrational modes in the first
excited singlet state (S1). The observed vibronic pattern changes upon substitution of the alkali cation,
but here we focus on the values of the respective electronic origin transitions. DFT studies revealed
the presence of only one single structural motif (M* equally coordinated to both oxygens of the COO~
group, see Figure 2) and thus suggest a single isomer for all investigated ion pairs. As the measured
resonances are sharp, even small relative frequency shifts upon exchange of the alkali cation are clearly

detected.
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For the PABAH monomer the 0o° resonance was obtained at 34183 cm™, which is in good agreement
with the value of 341732 cm™ published by Wendt and coworkers?¥. Although the R2PI spectrum of
the PABAH monomer cannot be considered as an ideal reference for the R2PI resonances of the
M*PABA™ ion pairs, the para-aminobenzoate anion (PABA”) chromophore within these pairs, shows UV
transitions in a close by spectral region. More precisely, the most blue-shifted 0,° transition (with
respect to PABAH) was obtained for Li*PABA™ at 34230 cm™, with a successive red-shift being observed
in the order Na*PABA™ (34199 cm™), K*PABA™ (34175 cm™), Rb*PABA™ (34166 cm™) and Cs*PABA"
(34159 cm™). Thus, a relative UV resonance shift of 31 cm™ is measured between Li*PABA™ and
Na*PABA", which successively decreases to only 7 cm™ between Rb*PABA™ and Cs*PABA".

These shifts of the electronic origins are ascribed to the influence of the electric field of the alkali
cations M* (M*: Li*-Cs*) which are coordinated to the PABA™ chromophore. The charge of these M* ions
is partially screened by the COO™ group but its electric field still influences the UV chromophore’s
transitions in dependence of the inverse ionic radius (1/Rm) according to Coulombs law.7*8 As PABA"
is an electron-rich anionic system, with the m-electron density being delocalized not only over the
aromatic ring but also the carboxylate and amino groups, the cation will strongly polarize the electron
density distribution on the chromophore and thus influence its electronic transitions. This effect is
differently pronounced for the different cations, with clear trends being seen for the optimized
M*PABA™ geometries as well as for the N atom hybridizations (amino group) and the atomic partial
charges (see Tables S2 and S4) predicted by the NBO analysis. The N atom of the amino group has a
comparatively high “s” character, which increases from Cs* (sp*®%) to Li* (sp?>’®) and entails
planarization (Table 1 and Figure 2). In parallel, the C-N- and the C(ring)-C(carboxylate)-bond lengths

successively decrease from Cs*PABA™ to Li*PABA".

Table 1: Geometry parameters (obtained at DFT/B3LYP-D3(BJ)/def2-TZVP) and N atom hybridization,
as obtained from an NBO analysis (performed at the DFT/B3LYP-D3(BJ)/def2-TZVPP level) for the
M*PABA™ ion pairs in the Sp state.

£HyN-Hy; | NG A C(Carboxylat)- N atom hybridization | M*Ms, [ A [ N-Hy, N-H;/ A

CcC )t Claromat) [/ A (NBOY)
Li*PABA- 34.0 1387 1482 spE7? 44978 1.007, 1.007
Na*PABA- 36.4 1301 1.484 spEE 5.375 1.008, 1.007
K*PABA- 76 1394 1.501 spiE 5.754 1.008, 1.008
Rb*PABA- | 382 1.395 1504 spts 5.952 1.008, 1.008
Cs*PABA- 380 1.395 1.503 v ol £.059 1.008, 1.008
PABA™ 460 1418 1.546 spE - 1.011, 1.011

Figure 2: Optimized geometry of an M*PABA™ ion pair in the So state illustrating the 2H1-N-H; ; C'-C,-
C”” angle and the M*---Ming distance.
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Thus, a significant +M effect of the amino group with respect to the aromatic ring and the carboxylate
group is present for Li*fPABA", leading to a pronounced flattening of the amino group, while a less
pronounced +M effect occurs for ion pairs containing larger cations, e.g., Cs*PABA". As reported above,
the strongest blue-shift for the UV 0¢° transition is observed for the smallest coordinating cation with
the highest positive charge density. As given in Table 1, the distance M*---Ming declines with decreasing
cation size. This means that for Li*tPABA™ the coordinating cation has not only a particularly high
positive charge density (Rus = 0.76 A*9), but is also geometrically significantly closer to the UV
chromophore (Li**Ming: 4.978 A (DFT)). In contrast, for Cs*PABA", featuring a much larger cation size
(Ress = 1.67 A1) a low positive charge density and a considerably larger distance between Cs* and the
PABA~ anion (Cs*-Ming: 6.059 A (DFT)), the cation’s Coulomb potential at the UV chromophore and its
impact on the frequency of the electronic origin transition should be considerably weaker. Indeed,
there is an approximately linear correlation between the 0o transition frequencies and the inverse ion
radius 1/Rm(*”*8 of the alkali cations (Figure 4).

Remarkably, the described findings are in contrast to the observations reported by Gloaguen et
al..?+2% |n their studies, the “perturbation” of the probed (neutral) UV chromophore, immerged into
the electric field reigning in proximity of a cation---anion dipole (and higher-order multipoles), is
strengthened with increasing cation size. Regarding the M*PABA™ ion pairs investigated in our study,
however, not a dipole, but the electric field of the alkali cation is responsible for the observed
spectroscopic effects. Here, the strongest influence on the chromophore (PABA~) occurs for ion pairs

with smaller cations.

Although clear trends were observed in the 1C-R2PI experiments, the absolute spectral shifts of the
measured 0¢° transitions are rather small (in the few to few tens of cm™ regime). Given these
experimental results, and considering the accuracy of common ab initio quantum chemical
computational methods for electronic transitions to lie at 0.1 - 0.4 eV*! it seems not feasible to
complement the data with quantum chemical calculations.

However, we have found that there is some accordance with the S; ¢~ So adiabatic excitation energies
obtained at the SCS-ADC(2)/def2-TZVP level. This method predicts very similar electronic transition
energies for the considered M*PABA™ series and for the PABAH monomer. The minor shifts observed
in the 1C-R2PI spectra may not be reflected by the SCS-ADC(2) calculations due to the still limited
accuracy of computed electronic excitation energies.**! However, a particularly low excitation energy
of merely 23304 cm™ is predicted for the isolated PABA™ anion, which may be in line with the measured
red-shift from Li*PABA™ to Cs*PABA". In Table 2 all obtained adiabatic excitation energies for the S; <

So transitions are summarized.
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Table 2: Adiabatic excitation energies and zero-point energy (ZPE)-corrected adiabatic excitation
energies calculated at the SCS-ADC(2)/def2-TZVP level. All values are given in cm™.

Li*PABA~ Na*PABA~ K*PABA~ Rb*PABA~ Cs*PABA- PABAH PABA-
Es s, ad. 36421 36420 36424 36422 36414 36359 24394
Es s, ad.,ZPE 35072 35092 35098 35082 35077 34914 23304

The difference densities based on natural transition orbitals (NTOs) (see Figure S1) show that the S; &
So transitions of all considered species are of m = " character, which is in agreement with the trend
that the experimental as well as the calculated excitation energies are very similar. Regarding the S;
state ion pair geometries obtained from the SCS-ADC(2) approach, the amino group is further
planarized compared to the S state structures, in parallel with a shortening of the C-N bond length.
This is illustrated in Tables S1-S2, on the basis of the corresponding geometry parameters and the
predicted atomic partial charges for both the So and S; state structures.

For comparison, the investigation of isolated PABA~, “unperturbed” by a coordinating M* cation,
should be considered as a reference case. For this system theory readily predicts a (compared to the
corresponding ion pairs) particularly strong pyramidalization of the amino group and a considerably
reduced “s” character of the N atom hybridization (sp>%’) (see Table 1). Furthermore, a particularly low
excitation energy of only 23304 cm™ is predicted for the isolated PABA™ anion (Table 2), which is in
general in line with the measured red-shift from Li*PABA™ to Cs"PABA", but does not agree with its

extrapolated value for 1/Rm > 0 (see below).
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In parallel to the 1C-R2PI spectra also 2C-R2Pl ion yield curves (Figure 3), were recorded to probe the
dependence of the ionization potentials (IPs) on the coordinating alkali cation (Li*-Cs*). For this, the
excitation laser was frequency-fixed at the respective 0o° transition obtained from the 1C-R2PI
spectrum while the wavelength of the ionization laser was scanned under field-free conditions.

PABAH Li* PABA” Na' PABA-

-4371 cm™?t -2317 cm™
< " =

64582

)

64050 64200 64350 64500 64650 64800 60100 60200 60300 60400 57800 57900 58000 58100
Vv, + Vuy, /em™ Vyy, + Yoy, /em™ Vuv, + Vyy, /em™

Rb* PABA

K PABA

lonization potential: Viyy, + Vyy,

-373cm™?
=

+(-1420 cm™!
%=

56400 56500 56600 56000 56100 56200

Vyv, + Vyy, /cm™ Vyv, + Vyy, /cm™
Figure 3: lon yield curves of para-aminobenzoic acid (PABAH) and related alkali ion pairs Li*PABA",
Na*PABA~, K*PABA~, Rb*PABA". For each ion pair the ionization laser wavelength was tuned in the
region of the respective ionization potential, while the excitation laser was frequency-fixed at the
respective 0o° transition. The relative shifts of IPs are given in dark red.

All the recorded spectra show a region where a sharp increase in ion signal intensity (two color effect)
is observed. At these steps the according ionization potential (IP) is reached, so that an estimation of
their values can thus be obtained. Unfortunately, the experimental determination of the IP was not
feasible for Cs*PABA", as no two color effect could be observed for this system. We noticed that the
two color effect is strongest for the PABAH monomer and Li*PABA" (increase of base ion signal by 50
%), while its efficiency successively decreases into the low percent region for the case of Rb*PABA™. An
explanation for this observation could be the increasing structural reorganization between the So/S:
and Do geometries from Na*PABA" to Cs*PABA’, which is discussed in detail below. In fact, large
structural changes of this type often lead to weak Franck-Condon activities in 2C-R2PI experiments.!”
The IP of the PABAH monomer obtained here amounts to: 64582 cm™, in good agreement to the
published data of 64507 + 8 cm™*?%, The small difference may result from the different experimental

approaches, as in the experiment of Meijer et al.?* the IP was determined in dependence of the

electric field strength, with the value at zero electric field only obtained by extrapolation.
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In comparing the IPs of the investigated series, a pronounced shift of 4371 cm™ (relative to the IP of
PABAH) is observed for LifPABA", where the latter is the M*PABA™ ion pair with the highest ionization
potential. This impressive shift may be less surprising, considering that an electron is detached from
the anionic PABA™ chromophore within the ion pair. The IP values decrease further in the order of
Li*PABA", Na*PABA-, K'PABA™ and Rb*PABA". Regarding the IPs, the frequency shifts induced by
exchange of the alkali cation are distinctly stronger than for the 0¢° resonances. As the electronic
excitation energies are very similar for all the ion pairs, the shifts of the IPs are mainly provoked by a
decrease of the energetic gap between S; and Do.

The adiabatic ionization potentials determined at DFT level by quantum chemical calculations,
predicting a decrease of the IP from 62451 cm™ to 53405 cm™ from Li*PABA™ to Cs*PABA", are in
perfect agreement with the experimental trend, yet the experimental values are underestimated by
about 2000 cm™ by theory. The large shifts observed for the IPs demonstrate the high electric field
strength reigning within isolated contact ion pairs?®?1%%2 e g., compared to the lowering of the IP by
an external field which was obtained for PABA by only 18 cm™ at 100 V/cm.?* However, it seems
challenging to determine the specific electric field strength influencing the IP of an M*PABA™ ion pair
without experimental value for the electron detachment energy of isolated PABA". Still, the correlation
between the measured spectroscopic shifts and the size of the coordinating alkali cation can be
discussed. For this, the experimentally determined IPs are plotted against the inverse radius of the
coordinating alkali ion*”%>*8! (Figure 4). Here, an almost perfect linear correlation is obtained. Thus,
the ionization potentials of the compounds are influenced by the electric field strength which itself
depends according to Coulombs law on the distance to the field-inducing charge, i.e., the size of the

related alkali cation.
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Figure 4: Plots of (a) the R2PI origin transitions and (b) the ionization potentials (IPs) against the inverse
radius of the coordinating alkali ion.
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As discussed above, the interaction between the cation M* and the PABA™ chromophore is particularly
strong if a small and highly charged cation is linked to the carboxylate group, and it weakens towards
larger alkali ion size (see binding energies in Table S3 (a),(b)). Here, we investigate the energetics of
the metal cation-chromophore interaction further by quantum chemical calculations. Due to the
weakening with increasing metal ion size of the M*--:PABA™ interaction, the calculated binding energy
(M*---PABA” — M* + PABA") decreases from 61372 cm™ for Li*PABA™ to 41281 cm™ for Cs*PABA", which
corresponds to 67 % of the value for Li*PABA". Note that these values are also similar to the ones for

the IPs.
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Figure 5: Binding energies between the alkali cation (M*: Li*-Cs*) and the carboxylate (COO™) of PABA™
in the So and Dy state, calculated at the DFT/B3LYP-D3(BJ)/def2-TZVP level. For Li*PABA™ the binding
energy between cation and chromophore decreases by 20091 cm™ upon photoionization, while this
decline is much less pronounced for Cs*PABA™" with 15528 cm™. Thus, the decline of the binding
energy upon photoionization decreases by 4563 cm™ between Li*PABA™ and Cs*PABA™.

Additionally, in the ionic ground state Do, the binding energy (M*---PABA" — M* + PABA') decreases
from 28466 cm™ (Li*PABA’) to 12938 cm™ for Cs*PABA, thus to only 46 % of the value for Li'PABA.
Both calculated trends of binding energies are illustrated in Figure 5 and will be discussed in the

following under consideration of molecular structures of the different ion pairs.

In accordance with the energetic effects, the M*---Ming distance increases from 4.978 A for Li*PABA™ to
6.059 A for Cs*PABA", while this trend is slightly more pronounced in the Do state, with Li*+*Ming: 5.035

A and Cs*--Miing: 6.218 A. These effects are also mirrored by the NBO partial charges (given in Table S2
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(a) and S4), as the negative charge on the O atoms of the carboxylate group considerably decreases
from Li*PABA to Cs*PABA in the Do state. At the same time, this trend is much less pronounced for the
anionic chromophore of the M*PABA™ species in the Sy state. A considerable decrease of the (negative)
charge on the carboxylate group and an increase of the distance separating cation and anion lead to

weakening of the electrostatic interaction between M* and PABA™" and thus to a lower binding energy.

Regarding absolute values, the binding energy between Li* and PABA™" decreases by 32906 cm™ upon
photoionization, while this effect is less pronounced for the Cs* species with 28343 cm™. Thus, the
decrease of the binding energy between cation and chromophore upon detachment of an electron
(ABE) declines by 4563 cm™ from Li*PABA™ to Cs*PABA™". This can be explained by the particularly
strong attractive electrostatic interaction between a small and highly charged cation (e.g. Li*) and the
anion, which weakens towards systems with larger cations. In the Do state, however, the size of the
cation is (regarding absolute binding energy values) less decisive for the stability of the ion pair, as the
chromophore is in a neutral radical state. For this reason, the energetic gap between the respective So
and Dy state species should decrease along the series from Li*PABA™ to Cs*PABA™", which is confirmed
by both the experimental and calculated IPs (see Figure S2). It should be noted that the value of 4563
cm™ is indeed similar to the calculated decrease of the IP by 5357 cm™ between Li*PABA™ and
Cs*PABA-, which is once more in line with the experimentally determined shift of the IP by 4110 cm™
between Li*PABA™ and Rb*PABA". Finally, the decrease of the IP towards ion pairs with heavier alkali
ions should be due to the varying cation chromophore interactions, which crucially depend on both
the size of the coordinating M* ion and the electronic state of the PABA™ chromophore. To further
confirm these statements regarding IPs, single point calculations were performed for the isolated
PABA™ chromophores, whereby the alkali cations were replaced with simple positive point charges
(see Figure S3 and discussion in the Sl). After all, the observed spectroscopic shifts are in nice
accordance with the Coulomb law(*”*®, which underlines that they clearly arise from dominating

electrostatic interactions.

Infrared spectra of neutral and ionic ground states (IR/R2PI and UV/UV/IR spectoscopy)

IR spectra of the molecular beam isolated M*PABA™ ion pairs in the electronic (So) and ionic ground
state (Do) were recorded in the NH stretching region by IR/UV laser experiments (see Figures 6 and 7).
As the intensity of the asymmetric NH; stretching bands predicted by DFT is comparatively low (and
these bands are likely positioned in the spectral gap of the used IR laser system), we focused on probing
the frequency of the symmetric NH; stretching mode. Furthermore, it should be noted that the

calculated frequencies of both the symmetric and asymmetric NH stretching frequencies show a
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similar behavior upon alkali cation substitution (see Table S5-S6). All IR spectra depicted in the
following feature an intense band around 3400 cm™ which is unambiguously assighed to the
symmetric NH; stretching vibration. It is pointed out that there is an excellent correlation between all
measured IR spectra and the NH stretching frequencies predicted by the DFT (and SCS-ADC(2)/def2-
TZVP) calculations (see Figures S4 and S5).

First, we focus on the investigation of the ground state vibrations of the ion pairs obtained by IR/R2PI
depletion spectroscopy. The IR/R2PI spectra for the So state, in the spectral range from 3290 cm™ to

3460 cm™, are depicted in Figure 6, while the scans in the region above 3520 cm™ are shown in Figure

i+ -
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Figure 6: IR/R2PI spectra of the Li*PABA~, Na*PABA~, K*'PABA"~, Rb*PABA™ and Cs*PABA™ ion pairs (So

state) in the spectral region of the symmetric NH stretching band, measured via the respective 0o°

transitions. For the ion pairs the relative vibrational shifts are given in dark red.

Similar to the results of the 1C-/2C-R2PI experiments, the variation of the alkali cations leads to a
spectral shift of the symmetric NH stretching vibration of the ion pairs. This is at first glance maybe
surprising, considering the long distance (of ca. 8 A) between metal ion center and NH, substituent,
but comprehensible in view of the discussed conjugation of carboxylate and amino group via the
aromatic ring. Thus, the NH stretch represents a sensitive, remote IR probe for the alkali metal binding
on the carboxylate site, which will be elaborated on in the following. The highest frequency band
(largest blue-shift with respect to the calculated value for PABA') is obtained for Li*PABA~, with
3433 cm™, and a successive red-shift is observed in the order of Na*PABA~, K*PABA-, Rb*PABA™ and
Cs*PABA". Since the structural motif is maintained when the alkali metal is exchanged, the observed
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frequency shifts can readily be assigned to a vibrational Stark effect. An NBO analysis (see Tables 1, S2
(a) and S4 (a)) was performed to further analyze these frequency shifts. As described above, the
optimized Sp geometries show a successively increasing planarization of the amino group from
Cs*PABA™ to Li*PABA", due to the pronounced shift of electron density towards the carboxylate group
when a small counterion of high positive charge density is coordinated to PABA". This electronic effect
is further reflected by the N-H- and C-N-bond lengths and N atom hybridizations given in Table 1, as
well as by the atomic partial charges obtained via NBO analysis (Table S2 (a) and S4 (a)). Generally, an
increased “s” hybridization character and thus an enhanced planarization leads to a contraction of the
N-H-bonds and consequently to higher NH; stretching frequencies./*** In this way, the highest NH
stretching frequency is expected for Li*PABA", in full accordance with the experiment. For isolated
PABA", as a theoretical reference system, no cation is withdrawing electron density from the amino
group, which explains the reduced amount of “s” character of the N atom (sp*’) and the predicted
strongly red-shifted symmetric NH stretching frequency of 3382 cm™ (3446 cm™ for PABAH). From
Li*PABA™ to Cs*PABA™ the influence on the NH frequency by the respective counterion successively
decreases, with a change in the direction of the frequency predicted for free PABA™. This again leads
to a correlation between the NH stretching frequencies and the inverse ion radius of the alkali cation

(see Figure 10).

As the electronic and structural properties of M*PABA™ observed in the electronic ground state have
now been illustrated, the intriguing question remains how these features behave upon
photoionization. In the ionic ground state Do, the alkali cation M* is coordinated to a neutral
(dehydrogenated) radical PABA'. The initially neutral ion pairs can be photoionized within a 1C-R2PI
process without showing detectable UV fragmentation. This observed high stability of the M*PABA’
ions is a suitable basis for IR experiments on these ionic species. The IR spectra in the NH stretching
region for this ionic ground state (Do) have been recorded by employing the UV/UV/IR method (e.g.
1) (Figure 7, spectra for the region above 3520 cm™ are depicted in Figure S7). The spectra have been
recorded for both the parent and fragment mass channels, as an IR photodissociation channel was
observed and assigned to a loss of neutral CO, (decarboxylation)®?. For the ionized PABAH* monomer
no IR induced fragmentation was observed, which points towards a significantly higher energy barrier

of decarboxylation with the carboxylate group in its protonated form.
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Figure 7: UV/UV/IR spectra of the Li*PABA’, Na'PABA’, K*PABA, Rb*PABA and Cs*PABA" species (Do
state) in the spectral region of the symmetric NH stretching band, showing the parent (M*PABA’) and
fragment (M*PABA-CO;) mass traces. The initially neutral ion pairs were ionized via 1C-R2PI at the
respective 0o° transitions. For the ion pairs the relative vibrational shifts are given in dark red.

In order to elucidate the structures of the ions M"PABA-CO, produced by IR photodissociation we
performed quantum-chemical geometry optimization at the UDFT level. In the resulting geometries of
the K*PABA-CO,, Rb*PABA-CO, and Cs*PABA-CO, fragments, the alkali cation is coordinated to the
ni-system of neutral decarboxylated (and dehydrogenated) PABA' (see Figure S8). Similarly, DFT studies
on Na*/phenyl radical (CeHs) and K*/phenyl radical (CsHs) complexes revealed that m-coordination is
the only feasible structural motif for these systems.® Regarding Li*PABA'-CO; and Na*PABA-CO,,
however, a second minimum structure was found, where M* is linked to the bare C-atom of the radical
(o-complex), which is energetically favored by 2750 cm™ for Li'PABA-CO; and disfavored by 336 cm™
for Na*PABA-CO,, relative to the respective m-bound species. Generally, a c-complex is preferably
formed in combination with small cations of high charge density, while larger cations rather coordinate
to the m-system. All M*PABA -CO, geometries are presented in Figure S8.

No IR depletion was observed on the parent mass trace of Li*PABA, i.e., the IR photodissociation effect
is particularly weak for this species and cannot be discerned from the “ionization background”.
However, the ion signal detected on the fragment mass trace (Li*PABA-CO) is only stemming from
the IR laser photodissociation process, so that the signal-to-noise ratio in this “gain” spectrum is
comparably higher and an IR spectrum for Li*PABA" could be obtained in this way. Comparing all
UV/UV/IR spectra, it is observed that the intensity of the resulting IR depletion increases from Li*PABA’
to Cs*PABA’, with an estimated 40 % for the latter. This trend also parallels the improved signal-to-

noise ratio observed in the spectra of the heavier alkali metal ion pairs. Indeed, the oscillator strength
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of the symmetric NH stretching mode increases (see Table S7) from Li*PABA" towards Cs*PABA’
according to theory. However, other aspects, which will be discussed in the following in more detail,
are of even larger importance here.

First, the excess energy introduced into the ion pairs within the 1C-R2PI process increases from
Li*PABA to Cs*PABA’, due to the impressive lowering of the ionization potentials from Li*PABA™ to
Cs*PABA™ accompanied by only small shifts observed for the respective S14So transitions (see above).
We estimate that the excess energy in the Dy state increases from 8249 cm™ to 12231 cm™ from
Li*PABA to Rb*PABA’ (Table 3) using the experimental results. Since the photoionization of M*PABA~
takes place in the cold part of the molecular beam, no major dissipation of excess energy through
inelastic collisions should occur for the ionized species. A high excess energy upon photoionization,
i.e., high internal energy of the ions, likely supports the IR photodissociation process which may further
explain the described trend for the detected IR band intensities. Thus, the increase of the excess energy
from Li*PABA to Cs*PABA could also be an explanation for the parallel increase in spectral broadening
with a tail on the lower frequency side of the IR band. Namely, for a “warm” molecule the population
of low frequency vibrational levels can lead to vibrational coupling between low and high frequency
modes.”* Comparingly, a strong broadening of C=N stretching bands was observed for mononitrile-
functionalized aryl anion radicals in solution, that were caused by structural fluctuations.* Such
effects are also conceivable for the ion pairs investigated in this work, because of the structural

changes described in the following (see also Table 3).

Table 3: Excess energies upon photoionization, and dihedral angles illustrating carboxylate distortion
in the Do state for the Li*PABA’, Na*PABA’, K'PABA’, Rb*PABA and Cs*PABA species. All energy values
were obtained at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

lon pair excess energy / dihedral angle (o,B,y,6)/°
cm™!
Li*PABA 8249 0.1
Na*PABA 10504 25.1
K*PABA 11876 37.7
Rb*PABA 12231 36.6
Cs*PABA - 36.9

Figure 8: Optimized geometry of M*PABA" ions in the Do state showing the carboxylate distortion, as
obtained at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

The optimized Do geometries exhibit a torsion of the carboxylate group relative to the plane of the
aromatic ring, in particular for the ion pairs with the larger alkali cations (M*: Na*-Cs*), (Figure 8 and
Table 3). This structural change could be considered as a sort of preliminary stage towards

decarboxylation, as the loss of planarity prevents the m-conjugation involving the carboxylate group.
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Evidently, this means that two isoenergetic (and probably ratiometric) enantiomers are formed, which,
however, cannot be detected separately in the UV/UV/IR experiments as they exhibit identical NH
stretching frequencies. An estimation of the interconversion barrier between both enantiomers was
obtained by running a relaxed PES scan for the dihedral angle £(a,B,y,6), yielding values between 0.9

(Na*PABA’) and 6.2 kJ/mol (Cs*PABA).

We will discuss in the following the spectral positions of the NH stretching bands obtained from the
UV/UV/IR experiments as observed for the Dg ionic states of the ion pairs. The band positions are on
average moderatly red-shifted from the positions in the So ground state. Moreover, it is clearly
revealed (Fig. 7) that the symmetric NH stretching frequency blue-shifts from Li*PABA to Cs*PABA,
which is in contrast to the observations for the Sy state IR spectra. These opposite trends are perfectly

reflected by the frequencies predicted by the DFT simulations (Tables S5 and S7).

The vibrational and structural effects induced when PABA™ (reference system in the S, state) is
photoionized to form PABA" (reference system in the Do state) could be considered to elucidate in
general the IR spectra in the Do state. As evoked, the vibrational bands of PABA™ cannot be probed in
our experiment, but the DFT calculations predict a strong shift of the symmetric NH stretching
frequency from 3376 cm™ for PABA™ to 3450 cm™ for PABA (see Figures S4, S9 and Tables S5, S7). This
pronounced vibrational shift is in line with the considerably increased “s” hybridization character of
the N atom in the Dy state (sp?*°), compared to the sp>*?” hybridization in the S, state (see Tables 1 and
4). However, this calculated spectral behavior of the reference system cannot explain the observed
experimental trend for the ion pairs.

Hence, another effect has to come into play for rationalizing the shifts obtained for the NH stretching
frequencies of the M*PABA" species. The results of the DFT calculations suggest that the amino group
is almost completely planarized in the Do state for all the investigated ion pairs, with an N atom

234 or sp?%, respectively. However, the symmetric NH stretching frequency

hybridization of sp
undergoes a clear red-shift upon photoionization, especially for Li'fPABA (-33 cm™, exp.), Na*PABA’
(=20 cm™, exp.) and to a minor extent also for K*PABA (-10 cm™, exp.), while the bands of Rb*PABA’
and Cs*PABA only shift by -7 cm™ and -5 cm™, respectively. For Rb*PABA" and Cs*PABA’, the harmonic
DFT frequency calculations even predict a slight blue-shift of about +3 cm™ relative to the NH stretches
in the So state (see Figures S4, S9 and Tables S7, S9). The red-shifts observed and calculated for
Li*PABA, Na*PABA and K*PABA" are also reflected in the increase of the N-H bond lengths (Tables 1
and 4). In order to understand this trend, the orbital occupancies obtained from the NBO analysis were
considered. This approach was already applied to reveal vibrational shifts observed for the So and Do

states of the structurally related aniline!* as well as to explain the spectroscopy of guanine and its

dimer®?,
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Table 4: Geometry parameters and N atom hybridization for the M*PABA" species in the Do state.
Geometry optimizations were performed at the DFT/B3LYP-D3(BJ)/def2-TZVP level, while NBO
calculations were carried out using DFT/B3LYP-D3(BJ)/def2-TZVPP.

ZHiN-Hy; | N-C/ A C(Carboxylat‘,\; N atom hybridisation | M*~Mg.,/ A | N-H,, N-H,/ A
CCeC [ C(aromat)/ A (NBO)
Li*PABA’ 0.5 1.330 1.507 sp2-3° 5.035 1.011,1.011
Na*PABA' 0.6 1.332 1.504 sp23° 5.434 1.010, 1.010
K*PABA" 0.5 1.335 1.500 sp2-3° 5.856 1.009, 1.009
Rb*PABA 0.5 1.336 1.499 sp23° 6.053 1.009, 1.009
Cs*PABA’ 0.6 1.337 1.497 sp2-3° 6.218 1.008, 1.008
PABA' 27.0 1.374 1.456 5p2-29 - 1.006, 1.006

Figure 9: Optimized geometry of an M*PABA" ion in the Do state illustrating the angle £H;:-N-H, ; C'-C,-
c”.

Within this orbital population analysis, the focus was put on the occupancy of the antibonding
0*(N-H;) and o*(N-H>) orbitals. The values obtained for the total orbital populations, determined by

summing up both a- and B-spin occupancies, are given in Table 5.

Table 5: Total (a + B) orbital occupancies obtained for the antibonding o*(N-H1) and *(N-H>) orbitals
in the Do state. The NBO population analysis was performed at the DFT/B3LYP-D3(BJ)/def2-TZVPP level.

occ. o*tot(N-H,), occ. " tot(N-H,)
Li*PABA" 0.00847/ 0.00847
Na‘PABA 0.00839/ 0.00839
K*PABA" 0.00829/ 0.00829
Rb*PABA" 0.00825/ 0.00825
Cs*PABA 0.00824/ 0.00824
PABA 0.00774/ 0.00777

Regarding the o*(N-H) occupancies a clear trend with an increasing o*(N-H) orbital population from
Cs*PABA' to Li*PABA is obtained. A “high” occupancy of an antibonding o*(N-H) orbital is paralleled
with a weakening of the N-H bond and thus with a red-shift of the NH stretching frequency. Keeping
in mind that for all M*PABA" ions an almost full planarization of the amino group (see dihedral angles
in Table 4) is observed, leading to a blue-shift of the NH stretching frequency, the comparatively high
population of the o*(N-H)s seems to be decisive, especially in the cases of Li*PABA and Na*PABA".
However, it should also be mentioned that the change in hybridization of the N atom between S and
Do is less pronounced in the case of Li*tPABA" (sp*’*>sp?3°) than for ions with a larger cation (for
Cs*PABA: sp?®-> sp?%¥). Regarding Rb*PABA and Cs*PABA" lower o*(N-H) populations and a
(compared to Li*PABA’) relatively strong change in hybridization upon photoionization lead to minor
shifts of the NH frequencies upon photoionization. In absence of any M* cation (thus for the PABA’
reference system) the 0*(N-H)s are only weakly populated which is in accordance with the very high

calculated symmetric NH stretching frequency (3450 cm™). The described electronic effects are also
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reflected by the atomic partial charges and spin densities obtained in the NBO analysis (Tables S4 and

S8).

Finally, the NH stretching frequencies in the Do state are controlled by a fine interplay between the

hybridization character of the N atom of the amino group and the occupancy of the antibonding

o*(N-H) orbitals. In the So state, the o*(N-H) occupancies are considerably lower and almost equal in

the order of Li'fPABA™ to Cs*PABA™ (Table S9). Therefore, it is conceivable that the NH stretching

frequencies of the M*PABA™ ion pairs in the Sp state mainly depend on the hybridization character of

the amino group. Only for the PABA™ reference species the o*(N—-H) population is slightly higher, which

is in line with the particularly red-shifted symmetric NH stretching frequency (3376 cm™) predicted by

DFT in this specific case.

Thus, for the Do state, there is a correlation between the measured symmetric NH stretching

frequencies and the inverse radius of the coordinating alkali ion (Figure 10).
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Figure 10: Correlation between the symmetric NH stretching frequencies and the inverse radius of the

coordinating alkali ion: a) for the So state; b) for the Do state.

This correlation between the NH stretching frequencies (for both the So and Dy state) and the inverse

radius of the coordinating alkali ion is again in accordance with the Coulomb law!*”*8, However, the IR

spectra recorded for the Sp and Do state interestingly demonstrate that the observed vibrational effects

cannot be described by applying the “classica

I” Stark relationship. Concretely, the blue-shift from

Li*PABA to Cs*PABA’ in the Dy state and the red-shift between Li*PABA™ and Cs*PABA™ observed in the

So state clearly show that the classical vibrational Stark approach may not be applicable here. According

to the common Stark relationship®®, similar trends for the vibrational frequencies would be obtained

in the Sp and Do state IR experiments, since the intrinsic orientation of the electric field relative to the
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NH dipoles in the So state is approximately retained in the ionic state. The observed “inversed” trends
would thus only be expected in case of a large structural rearrangement (e.g. through a change of the
binding motif of M*) upon photoionization*®?, which can however be excluded according to the
conformational search performed within DFT. Structures with the M* ion being linked to only one O
atom of the carboxylate, as well as M*:--t-bound geometries turned out to be no minimum structures
or are energetically too high to be further considered.

Finally, the vibrational frequency shifts are not provoked by pure electrostatic effects, but rather by
the electronic effects induced through the Coulomb potential of the respective alkali ion. Thus, the
spectral trends should rather be explained by considering a “nonclassical” vibrational Stark effect

approach.

Conclusion

In the present work, spectroscopic studies on isolated alkali para-aminobenzoate contact ion pairs in
a molecular beam are presented. As salts generally have a low vapor pressure and cannot be
transferred into the gas phase by simple heating, laser desorption sources like the one used in this
study are ideal tools for this purpose.

The focus for this investigation is put on the influence of the type of the alkali cation (by considering
Li*, Na*, K*, Rb* and Cs*) on the electronic and structural properties of the PABA™ chromophore.
Concerning the cation---anion binding motif, the metal ion is evenly coordinated to both oxygen atoms
of the carboxylate group for all studied ion pairs. This means that the observed spectral trends should
be mainly due to the change in electric field strength induced by cation substitution. Electronic and
vibrational spectra of So and Dy were obtained by applying 1C/2C-R2PI- and combined IR/UV-laser
spectroscopy, respectively. All series of experimental spectra yield clear trends, whereby a deeper
understanding of the observed effects is achieved in combination with DFT (B3LYP-D3(BJ)/def2-
TZVP(P)) and partly SCS-ADC(2)/def2-TZVP calculations.

Particularly strong electronic effects were observed in the 2C-R2PI spectra (ion yield curves), providing
clear estimations regarding ionization potentials, which exhibit impressive red-shifts of up to
thousands of wavenumbers upon alkali metal substitution, showing a shift of 4110 cm™ from Li* to Cs*.
Here, it should also be noted that we present the first ion current curves measured for isolated ion
pairs.

Furthermore, IR spectra in the electronic ground state (So state), by applying the IR/R2PI technique,
and in the ionic ground state (D, state), by using the UV/UV/IR method, were recorded in the NH

stretching region, focusing on the relative shifts of the symmetric NH stretching frequency in
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dependence of the alkali cation. Hereby, the vibrational probe is thus not directly linked to the alkali
ion, but is localized in para position relative to the carboxylate group. Thus, the influence of the tuned
electric field strength on the NH stretching frequencies can be followed at this larger distance from the
cation. Interestingly, opposite trends are observed in the So and Do state, which are in perfect
accordance with the vibrational frequencies predicted by the DFT calculations. However, a red-shift of
the symmetric NH stretching frequency from Li*PABA™ to Cs*PABA™ is observed in the S state, while a
blue-shift of the same vibrational mode is detected from Li*PABA" to Cs*PABA’ in the Do state. It is

IM

concluded that the observed effects may not be explained by a “classical” Stark effect approach.
Specifically, the obtained effects are rather due to a fine interplay between the hybridization state of
the N atom at the amino group and the occupancy of the antibonding 6" (NH)-orbitals.

Overall, there is a correlation between the relative spectral shifts along the row of alkali ion pairs and
the inverse radius of the respective alkali ion. The impact of the Coulomb potential of the cation on
the spectroscopic features of the para-aminobenzoate chromophore is most pronounced if a small
cation with a high charge density is coordinated to it. Thus, the “perturbation” is stronger in the case
of Li* than for ion pairs with larger metal cations, like Cs*, and longer metal---chromophore distances.
Finally, the size of the coordinating cation is most decisive for the vibronic spectroscopy of the PABA™
chromophore.

The presented investigation adds a unique perspective to the electronic and vibrational spectroscopic
study of contact ion pairs in gas phase. Furthermore, new possibilities are opened up for the

elucidation of ion-radical interaction by molecular beam spectroscopy as well as for the dynamical

studies of reactive decarboxylation pathways.
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A) Difference densities based on natural transition orbitals

PABAH Li*PABA-

Na*PABA~ K*PABA~

Rb*PABA- Figure  Cs*PABA-

S1: Difference densities for the S; & Sp electronic transitions of the PABAH monomer and the M*PABA™

alkali ion pairs on the basis of natural transition orbitals (NTOs), as obtained at the SCS-ADC(2)/def2-
TZVP level.
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B) Geometry parameters and atomic parial charges according to ADC(2) calculations

Table S1: Geometry parameters in the So and S; state, as obtained at the SCS-ADC(2)/def2-TZVP level.
The nomenclature proposed in the main manuscript (see figure 2) is applied.

So state Si state
£H1-N-H2 N-Cyo/ A C(Carboxylat)- MM/ £H1-N-H2 N-Co/ A C(Carboxylat)- | pm"..m. /
; C(aromat) / A A e ; C(aromat) / A A e
C-Cp-C/ C-Cp-C/
Li*PABA- 41.4 1.399 1.490 5.003 22.5 1.366 1.486 5.004
Na*PABA- 42.5 1.402 1.500 5.386 24.1 1.368 1.495 5.385
K*PABA- 43.5 1.405 1.506 5.773 25.4 1.369 1.501 5.771
Rb*PABA- 43.6 1.406 1.508 5.940 25.9 1.369 1.502 5.937
Cs*PABA- 43.7 1.406 1.508 6.072 25.8 1.369 1.502 6.074
PABA" 49.8 1.425 1.546 - ¥ 1.451 1.398 -
PABAH 38.5 1.392 1.479 - 17.8 1.362 1.476 -

*: twisted NH; group in the PABA™ geometry

Table S2 (a), (b): Atomic partial charges as obtained from the natural population analysis (NPA) for the
(a) ground (So) and (b) excited (S:) state, performed at the SCS-ADC(2)/def2-TZVP level.

(a) So state

N o(1) 0(2) Mm*
Li*PABA- -0.776 -0.809 -0.809 0.941
Na*PABA- -0.779 -0.801 -0.801 0.949
K'PABA- -0.781 -0.801 -0.801 0.969
Rb*PABA- -0.782 -0.800 -0.800 0.973
Cs'PABA- -0.782 -0.800 -0.800 0.972
PABA- -0.794 -0.744 -0.744 -
PABAH -0.771 -0.672 -0.564 -
(b) Sy state
N 0o(1) 0(2) M
Li*PABA- -0.678 -0.802 -0.802 0.941
Na*PABA- -0.684 -0.793 -0.793 0.948
K'PABA- -0.688 -0.792 -0.792 0.967
Rb*PABA- -0.689 -0.791 -0.791 0971
Cs'PABA- -0.689 -0.791 -0.791 0.971
PABA- -0.798 -0.458 -0.458 -
PABAH -0.664 -0.668 -0.552 -
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C) Cation---anion binding energies according to DFT calculations

Table S3 (a), (b): Calculated cation---anion binding energies for the M*PABA™ ion pairs in the (a)
ground (So) and (b) ionic ground (Do) state, obtained at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

(a) So state

M*--PABA~ binding energy / cm™
Li"PABA~ 61372
Na*PABA- 52055
K*PABA~ 44994
Rb*PABA~ 42499
Cs*PABA- 41281

(b) Do state

M*--PABA’ binding energy / cm™!
Li*PABA e
Na*PABA e
K*PABA T
Rb*PABA 14158
Cs*PABA 128
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D) Atomic partial charges according to DFT calculations

Table S4 (a), (b): Atomic partial charges as obtained from the natural bond orbital (NBO) analysis for
the (a) electronic (So) and (b) ionic (Do) ground state, performed at the DFT/B3LYP-D3(BJ)/def2-TZVPP
level.

(a) So state

N 0o(1) 0(2) M
Li*PABA- -0.766 -0.826 -0.826 0.941
Na*PABA- -0.771 -0.811 -0.812 0.936
K*PABA- -0.774 -0.812 -0.812 0.956
Rb*PABA- -0.775 -0.811 -0.810 0.950
Cs'PABA- -0.774 -0.811 -0.811 0.956
PABA- -0.793 -0.754 -0.754 -
PABAH -0.759 -0.676 -0.595 -
(b) Do state
N o(1) 0(2) Mm*
Li*PABA -0.567 -0.753 -0.753 0.959
Na*PABA -0.586 -0.725 -0.725 0.965
K‘PABA -0.603 -0.698 -0.699 0.980
Rb*PABA' -0.610 -0.687 -0.687 0.983
Cs'PABA -0.613 -0.682 -0.682 0.983
PABA' -0.377 0.076 0.076 -
PABAH* -0.552 -0.645 -0.502 -
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E) Experimental and calculated ionization potentials (IPs)
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Figure S2: Correlation between the (ZPE-corrected) adiabatic ionization potentials obtained at the
DFT/B3LYP-D3(BJ)/def2-TZVP level and the ionization potentials determined within the 2C-R2PI
experiments.
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F) Discussion on the basis of a simplified single point charge model

Single point calculations were performed for the isolated PABA™ chromophores, whereby the alkali
cation was replaced with a simple positive point charge. This was realized by using the “Charge” option
of Gaussian 09. The SCF energies obtained herein are plotted in figure S3 for both the So and Do states

(PABA- and PABA).

A R
PABA =
e +23152
./// ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
- 54806
o
(%]
c
(O]
w 62658
@)
n .-
PABA Yy —
/- +31004
.
L Na K Rb cs

considered S, / D, ion pair geometries

Figure S3: Single point SCF energies obtained for the PABA™ and PABA' species in the presence of a
positive point charge, replacing the respective alkali ion. Hereby, the optimized (DFT) ion pair
geometries were considered. All indicated energy values and the considered geometries were
obtained at the DFT/B3LYP-D3(BJ)/def2-TZVP level.

As the optimized ion pair geometries were considered, the distance between the point charge and the
carboxylate of PABA™ successively increases from the Li*- to the Cs*-species, provoking a destabilization
of PABA™ by 31004 cm™ along the series. For PABA  a similar trend is observed, which is however less
pronounced (with 23152 cm™) due to the absence of a negative charge to be stabilized by a cationic
counterion. Owing to these electrostatic effects, the energetic gap separating both curves in figure S3
decreases from 62658 cm™ for the Li* geometries to 54806 cm™ for the Cs* geometries. Other effects
such as the energetic differences caused by varying PABA™ geometries along the considered row (from
the Li* to Cs* geometries) play a minor role, as they lead to energetic shifts of merely about 1000-1500
cm™. Thus, the (almost) pure electrostatic effect, illustrated by the described simplified approach,
should further explain the red-shift observed for the IPs along the series from the Li*- to the Cs*-species,

whereby the size of the coordinating cation plays a crucial role.
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G) Measured and predicted NH stretching frequencies for the So state

Table S5: Experimental (V(NHsymexp.) and v(NHas,mexp.)) as well as calculated (v(NHsmtheo.) and
V(NHasymtheo.), scaled by 0.963) symmetric and asymmetric NH stretching frequencies for the
electronic ground state (So), as obtained at the DFT/B3LYP-D3(BJ)/def2-TZVP level. The predicted IR

intensities (Int.) are also given.

V(NHsymexp.) / cm™ | v(NHsmtheo.) / cm™ Int. / V(NHasymexp.) / cm™ V(NHasymtheo.) / cm™ Int. /
km-mol! km-mol?
PABAH 3446 3441 50 3540 3540 23
PABA- - 3382 0 - 3461 2
Li*PABA- 3433 3433 32 3522 3522 17
Na*PABA- 3425 3425 23 3513 14
K*PABA- 3420 3421 18 3507 13
Rb*PABA- 3419 3419 17 3505 12
Cs*PABA- 3419 3420 18 3506 12

Table S6: Experimental (V(NHsymexp.) and v(NHas,mexp.)) as well as calculated (v(NHsmtheo.) and
V(NHasymtheo.), scaled by 0.969) symmetric and asymmetric NH stretching frequencies for the
electronic ground state (So), as obtained at the SCS-ADC(2)/def2-TZVP level. The predicted IR

intensities (Int.) are also given.

V(NHsymexp.) / cm™ | v(NHgmtheo.) / cm™ Int. / V(NHasymexp.) / cm™ V(NHasymtheo.) / cm™ Int. /
km-mol™ km-mol™!
PABAH 3446 3443 40 3540 3547 22
PABA- - 3394 0 - 3489 4
Li*PABA- 3433 3433 25 3522 3535 16
Na‘PABA- 3425 3429 19 3529 14
K*PABA- 3420 3425 15 3525 13
Rb*PABA- 3419 3424 14 3524 12
Cs*PABA- 3419 3424 14 3523 12
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Experiment
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Figure S4: Comparison between the measured symmetric NH stretching frequencies (IR/R2PI
experiments) and the values predicted by DFT calculations (DFT/B3LYP-D3(BJ)/def2-TZVP; scal.: 0.963)
for the electronic ground state (So). Please note that the depicted sticks do not represent the predicted

or measured IR intensities.

Experiment

Cs .
Rh< Na Li

—1
3370 3380 3390 3400 3410 3420 3430 3440

SCS-ADC(2)
PABA" %%‘ N‘a |_‘|

T 1T - T 1 1
3370 3380 3390 3400 3410 3420 3430 3440

wavenumber / cm™

Figure S5: Comparison between the measured symmetric NH stretching frequencies (IR/R2PI
experiments) and the values predicted by SCS-ADC(2)/def2-TZVP calculations (scal.: 0.969) for the
electronic ground state (So). Please note that the depicted sticks do not represent the predicted or

measured IR intensities.
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Remark on the calculated NH stretching frequencies in the So state

As we opted for the SCS-ADC(2) approach in order to calculate adiabatic excitation energies, geometry
optimizations as well as (numerical) harmonic frequency calculations were also performed at this level.
Thus, it was guaranteed that the obtained geometries are indeed minimum structures, so that the

excitation energies could be deduced on the basis of these structures.

The NH stretching frequencies obtained at the SCS-ADC(2)/def2-TZVP level yield the same trend as the
experimental IR spectra and the DFT predictions. But interestingly, the experimental trends observed
for the symmetric NH stretching frequencies in the So state are better reflected by DFT than by the

computationally more expansive SCS-ADC(2) calculations.

H) IR/R2PI spectra

Lit PABA-
PABAH Na"' PABA_
3540 L Hasym)
V(NHasym) 3522
V(NHgyp,) V(NHgym)
&48 V(OH) 3433 V asym thea V(NHasvm,theu)
3597 3425
3300 3400 3500 3600 3700 3800 3300 3400 3500 3600 3700 3800 3300 3400 3500 3600 3700 3800
+ _
K+ PABA- Rb* PABA- Cs™ PABA
V(NHgm) V(NHyym)
3420 3419 V(NHsym)
419

3300 3400 3500 3600 3700 3800
wavenumber of IR-laser / cm™

3300 3400 3500 3600 3700 3800
wavenumber of IR-laser / cm™

3300 3400 3500 3600 3700 3300
wavenumber of IR-laser / cm™

Figure S6: IR/R2PI spectra for the para aminobenzoic acid monomer (PABAH) and its alkali ion pairs
M*PABA", measured via the respective 0o’ transitions. The stick spectra added for Li*PABA™ and
Na*PABA™ illustrate that the asymmetric NH stretching frequency v(NHaqm) is to be expected in the
spectral gap of the applied DFM1/OPA laser system (3460-3520 cm™) for Na*PABA™ (and all ion pairs
with larger alkali ions).
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1) UV/UV/IR spectra
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Figure S7: UV/UV/IR spectra for the M*PABA ions, measured via the respective 0¢° transitions. It should
be noted that the minor peaks on the fragment mass traces K*PABA-CO,, Rb*PABA-CO, and
Cs*PABA-CO; around 3700 cm™? result from non-resonant IR-photodissociation due to intensity peaks
of the IR laser power in that spectral region. The asymmetric NH stretching bands may be found in the
spectral gap of the applied DFM1/OPA laser system or do not lead to efficient IR fragmentation.
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J) Optimized (DFT) geometries for the detected photofragments

Li*PABA-CO;
m-complex o-complex
2750 cm™! ; Ocm™ 5 ;
Na*PABA-CO;
o-complex
n-complex w ‘
; 336cm™

K*PABA-CO; Rb*PABA-CO;

ni-complex ‘

‘ m-complex

Cs*PABA-CO; ‘

m-complex

X

Figure S8: Optimized DFT (B3LYP-D3(BJ)/def2-TZVP) geometries for the M*PABA-CO, fragments
formed by IR photodissociation.

143



Publications and manuscript drafts

K) Measured and predicted NH stretching frequencies for the Do state
Experiment
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Figure S9: Comparison between the measured symmetric NH stretching frequencies (UV/UV/IR
experiments) and the values predicted by DFT calculation (DFT/B3LYP-D3(BJ)/def2-TZVP; scal.: 0.963)
for the electronic ground state (Do). Please note that the depicted sticks do not represent the predicted
or measured IR intensities.

Table S7: Experimental (V(NHsymexp.) and v(NHas,mexp.)) as well as calculated (v(NHsmtheo.) and
V(NHasymtheo.), scaled by 0.963) symmetric and asymmetric NH stretching frequencies for the ionic
ground state (Do). Frequency calculations were performed at the DFT/B3LYP-D3(BJ)/def2-TZVP level.
The predicted IR intensities (Int.) are also given.

V(NHsymexp.) / cm™ | v(NHgmtheo.) / cm™ Int. / V(NHasymexp.) / cm™ V(NHasymtheo.) / cm™ Int. /
km-mol! km-mol!
PABAH* - 3393 322 - 3499 95
PABA 3450 68 - 3551 28
Li‘PABA' 3400 3402 298 - 3509 88
Na*PABA' 3405 3411 294 - 3519 85
K*PABA’ 3410 3419 474 - 3529 78
Rb*PABA' 3412 3422 499 - 3532 76
Cs*PABA' 3414 3423 522 - 3534 75
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L) Total spin densities in the Do state (DFT)

Table S8: Total spin densities on the N and O atoms, as obtained from the natural bond orbital (NBO)
analysis, performed at the DFT/B3LYP-D3(BJ)/def2-TZVPP level.

N atom spin density 03, O2 spin density

PABAH* -0.00092 0.52928, 0.52916
PABA' 0.33058 0.00181, 0.07906
Li*PABA 0.31696 0.03044, 0.03044
Na*PABA' 0.29084 0.05871, 0.05995
K*PABA 0.26559 0.09405, 0.09163
Rb*PABA’ 0.25590 0.10706, 0.10692
Cs*PABA 0.25175 0.11262, 0.11305

M) Orbital occupancies in the So state according to the NBO analysis (DFT)

Table S9: Orbital occupancies obtained for the antibonding 6*(N-H1) and 0*(N-H2) orbitals in the So
state. The NBO population analysis was performed at the DFT/B3LYP-D3(BJ)/def2-TZVPP level.

occ. a*tot(N-H:), occ. a*tot(N-H.)

PABAH 0.00776/0.00777

PABA- 0.00791/ 0.00791
Li*PABA- 0.00778/ 0.00778
Na*PABA- 0.00774/ 0.00776
K*PABA- 0.00774/ 0.00774
Rb*PABA- 0.00775/0.00771
Cs*PABA- 0.00773/ 0.00775

145



Publications and manuscript drafts

7.2 Publication [2]

Reprint License

Chromone-methanol clusters in the electronic ground
and lowest triplet state: a delicate interplay of non-
covalent interactions

P. Boden, P. H. Strebert, M. Meta, F. Dietrich, C. Riehn and M. Gerhards, Phys.
Chem. Chem. Phys., 2022, 24, 15208 DOI: 10.1039/D2CP01341J ®

To request permission to reproduce material from this article, please go to

the Copyright Clearance Center request page.

If you are an author contributing to an RSC publication, you do not need to

request permission provided correct acknowledgement is given.

If you are the author of this article, you do not need to request permission to
reproduce figures and diagrams provided correct acknowledgement is given.
If you want to reproduce the whole article in a third-party publication
(excluding your thesis/dissertation for which permission is not required)

please go to the Copyright Clearance Center request page.

Read more about how to correctly acknowledge RSC content.

146



7% ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Chromone—methanol clusters in the electronic
ground and lowest triplet state: a delicate
interplay of non-covalent interactionst

l '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 15208

Pol Boden,:? Patrick H. Strebert,#® Marcel Meta,? Fabian Dietrich, () *2°
Christoph Riehn 2 *® and Markus Gerhards " §°

Chromone offers two energetically almost equivalent docking sites for alcohol molecules, in which the
hydroxyl group is hydrogen bonded to one of the free electron pairs of the carbonyl O atom. Here,
the delicate balance between these two competing arrangements is studied by combining IR/R2PI and
UV/IR/UV spectroscopy in a molecular beam supported by quantum-chemical calculations. Most
interestingly, chromone undergoes an efficient intersystem crossing into the triplet manifold upon
electronic excitation, so that the studies on aromatic molecule-solvent complexes are for the first time
extended to such a cluster in a triplet state. As the lowest triplet state (T;) is of ground state character,
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powerful energy decomposition approaches such as symmetry-adapted perturbation theory (SAPT) and
local energy decomposition using the domain-based local pair natural orbital coupled—cluster method
(DLPNO-CCSD(T)/LED) are applied. From the theoretical analysis we infer for the T, state a loss of
planarity (puckering) of the 4-pyrone ring of the chromone unit, which considerably affects the interplay
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Introduction

The role of dispersion interactions in chemistry has been
underestimated for a long time. However, they have meanwhile
turned out to play an important role in understanding the
binding behavior of molecules, which is of fundamental impor-
tance for, e.g., (bio)chemical processes and catalysis." The
so-called “London dispersion” appears as an attractive potential
between non-polar molecules or molecular parts and is balanced
by Pauli repulsion at short distances. Due to the nature of London
dispersion being cumulative and nearly pairwise additive with
respect to the size of the molecule, the importance of this
interaction for large molecules cannot be understated. For
medium-sized molecules, especially molecular clusters, they
also represent a key factor to determine structural preferences.
Thus, it is imperative to investigate dispersion-bound systems
for developing and enhancing theoretical models, which can
then be applied to more complex systems. A promising path
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between different types of non-covalent interactions at the two possible binding sites.

is the investigation of molecular clusters, which represent
balances for exploration of the different binding motifs and
sites for small solvent molecules. For this purpose, so-called
“solvation balances” were extensively studied on complexes
between aromatic ether molecules (diphenyl ether, phenyl vinyl
ether, different furans) and various alcohols,>® combining
several spectroscopic methods (FTIR, IR/UV, MW) in molecular
beam experiments. Furthermore, studies of the carbonyl solva-
tion balances have been launched by the Suhm group.’ They
investigated aggregates between acetophenone derivatives
(with varying alkyl substituents) and various alcohols (with
different alkyl residues) by FTIR spectroscopy in molecular jet
experiments combined with DFT-based theoretical studies.'
In the same context, they also analyzed pinacolone-alcohol
clusters,"" as well as phenol-halogenated acetophenone com-
plexes.'” Other work on ketone-solvent complexes'® in the gas
phase comprises studies on complexes between camphor and
various H-bond donor molecules'* and investigations of fenchone-
solvent aggregates'® (phenol/benzene vs. water/ethanol).

All these studies are focused on molecular aggregates in the
electronic ground state (S,). In contrast, the studies of dispersion
interactions in electronically excited states are scarce.'® Fabrizio
et al.’’ show the importance of dispersion for photochemical
processes in molecular switches in a computational study. Further
theoretical studies on excited state properties are limited to small
clusters, e.g. ethene-argon or formaldehyde-methane."® In that

This journal is © the Owner Societies 2022
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context, a cross-reference should be given to exciplexes, although
only weakly-bound in the ground state and often dominated
by charge transfer interactions in the excited state, are related
to this topic."® The aforementioned investigations on diphenyl
ether (DPE) with methanol®*® and tert-butanol® have also been
applied towards the excited state (here S;). However, a quantifi-
cation of the dispersion or other interactions was not possible,
since the established energy decomposition methods are yet
limited to studies on electronic ground states, while their appli-
cation to electronically excited-states is still under development.

Extending the investigation of microsolvated ketones to
electronically excited states, we here study aggregates between
chromone, i.e., 1,4-benzopyrone (an isomer of coumarin), and
methanol both in the electronic ground state (S,) as well as in
the lowest triplet state (T;). Similar to the structurally related
xanthone,”* chromone undergoes a fast and efficient intersystem
crossing into the triplet manifold®* after electronic excitation,
which may thus also be expected for the chromone-methanol
aggregates. The advantage (for theoretical studies) of investi-
gating the T, state (in contrast to S/S,) lies in its ground state,
i.e., lowest energy triplet state, character giving the opportunity to
apply powerful energy decomposition analysis approaches, like
SAPT**?* (symmetry-adapted perturbation theory) and DLPNO-
CCSD(T)/LED*>?” (local energy decomposition domain-based
local pair natural orbital coupled-cluster method).

In the chromone-MeOH complexes produced in our molecular
beam experiments, the chromone unit acts as a UV chromophore
within the complex providing the possibility for two-photon
ionization, a prerequisite for the applied R2PI (resonant two-
photon ionization) and IR/R2PI (infrared/resonant two-photon
ionization) spectroscopy. The electronically excited state is
accessible by the related UV(excitation)/IR/UV(ionization) tech-
nique, which has been used in our group for the investigation
of (among others) xanthone®'(T;), 3-hydroxychromone®® (S;)
and DPE-solvent clusters (S,).>>%%2°

Within the chromone-MeOH complexes, the decisive struc-
tural element is given by the two free electron pairs of the
carbonyl group, which exhibit distinct stabilization by a fine
interplay between electrostatic H-bond interactions (mainly
due to coordination of the OH group to a carbonyl O lone pair)
and dispersion interactions (including C-H- - -O contacts invol-
ving the OH group of methanol and the C-H groups of the
chromone unit). For illustration, the relevant binding sites,
which will be named “inside pocket” and “outside pocket” in the
following, are sketched in Fig. 1. The main goals of our investiga-
tion are now: is it possible to assign a preference for one of the
binding sites by spectroscopy and quantum chemical calcula-
tions and does this preference change upon electronic excitation?

The choice of chromone also eliminates a theoretical chal-
lenge: due to very similar docking sites on the chromone unit,
similar ZPVE (zero point vibrational energy) values can be
expected for both binding sites, resulting in nearly complete
error cancellation for the ZPVE. This aspect is a major difference
compared to previous studies®®*?° which elucidate the subtle
energetic balances between isomers of the distinct binding
motifs OH: - -O and OH: - -7.
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Fig. 1 Left: Schematic depiction of the chromone-solvent cluster
with the “inside” and "outside” pocket, stabilized by secondary C-H---O
contacts. Right: Lewis structure of the chromone-solvent cluster with
selected geometry parameters.

Finally, our studies on the competition between electro-
static, induction and dispersion interactions, combining mole-
cular beam experiments and quantum theory, are for the first
time extended to aromatic molecule-solvent complexes in an
electronically excited triplet state. The major quest is to com-
pare the importance of these interactions in different electronic
states with regards to relative isomer stabilities and the struc-
tural consequences for hydrogen-bonded aggregates.

Experimental methods

The experimental setup for IR/UV experiments is described in
detail elsewhere,* thus only a brief description is given here.
All experiments were carried out in a molecular beam apparatus
consisting of a differentially pumped linear time-of-flight (TOF)
mass spectrometer with a pulsed valve (General Valve Iota One,
500 pm orifice) for skimmed jet expansion. Chromone was
purchased from Sigma-Aldrich (99%) and used without further
purification. Methanol (Merck, 99.9%) was supplied via a cooled
reservoir (—16 °C) and co-expanded with chromone (heated up to
35 °C) using neon as carrier gas (3.0 bar).

For the two-color R2PI, IR/R2PI and UV/IR/UV experiments
up to three tunable nanosecond laser systems are used: two
independent UV laser systems and one IR laser system. The UV
laser radiation is generated by second-harmonic generation in
a BBO crystal using the output of a dye laser (Sirah, Precision-
Scan) pumped by the second or third harmonic (1 = 532,
355 nm) of a Nd:YAG laser (Spitlight 1000 or 1000.2, Innolas).
IR radiation in the region of 3130-3750 cm ™' is generated with
a LiNDbO; crystal by difference frequency mixing (DFM) of the
fundamental (1 = 1064 nm) of a seeded Nd:YAG laser (Pro 230,
Spectra Physics) and the output of the dye laser pumped by the
second harmonic (4 = 532 nm) of the same Nd:YAG laser.
The obtained IR radiation is amplified by using an optical
parametric amplification (OPA) process in a further LiNbO;
crystal using the DFM output and again the fundamental
(4 = 1064 nm) of the Nd:YAG laser.

The two-color R2PI spectra were recorded using two un-
focused UV lasers. For all experiments, the UV ionization laser
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(~0.3 mJ pulse") is fired 70 ns after the UV excitation laser
(1 mJ pulse ). For the TR/R2PI spectra, the tuned IR laser
(~8 mJ pulse ) is fired 50 ns prior to the UV excitation laser,
whereas for the UV/IR/UV spectra the IR laser is fired 20 ns after
the UV excitation laser to avoid temporal overlap of the laser
pulses.

Computational methods

For the theoretical approach, starting geometries for chromone-
methanol clusters were obtained using the CREST algorithm®’ by
the Grimme group. Calculations of the ground state and electro-
nically excited states were performed using (TD)DFT. We choose
the CAM-B3LYP?! as functional, def2-TZVP*** as basis set and
used Grimme's D3 correction® with Becke-Johnson damping®®
to account for dispersion interaction. Geometry optimizations
were carried out using the Berny algorithm in Gaussian 16°’
and calculating energies and gradients with Turbomole 7.5.%®
A subsequent harmonic frequency calculation was used to
check for imaginary frequencies confirming a minimum struc-
ture. Harmonic frequencies for excited state geometries were
computed using the NumForce script with the option “-central*.
All harmonic frequencies were corrected with a scaling factor of
0.95.%

Relaxed scans of the potential energy surface in the electronic
ground state and excited triplet state were performed to estimate
the isomerization barrier between the “inside” and “outside”
structure by variation of the COH angle.

Energy decomposition calculations were performed using
the SAPT0**** method implemented in Psi4"" using the basis set
jun-cc-pVDZ.>* A second approach used the DLPNO-CCSD(T)/
LED*”*> method implemented in Orca 5.0.0.*% As basis set
def2-TZVP**7** was chosen, furthermore the “TightPNO* option
was selected.

Results and discussion
Theoretical results

Chromone provides multiple possible binding sites for inter-
actions with solvent molecules, namely the carbonyl oxygen,
the ether oxygen and the m-system of the aromatic moiety.
We thus distinguish between OH: - -O(carbonyl), OH- - -O(ether)
and OH- - - structures. As expected from chemical intuition,
coordination to the polar carbonyl group, exhibiting a relatively
large dipole moment, is energetically preferred over coordination
to the ether group or the aromatic m-system. This is confirmed
by geometry optimizations using CAM-B3LYP-D3(BJ)/def2-TZVP
predicting two nearly isoenergetic OH- - -O(carbonyl) structures
for the chromone-methanol cluster as shown in Fig. 2, omitting
the corresponding enantiomers obtained by using the chromone
plane as a mirror plane. All other structures show significantly
higher relative energies (OH---O(ether), AE > 19.6 kJ mol ;
OH-- -1, AE > 20.1 k] mol ', see Fig. S7, ESI). Furthermore,
as demonstrated in the experimental results section, only the
OH stretching frequencies predicted for the carbonyl-bound
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Fig. 2 Optimized structures for the chromone—methanol cluster in the Sg
state with the respective relative electronic energies and zero-point
corrected energies (in brackets), as obtained at the DFT/CAM-B3LYP-
D3(BJ)/def2-TZVP level.

structures correlate with the experimental IR spectrum. Thus,
further discussions are limited to the two OH:--O(carbonyl)
isomers. As mentioned before, we will refer to these two motifs
as the “inside* and ‘“outside* isomers. The main difference
between both structures lies in their additional stabilization
via different CH---O contacts. We observe an 1,2-like contact
for the outside isomer and an 1,3-like contact for the inside
isomer, leading to different binding angles (especially
/. CO---H and / CH---O) for the docking solvent molecule.
We can distinguish both structures by their different calcu-
lated OH stretching vibrational frequencies which are 3421 cm™*
for the outside isomer and 3467 cm ' for the inside isomer
(scaled by 0.95%°). This difference is also visible in the corres-
ponding geometric parameters (Table 1) with an OH- - -O distance
of 1.838 A for the favored outside isomer and 1.842 A for the
inside isomer. For ether coordination, the OH---O distance is
considerably larger with 2.054 A, indicating a weaker hydrogen
bond and thus less stabilization of the cluster resulting in a
higher energy. Comparing the COH and OHO angles between the
two most favorable isomers yields further insight regarding the
energetic ordering (see Table 1). The outside (inside) isomer
exhibits a COH angle of 113° (135°) and an OHO angle of 165°
(166°), the latter deviating considerably from a linear arrange-
ment. The 1,3-contact for the inside isomer leads to this sub-
optimal COH angle, with a greater difference to a probably ideal
COH angle of 120° than for the outside isomer, which could be a
further reason for the energetic preference of the latter. We also
calculated the isomerization barrier with a relaxed potential
energy surface (PES) scan for the COH angle with values between

Table 1 Selected geometry parameters for the chromone—methanol
cluster in different electronic states, with the T, state treated at UDFT/
CAM-B3LYP-D3(BJ)/def2-TZVP level

Ground state S, Excited state T; Difference(Sy,T4)/%

Inside Outside Inside Outside Inside  Outside
d(C = 0)/A 1222 1.224 1252 1.255 +2.5 +2.5
d(OH- - -O)/A 1.842 1.838 1.886 1.869 +2.4 +1.7
d(OH)/A 0.972  0.974  0.969  0.972 —0.3 —0.2
£ (CO---H)/° 135.0 112.8 134.5 112.1 —0.4 —0.6
£ (OH---0)° 167.2 164.6 166.0  160.7 —0.7 —2.4
d(CH---O)/A 2.291 2425 2316 2315 +1.1 —4.5
L (CH- . ~O)/° 162.4 129.1 159.3 132.6 —-1.9 +2.7
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110° and 230° resulting in a barrier of 11.5 kJ mol™" for the
electronic ground state (Fig. S18, ESIT).

Furthermore, calculations of excited state properties were
carried out using TDA-TDDFT/CAM-B3LYP-D3(B])/def2-TZVP.
The two lowest singlet and triplet excited states were investigated
(see ESIT), with a special focus on the T, state, exploiting its
“ground state nature” by applying an UDFT/CAM-B3LYP-D3(BJ)/
def2-TZVP approach, which provides more reliable results than
the TD-DFT method with respect to the obtained geometry (see
Table S1, EST}).

The optimized geometries of the chromone-methanol cluster
in the T; state keep a strong preference for the OH- - -O(carbonyl)
structures, while the other motifs remain disfavored (Fig. 3).
The AE between the inside and outside isomer increases from
1.2 kJ mol " (S) to 3.2 kJ mol " (Ty).

The main geometric parameters are listed in Table 1 and
emphasize that the general geometry is retained, except for the
elongation of the hydrogen bond and the carbonyl bond in the
T, state. This is caused by the loss of planarity (puckering)
of the chromone framework in the triplet state leading to a
double minimum potential for both motifs, with a barrier of
1.4 kJ mol ' (outside) and 1.2 k] mol " (inside), respectively
(Fig. S21-S22, ESI¥). Structurally, the C atom of the CH moiety
adjacent to the ether O atom lies outside the plane of the
chromone unit (Fig. 4).

For both the inside and outside structures, the puckered C
atom is displaced by around 0.3 A relative to its position in the
respective ground state geometry. Consequently, the dihedral
angle formed by O(ether)-C(puckered)-C-C(carbonyl) changes
from 0° in the S, state to around 20° in the T, state. For clarity,
we limit the discussion to the slightly more stable “down”
geometries (see Fig. S16, S17 and Tables S1, S2, ESIt). The
isomerization barrier between the inside and outside isomers
in the T, state is determined to 13.5 k] mol " by a relaxed scan
(Fig. S19 and S20, ESIt), similar to the ground state barrier.

The AE values are compared to other DFT methods, SAPT0
and DLPNO-CCSD(T), as given in Table 2. All methods predict a
larger dispersion interaction for the inside isomer. The value
obtained from the D3(BJ) dispersion correction used in DFT
yields a good approximation compared to the assumably
“correct” energy decomposition approaches.

o
0.0 kd/mol

3.2 kd/mol
(3.2 kJ/mol)

16.1 kd/mol
(14.7 kJ/mol)
Fig. 3 Optimized structures for the chromone-methanol cluster in the T,
state with the respective relative electronic energies and zero-point

corrected energies (in brackets), as obtained at the UDFT/CAM-B3LYP-
D3(BJ)/def2-TZVP level.
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Fig. 4 Overlay of the ground state (Sp) and puckered excited triplet state
(T4) geometry for the inside (“down") isomer. The puckering of the carbon
atom is clearly visible. Structures obtained at (U)DFT/CAM-B3LYP-D3(BJ)/
def2-TZVP level.

Table 2 Relative energies and dispersion energies for the chromone-
methanol cluster in the Sy state, as obtained by various theoretical
methods

Method E(in)-E(out) AEgisp
CAM-B3LYP/def2-TZVP 1.8 —
CAM-B3LYP-D3(BJ)/def2-TZVP 1.2 —1.1
PBE0-D3(B]J)/def2-TZVP 1.5 —~1.2
SAPTO/jun-cc-pVDZ 0.6 -1.3
DLPNO-CCSD(T)/def2-TZVP 1.5 -0.8

As mentioned above, the goal of this study is to investigate
the delicate balance between the inside and outside isomers.
In order to gain insight into the relevant interactions leading to
the energetic ordering of the isomers, energy decomposition
calculations were performed to quantify the dispersion and
other interactions. The energy values obtained by the SAPTO
calculations are shown in Table 3 (similar analysis for DLPNO-
CCSD(T)/LED can be found in Table S4, ESIt). The strongest
interaction, as expected for a hydrogen-bonded cluster, is
the electrostatic interaction, showing a clear preference for
the outside isomer, confirming the hypothesis of its stronger
hydrogen-bond. The induction and dispersion interactions are
significantly weaker for both isomers. It is important to note that
the induction energy does not differ significantly between both
motifs, while the dispersion interaction is stronger for the inside
isomer, somewhat compensating for the weaker hydrogen bond.
This can be rationalized by the shorter center-of-mass distances
between the chromone and methanol moieties: 4.76 (inside) and
5.36 A (outside). The larger dispersion energy in the SAPT
approach leads to a reduced AE of 0.6 kj mol * in comparison
to the (dispersion-corrected) DFT value of 1.2 k] mol . Analyzing
the energetics for the T; state reveals that the strongest interaction
is here the repulsive exchange interaction, with the attractive
electrostatic contribution being slightly weaker, while induction
and dispersion interactions are significantly weaker.

If we compare these values with the ones for the electronic
ground state, it is revealed that the electrostatic interaction
decreases by 14 kJ mol™ " (inside) and 10 k] mol™" (outside),
while the induction interaction is reduced by 5 k] mol ™" (inside)
and 3 kJ mol ' (outside). At the same time, the repulsive
exchange is also decreased by 7 k] mol " (inside) and 2 kJ mol *
(outside). The dispersion interaction is only slightly weaker in the
triplet state, reduced by ca. 1.2 k] mol " for both isomers.
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Table 3 Results of energy decomposition analysis by SAPTO/jun-cc-pVDZ. The raw values for each interaction for the respective electronic state and
isomer (col. 2-5), the energy difference between the inside and outside isomer for each interaction (col. 6 and 7), the change in AE going from the Sg to
T, state (col. 8), giving insight which interactions influence the change in AE, and the modulation (col. 9 and 10) of each interaction in the T, state
expressed in their relative strength compared to the Sy state. All values are given in kJ mol™, except col. 9 and 10. Positive values in col. 6-8 refer to
stabilization of the outside structure relative to the inside isomer, in col. 9,10 a lower value indicates a weaker interaction in the T, state compared to the
corresponding value in the Sy state. A detailed overview of each contribution can be found in the ESI (Table S3)

Inside Outside Inside Outside AAE E (T4, in)/E E (T4, out)/E
isomer (Sy) isomer (Sy) isomer (T,) isomer (T;) AE (So) AE (Ty) (So, T4) (So, in) (So, out)
Electrostatics —57.9 —60.4 —43.5 —50.8 2.5 7.3 4.8 0.75 0.84
Exchange 57.5 58.7 50.4 56.5 —-1.2 —6.1 —4.8 0.88 0.96
Induction —18.2 —18.9 —13.5 —16.0 0.6 2.4 1.8 0.74 0.85
Dispersion —16.4 —15.2 —15.2 —14.0 -1.3 —-1.2 0.0 0.93 0.92
Eo/k] mol —35.1 —-35.7 —21.8 —24.2 0.6 2.4 1.8 0.62 0.68

Consequently, the interplay of electrostatics, induction and
exchange is responsible for the increased AE for the two
discussed isomers in the triplet state, while London dispersion
does not influence the carbonyl balance. The observed trend is
consistent with the increased C—0 and O- - -HO bond distances
in the T, state, suggesting weaker hydrogen bonding and
resulting in overall smaller interaction energies (see Table S5,
ESIT). At this point, we propose to analyze the relative instead of
the absolute energy differences between the S, and T, states,
unraveling further insights on the interplay of the different
interaction terms (Table 3, last two columns). We observe an
interesting behavior for the electrostatic and induction terms.
Comparing the T, values in relation to the S, values, we can
state that both interactions drop to around 75% for the inside
motif, while only dropping to 85% for the outside motif.

This is not a simple geometric effect, since the dispersion
energy decreases similarly for both structures to around 92%
of its original value. A possible explanation for the energy
reduction of the outside structure could be the fact that the
distortion of the chromone framework and the spin density is
localized strongly onto the 4-pyrone ring, including the bond
responsible for the CH---O contact (see Fig. S15, ESI{). Thus,
for the outside isomer, both the electronic and geometric
structure of the ring can better adapt to the situation in the triplet
state, leading to an improved interaction between the methanol
and the chromone. This is also manifested by the lowering of
the CH:--O distance by 4.5% for the outside motif, while it is
increased for the inside motif.

Experimental results
R2PI experiments

As mentioned in the introduction, fast ISC is observed for
isolated chromone® and for the structurally related xanthone,”*
thus similar behavior is expected for chromone-methanol aggre-
gates. The R2PI spectra are obtained via a two-color R2PI process,
scanning the UV excitation laser and keeping the UV ionization
laser frequency-fixed. By varying the time delay between the
ns-UV excitation pulse and ns-UV ionization laser pulse the fast
(sub-ns) generation of a long-lived excited state (probably a triplet
state populated by ISC) could be confirmed: at a delay of 23 s a
strong ion signal of the chromone-methanol clusters is still
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present. In the molecular beam expansion not only clusters
comprising one single methanol molecule are observed, but
at the same time a multitude of higher clusters comprising
several (up to 10-15 methanol molecules) are also obtained.
As discussed further down, this strong aggregation behavior
has some experimental disadvantages, but allows us to estimate
a possible excited state lifetime dependence on the cluster size.
However, at least for time delays of up to 23 ps between the
excitation and ionization laser pulses, the mass signal distribu-
tion (and thus cluster size distribution) in the recorded mass
spectra is largely unchanged (see Fig. S2, ESIf). This means
that all observed cluster sizes should have similar excited state
lifetimes. We conclude that most probably an ISC into a triplet
state with long lifetime takes place for the chromone-methanol
clusters, which is in accordance with the studies of Itoh,** who
reported gas vapor UV and emission spectra for chromone, and
also in line with prior studies on xanthone®" performed in our
group. Finally, we chose a time delay of 70 ns for our experiments
to minimize the required spatial shift of the lasers due to the
velocity of the molecular beam while still avoiding temporal
overlap of the laser pulses.

The R2PI spectrum of chromone, recorded with the UV
ionization laser set to a frequency of 46838 cm ™' exhibits a
strong band at 33 896 cm ™' (see Fig. S1, ESI). We assign this
band to the S, — S, transition in correspondence to gas
vapor UV spectra from literature®* (33 880 cm ). It should be
pointed out that a UV photoexcitation into the S, state (prior to
ionization) was not possible due to the weak absorption cross
section of the S, — S, transition.** This was further confirmed
by TD-DFT calculations (see Fig. S10, ESIt) and is again in
accordance with the studies on xanthone.*" In the accordingly
obtained R2PI spectra of chromone with one or more methanol
molecules, a strong shift of the S, — S, transition down to
33292 ecm ™' (chromone-methanol (1:1) cluster) is observed,
corresponding to a red-shift of 604 cm ™ relative to the value for
chromone, which increases with further addition of methanol
molecules (see Fig. S1, ESIY).

IR/UV experiments in the electronic ground state

The IR/R2PI spectra were recorded in the IR frequency range
from 3130 cm ™' to 3750 cm ™!, with the UV excitation laser fre-
quency set to 33292 cm™~ ' and the UV ionization laser frequency-
fixed at 46 838 cm~'. We observe multiple overlapping bands
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Fig. 5 Experimental and theoretical IR spectra for the chromone—-metha-
nol cluster in the Sy state. Bands marked with asterisks result from UV
fragmentation of higher chromone—-methanol(-water) clusters. A convo-
lution of five Gaussians (green) is fitted to the spectrum. The red and blue
Gaussians were assigned to the outside and inside isomers, respectively.
Calculated OH stretching frequencies were obtained at CAM-B3LYP-
D3(BJ)/def2-TZVP level and scaled by 0.95.

indicating that more than one species contributes to the IR
spectrum of the chromone-MeOH cluster (Fig. 5). By comparing
this IR spectrum with the spectra obtained at higher mass traces
(see Fig. S3, ESIt) corresponding to clusters with two and more
methanol (as well as water) molecules, several features marked
with asterisks in the IR spectrum of chromone-methanol are
assigned to IR transitions of higher clusters (with more than
one methanol molecule) or chromone-methanol-water clusters
(feature at 3719 c¢m™'), appearing in the IR spectrum of
chromone-methanol due to UV photofragmentation of the
respective larger clusters.

Typically, larger alcohol clusters show strong, anharmonic
and thus particularly red-shifted OH stretching frequencies,
while features around 3720 cm ™" (free OH stretching vibration
of H,0) are a hint on the formation of water clusters in the
molecular beam expansion which are difficult to avoid for
hygroscopic substances. The neutral chromone-methanol com-
plexes are expected to undergo intersystem crossing into the
triplet-manifold upon UV photoexcitation, resulting in a large
amount of excess energy. This could explain why the discussed
photofragmentation effects could not be suppressed in usual
ways, like keeping the excess energy in the excitation and
ionization step moderate or by varying the expansion condi-
tions. Since the investigated aggregates are probed in the cold,
collision-free part of the molecular beam, isolated vibrationally
hot triplet state clusters formed upon intersystem crossing cannot
undergo vibrational relaxation by colliding with the expansion
gas (neon). Therefore, we assume that the chromone-solvent
clusters (especially the probably more labile larger clusters)
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tend to dissipate energy by evaporative cooling,** specifically
detachment of solvent molecules. We calculate the energy differ-
ence between the T, and S, state to be around 160 k] mol ™" (see
Fig. S10, ESIf), which would require evaporation of multiple
methanol molecules for (partial) cooling. This may explain
the strong photofragmentation effects observed in the IR/R2PI
spectra, since the IR laser is applied temporally prior to the first
UV laser and thus before the discussed fragmentation process.
Nevertheless, the IR spectrum depicted in Fig. 5 shows two
intense features at 3419 and 3470 cm ' that can be assigned
with high confidence to two distinct isomers of the chromone-
methanol cluster. Indeed, these two bands are in excellent
agreement with the OH stretching frequencies predicted by
quantum-chemical calculations (CAM-B3LYP-D3(BJ)/def2-TZVP
level) for the two energetically favored structures, namely the
“outside pocket” (3421 cm ') and “inside pocket” (3467 cm™")
isomers. This strongly supports the formation of both OH- --O
bound isomers in the molecular beam expansion, moreover
because the OH- - -O(ether) and OH- - -« structures would exhibit
resonances at higher wavenumbers (see Fig. S7, ESIT), closer to
the value for free methanol*® at 3686 cm™*. Thus, the presence
of both (expected) isomers is highly suggested by the experi-
mental results presented above, whereby isomerizations between
both arrangements seem unlikely due to a high interconversion
barrier between both local minima. As mentioned in the theo-
retical results, this barrier was calculated by a relaxed poten-
tial energy surface scan (PES) and estimated to be around
11.5 kJ mol ™', a value that makes isomerization during the
molecular beam expansion unlikely. Nevertheless, the small
energetic difference between both isomers also supports the
direct population of both isomers within the adiabatic expansion.

However, even if the inside and outside isomers are both
observed in the experiment, both minima may not be popu-
lated in equal amounts in the molecular beam. Although
quantitative assignments based on our IR/UV experiments are
difficult, a tentative estimation should be possible in the
specific case treated here, since similar UV oscillator strengths
are expected for both isomers in question (see predictions of
TDDFT in the ESI}). Likewise, the predicted intensities of the
respective OH stretching modes are in the same order of
magnitude. Thus, it can be claimed that, without indicating
any precise value concerning the isomeric ratio between the
outside and inside structures, the outside isomer IR-band is
clearly more pronounced than the inside isomer band, so that
the outside isomer population should predominate in the
molecular beam (compared to the inside isomer contribution).
This observation is perfectly in accordance with the relative
energies of the competing minimum structures (see theoretical
results section, further analysis in Fig. S6, ESIT).

IR/UV experiments in the electronically excited state (T,)

The IR spectrum of chromone-methanol in its electronically
excited triplet state (T,), depicted in Fig. 6, was obtained by
applying the UV/IR/UV technique. Compared to the ground
state IR spectrum discussed above, the UV/IR/UV spectrum
shows significantly changed characteristics. First of all, it is
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Fig. 6 Experimental and theoretical spectra for the chromone—methanol
cluster in the T, state. A convolution of two Gaussians (green), represent-
ing the outside (red) and inside (blue) isomer peaks, is fitted to the
spectrum. Calculated OH stretching frequencies were obtained at CAM-
B3LYP-D3(BJ)/def2-TZVP level and scaled by 0.95.

almost free of any features which are caused by UV photofrag-
mentation of larger chromone-methanol clusters. There is one
sharp feature at 3720 cm™ ', marked with an asterisk, which is
again due to UV photofragmentation of chromone-methanol-
water clusters, but any further effects related to higher clusters
are not observed. This strengthens the hypothesis that strong
UV fragmentation of (especially larger) chromone-methanol
clusters occurs after intersystem crossing. Since the ISC process
can be expected to take place on a ps timescale, the IR laser
(fired about 50 ns after the UV excitation laser) is thus irradia-
ting the sample after the ISC and most probably also after the
evaporative cooling takes place. Thus, this could present a
plausible explanation for the absence of any major features
resulting from larger clusters in the UV/IR/UV spectrum of
chromone-methanol.

Finally, we observe a strong and structured band from
3330 em™ ' to 3600 cm ™' that can be deconvoluted into two
Gaussians with peak maxima at 3451 cm ' and 3510 cm
which are in excellent agreement with the predicted calculated
values of 3451 cm ™ (outside) and 3508 cm ™' (inside), respectively.
At this point it should also be noted that the spikes in the
measured band around 3450 and 3510 cm™ ' are caused by dips
in the IR laser power curve (see Fig. S5, ESIt for comparison).
Thus, both structural motifs assigned for the ground state (S,) are
retained in the T, state. As discussed in the theoretical results
section, the optimized geometries of the T; state isomers are
similar compared to those observed for the respective ground
state structures. However, the OH- - -O hydrogen bonds (and C—0
bonds) are slightly elongated for both motifs and thus weakened
compared to the S, state geometries (see Table 1), which explains
the blue-shift of the measured as well as the calculated OH
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stretching frequencies relative to the ground state OH vibrations
and is in line with the calculated lower binding energies (see
Table S5, ESIT).

The discussed cluster fragmentation effects upon UV photo-
excitation imply that any assumptions regarding isomerization
between outside and inside motifs upon ISC into the triplet
manifold should be handled carefully. Specifically, the popula-
tion of both the inside and outside minima may not only be
influenced by isomerization processes between both motifs,
but also by fragmentation of larger clusters onto the chromone-
methanol mass trace prior to IR probing. This means that
chromone-methanol clusters initially formed during the adia-
batic expansion and kept intact upon ISC, as well as chromone-
methanol aggregates generated by UV fragmentation of larger
clusters may both contribute to the depicted UV/IR/UV spectrum.
Thus, the population ratio between the outside and inside
minima in the T, state can have different origins. Nevertheless,
the outside isomer seems to be again clearly more populated
than the inside isomer motif (see deconvolution in Fig. 6).

Another remarkable aspect is that compared to the ground
state IR spectrum, the OH stretching bands observed in the
UV/IR/UV spectrum are rather broad. As already mentioned,
the clusters in the triplet-manifold cannot dissipate any energy
by collisions or other interaction with the environment. Thus,
it is quite probable that also (vibrationally) hot clusters are
probed in the UV/IR/UV experiment. This assumption may
explain the large width of the bands observed in the T, state
spectrum.

An additional rationalization for the broadening of the OH
stretching bands (especially for the outside isomer) could be
inferred from the fact that, as described in the theoretical
results section, the chromone unit in the chromone-methanol
cluster forms a puckered 4-pyrone ring when reaching the T,
state. Consequently, this effect leads to the occurrence of two
distinct local minima per binding motif, separated by a very low
interconversion barrier (see Fig. S21 and S22, ESIt). The larger
binding energy of the outside isomer could lead to the detec-
tion of clusters which are structurally and energetically more
displaced from the minimum structure. Hereby, a somewhat
distorted structure may exhibit a slightly distinct OH stretching
frequency (compared to the minimum geometry), leading to a
broadening of the measured IR band. In contrast to this, the
inside isomer, exhibiting a lower binding energy, might be
more likely to undergo fragmentation upon ISC if its structure
is slightly off its minimum geometry. For this reason, such hot
inside clusters may not contribute to the measured IR spectrum.
It should be further noted that the influence of the puckering
effect on the cluster stability should be relatively more pro-
nounced for the outside isomer due to the spatial proximity of
the puckered 4-pyrone ring and the methanol molecule.

Another reason for the distinct broadness of the two Gaus-
sian peaks could be that the outside isomer, with its red-shifted
OH stretching mode (relative to the inside isomer), exhibits a
comparatively broad potential well, leading to a relatively
increased bandwidth. However, a clear explanation for the
observed different broadening of the bands in the triplet-state

This journal is © the Owner Societies 2022
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is difficult to give, so that the aspects discussed above should
be merely considered as possible hypotheses.

Conclusions

We present the first results for IR/UV spectroscopic investiga-
tions of molecular clusters in the triplet state in general as well
as an analysis of the interplay of non-covalent interactions over
multiple electronic states. Slightly different cluster structures
(inside/outside pocket binding) for chromone-methanol have
been identified by quantum-chemical calculations and IR/UV
laser spectroscopic investigations. The presented results pro-
vide a case study for the influence of London dispersion
interaction in excited states, serving as a stepping stone for
further analysis in other molecular cluster systems. For chro-
mone-methanol, the balance is mainly influenced by electro-
static, induction and exchange interaction. It was shown that,
although collisional cooling in the cold part of the molecular
beam can be ruled out, meaningful UV/IR/UV measurements in
the T, state on molecular clusters are possible and may be
supported by the loss of excess energy after ISC via cluster
fragmentation effects, i.e. evaporative cooling. We observe a
significant blue-shift of the OH stretching band (relative to the
respective value for the cluster in its electronic ground state)
upon electronic excitation, indicating a weakening of the
hydrogen bond. This is indeed confirmed by binding energy
calculations and energy decomposition analysis (SAPTO).

Furthermore, the electronic excitation leads to a ring puck-
ering of the 4-pyrone unit with the spin density mostly localized
on the puckered carbon atom (see Fig. S15, ESIt). This leads to
a stronger differentiation between the two binding motifs since
the outside pocket is part of this flexible non-planar 4-pyrone
ring. Consequently, the energy difference between both motifs
increases upon electronic excitation. The energy decomposition
analysis reveals that the strength of the dispersion interaction
is only dampened slightly by the change in electronic and
geometric structure, whereas electrostatic, exchange and induc-
tion are strongly modulated depending on the binding site.
Finally, not the dispersion interaction leads to the increase in
AE, but stronger electrostatic and induction interaction is the
deciding factor on this delicate carbonyl scale.
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Experimental results

R2PI experiments on chromone and chromone-methanol clusters

R2PI spectra were measured for chromone and the chromone-(MeOH), clusters, based on previous
experiments on chromone.! Since chromone as well as the structurally related xanthone? both
undergo intersystem crossing (ISC) into the triplet manifold upon electronic excitation, an ISC is also
expected for the chromone-(MeOH), clusters. In the R2PI experiments, even at a delay of 23 us
between the excitation and ionization laser pulses, a strong ion signal was observed for the
chromone-(MeOH), aggregates, which makes an ISC plausible. For successful ionization, a two-color
process was required with the excitation laser scanned between 32522 cm™ and 34784 cm™. The
frequency-fixed ionization laser was set to 46838 cm™ and irradiated 70 ns after the excitation laser.
For isolated chromone we reproduced the 0-0 transition at 33896 cm™ (figure S1). Coordination of
one or more methanol molecules leads to a red-shift, resulting in bands at 33292 cm™ and
33204 cm™ for the chromone-MeOH and chromone-(MeOH), clusters, respectively. The band
broadens significantly upon methanol coordination leading to unstructured spectra for the higher
clusters, which are a first hint for UV fragmentation of larger clusters exhibiting similar UV
absorption.

chromone 33896

33292

chromone-(MeOH),

chromone-(MeOH),

chromone-(MeOH),

chromone-(MeOH),

32500 33000 33500 34000 34500 35000
wavenumber of UV laser / cm™'

Figure S1: 2C-R2PI spectra for the mass traces of chromone and chromone-(MeOH);.4 (from top to
bottom), with UV-ionization@46838 cm™. The redshift of the 0-0 transition upon addition of
methanol is indicated with a red line as a guide to the eye.

Within the context of the expected intersystem crossing with the suspected subsequent “evaporative
cooling” mentioned in the main manuscript, mass spectra with different time delays between the
excitation and ionization laser pulses were recorded to analyze the cluster distribution over time. For
the chromone monomer and the chromone-(MeOH), clusters up to n=6, the integrated signal
intensities were determined and illustrated in figure S2.
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Figure S2: Normalized integrated ion signal intensities as a function of the time delay between the
excitation and ionization laser pulses for chromone-(MeOH), clusters (n=1-6) and the chromone
monomer (top left, bottom left) and the same as relative proportions of the sum over all signals (top
right, bottom right). Despite the significant time-dependence of the total ion signal, the cluster
distribution does not change significantly for delays between 100 and 3000 ns, which is especially
visible when excluding the chromone monomer mass trace (bottom right).

Focussing on the top left diagram, it is noticeable that the sum of all considered ion signals shows an
increase from 100 to 1000 ns and a successive more pronounced decrease towards the final data
point at 4000 ns. To determine the cluster distribution, the relative proportion of each species was
calculated for each time delay, resulting in the plot at the top right. It can be seen, that only at larger
delay times (> 2000 ns), the relative chromone monomer ion signal intensity increases at the cost of
the chromone-(MeOH),; cluster signals, whereas the cluster distribution is constant for delays of
100 ns to 2000 ns.. Thus, the “evaporative cooling” process seems to be finished after at most
100 ns, since no significant changes in the cluster distribution can be observed afterwards until a
delay of 2000 ns. This is also supported by the nearly constant absolute ion signal of the chromone
monomer which should increase if fragmentation of chromone-(MeOH), clusters occurs. It seems
challenging to extract any further information from figure S2, as different effects could be
responsible for the decrease of the chromone-(MeOH), cluster signals at delays > 2000 ns. For
instance, the excited state lifetime of the (potentially hot) clusters (partially originating from
fragmentation of larger clusters) is unknown, but can be decisive for ionization via R2PI.
Furthermore, the excitation and ionization laser beams have to be spatially separated with increasing
time delay between excitation and ionization, so that the detection within the Time-of-flight mass
spectrometer might also influence this behavior. Nevertheless, omitting the constant chromone
monomer signal intensity from the calculation (bottom left, bottom right) reveals that the cluster

3



distribution of the chromone-(MeQOH), clusters can even be considered “stable” until 3000 ns. This
indicates that, most importantly, the cluster distribution does not show significant changes for a time
frame of 100 ns to 3000 ns and supports our claim that the “evaporative cooling” proposed in the
manuscript is already completed at a shorter time scale.

IR/UV experiments on chromone-methanol

chromone
T T

chromone-MeOH

chromone-(MeOH),

T T T r T T 1
3100 3200 3300 3400 3500 3600 3700 3800
wavenumber of IR-laser / cm™

Figure S3: IR/R2PI spectra for the mass traces of chromone and chromone-(MeOH):.,, UV-
excitation@33900 cm™, UV-ionization@46838 cm™; emphasizing that the features observed below
3400 cm™ on the chromone-MeOH mass trace are due to laser-induced fragmentation from larger
clusters.

Analyzing the IR/R2PI spectrum displayed in figure S3, the increase of the signal intensity on the
chromone monomer trace can be attributed to IR fragmentation of chromone-solvent clusters. The
features below 3400 cm™ on the chromone-methanol mass trace are due to fragmentation effects of
larger chromone-methanol clusters. Hereby, UV fragmentation effects should dominate, while the
influence of (possibly weaker) IR fragmentation effects cannot be excluded. However, the two
intense bands standing out at 3419 cm™ and at 3470 cm™ (highlighted with dashed lines) on the
chromone-MeOH trace are unambiguously assigned to the chromone-MeOH species, as the other
mass traces show no significant features in that spectral region (above 3400 cm™). The small peak at
about 3720 cm™ is a sign of fragmentation effects of larger chromone-(MeOH),-H,0 aggregates. The
broad unstructured feature on the chromone-(MeOH), trace is again very likely affected by UV (and
possibly IR) fragmentation of larger and less stable clusters.

The UV/IR/UV spectrum (figure S4) shows a broad structured band on the chromone-MeOH mass
trace (dashed line), which is definitely blue-shifted relative to the broad dip on the chromone-
(MeOH); trace. Thus, the major features on the chromone-MeOH trace can definitely be assigned to
the chromone-MeOH species and are not due to fragmentation. The small peak at about 3720 cm*
on the chromone-MeOH trace is explained by UV fragmentation of larger chromone-(MeOH),-H,0
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aggregates. The increase of the signal intensity on the chromone monomer trace is due to IR
fragmentation of the chromone-MeOH species (and larger chromone-solvent clusters).

chromone
r T

chromone-MeOH
r T

chromone-(MeQOH),
r T T T r T T !
3100 3200 3300 3400 3500 3600 3700 3800
wavenumber of IR-laser / cm™

Figure S4: UV/IR/UV spectra for the mass traces of chromone and chromone-(MeOH):.,, UV-
excitation@33900 cm™, UV-ionization@46838 cm™.

The sharp spikes which appear in the UV/IR/UV spectrum of chromone-methanol, in the spectral
between 3450 and 3510 cm™, are caused by dips in the available IR laser power. For demonstration,
the IR laser power curve for that spectral region is depicted in figure S5, together with the UV/IR/UV
spectrum measured for chromone-methanol.

a0 3400 3500 " 3600
wavenumber of IR-laser / cm™”
Figure S5: Laser power curve (grey trace) in comparison with the UV/IR/UV spectrum measured on

the chromone-methanol trace. The correlation between the dips in the IR laser power curve and the
discussed spikes observed in the IR experiment is illustrated by dashed grey lines.



Regarding the IR/R2PI and UV/IR/UV spectra of chromone-methanol a deconvolution with gaussians
was performed (figure S6) to obtain a rough estimate for the relative population of the two
competing isomers in the Soand T, state. For the Sy state the ratio of both peak integrals amounts to
72:28 in favor of the outside isomer. Correcting for the different IR intensity of the bands results in a
ratio of 66:34. Similarly, for the T, state, a ratio of 78:22 (uncorrected) and 72:28 (corrected) is
obtained. Importantly, these values should only be understood as a rough estimate since other
relevant factors as R2PIl cross-sections, cooling efficiency and depletion efficiency cannot be
addressed. Nevertheless, we can expect the increase in outside population to roughly match the
increase in AE for the triplet state, which can be calculated by applying the Boltzmann formula, under
the daring assumption that the temperatures in the Sp and T, state are comparable. The preference
for the outside isomer is clearly visible in the presented data, as well as the further increased
population of the outside isomer in the excited state (see below). Interpretation of this value is
difficult due to the inherent experimental errors. Nevertheless, the experimental prediction is close
to the DLPNO-CCSD(T) value of 0.636, but differing significantly from the DFT value of 0.382 (DFT).

N(out)
- = exp(—AE/RT

N(in) p(—AE/RT)

1 (N(Out)> AE /RT

n = -

N(in)
In (N(out, SO))
N(in,Sp) ] _ —AE(S)/RT _AE(S,) 0.702
In N(out,T;)\ —AE(T,)/RT AE(T))
N(in,Ty)
Aok, b\%‘"‘w\
'
.\
) *
\ f
- 1000 T T T T T T 1 _ 1000 T T T T T T 1
E 800 outside E’ 800
£ 3421 cm o £ outside
E 600 inside , = 600 3451 cm )
%‘ 4004 sieliem 2 4001 ?géiecm‘
E 200 £ 200
€ x
3100 3200 3300 3400 3500 3600 3700 3800 03100 3200 3300 3400 3500 3600 3700 3800
wavenumber of IR laser / cm™ wavenumber of IR laser / cm™

Figure S6: Theoretical and experimental IR spectra for the So (left) and T (right) state including
gaussian fit functions to evaluate relative isomer populations. The convolution of all peaks (green) is
composed of the inside (blue) and outside (red) peak with additional fragmentation peaks (purple,
yellow, brown). Calculated OH stretching frequencies are obtained at CAM-B3LYP-D3(BlJ)/def2-TZVP
level, scaled by 0.95.



In the main manuscript, the experimental IR/R2PI were compared with the three energetically lowest
structures since already the ether-bound cluster is energetically strongly disfavored compared to the
carbonyl-bound clusters. Here, a full comparison of the experimental spectrum with all nine
calculated isomers is shown (figure S7). All energetically less favored structures (AE > 15 kJ mol?)
show a strongly blue-shifted OH stretching vibration relative to the experiment. Furthermore, the IR
intensity of the considered vibration is significantly lowered because no coordination with the highly
polar carbonyl group takes place. Thus, only the first two isomers are taken into consideration.
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Figure S7: Calculated structures of chromone-MeOH with their respective electronic energies (left)
and their respective IR spectra (right), compared with the experiment (red lines), showing that the
carbonyl-bound structures exhibit the observed red-shift of the OH stretching band. Geometry
optimizations and harmonic frequency calculations were performed at CAM-B3LYP-D3(BJ)/def2-TZVP
level. Vibrational frequencies are scaled by 0.95.



IR/R2PI experiments on higher clusters

We also investigated the chromone-(MeOH), complex in the electronic ground state, with the
guantum chemical calculations identifying multiple structure types. For all energetically relevant
isomers, a first methanol molecule is linked to the carbonyl group of the chromone unit. The
additional methanol molecule is either hydrogen-bonded to the first solvent molecule (isomers 1-10
in figure S9) or can occupy another free binding site of chromone, such as the second free electron
pair at the carbonyl oxygen atom (isomers 11-12 in figure S9). Hereby, the calculations clearly show
that the first option is energetically advantaged, with a strong preference for the outside binding
motif in comparison to the inside type. However, the measured spectrum (in figure S8) is not well
resolved, so that we are not able to assign one specific structure to the experiment. Nevertheless,
the outside-bound isomers 1 and 2, which are further stabilized via C-H---O contacts between
chromone and the additional methanol molecule, exhibit the right pattern to be correlated to the
spectrum, while (minor) contributions of other isomers, especially isomers 3-5 with occupation of the
inside pocket, cannot be excluded. Finally, we cannot assign a specific outside-bound cluster, but
may state that this motif contributes strongly to the experimental spectrum. This is further
supported by the relative energy, which assigns the global minimum to these structures.
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Figure S8: IR/R2PI spectrum of chromone-(MeOH), compared with two calculated spectra of outside-
bound clusters (left). A comparison with the IR spectra of all calculated structures is shown on the
right, the red areas representing the broad features between 3244/3332 cm™ and 3368/3445 cm™.
The given energies refer to electronic energies. The two outside-bound structures may correlate with
the observed experimental pattern, especially the most red-shifted band, although contributions of



other isomers cannot be excluded. Geometry optimizations and harmonic frequency calculations
were performed at CAM-B3LYP-D3(BJ)/def2-TZVP level. Vibrational frequencies are scaled by 0.95.
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Figure S9: Optimized structures for the chromone-(MeOH), cluster in the So state with their
respective electronic energies, as obtained at the CAM-B3LYP-D3(BJ)/def2-TZVP level.



Theoretic

al results

Further analysis of the excited states for chromone-methanol
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Figure S10: Jablonski diagram showing the first two singlet and triplet states, calculated at the
TDDFT/CAM-B3LYP-D3(BJ)/def2-TZVP level; inside binding motif (left) and outside binding motif
(right).

To analyze the electronic excitation and subsequent intersystem crossing, we calculated the
excitation energies (figure S10) and natural transition orbitals (figures $11-514) for the inside and
outside isomers, for the first two excited singlet and triplet states using TDA-TDDFT/CAM-
B3LYP/def2-TZVP. The usage of the Tamm-Dancoff approximation instead of the Random-Phase
approximation was necessary to converge the calculations for the triplet states, while CAM-B3LYP
was required to converge the excited singlet states. We observe a significant deviation from the
experimental values since the band at 33292 cm™ is assigned to the S, state, which is calculated at
39916 cm! (inside) and 40043 cm™ (outside), respectively. Considering the character of the vertical
excitations within the singlet manifold, we can state that the So > S transition is of n, " type, while
the Sp > S; transition is of it, " type. The calculations confirm the weakness of the S = S transition,
with a oscillator strength, which is weaker by a factor of around 8000 in comparison to the So = S,
transition. The So—> S; transition is of similar strength for the inside and outside motif. This should
result in a negligible influence on the R2PI cross section, as mentioned in the main manuscript.
Natural transition orbitals (NTO)® were calculated and are shown below (figures $S11-S14). For the
triplet manifold the So > T: transition is of m," type while the So = T, transition is of n,i" type.
Interestingly, the T, and S, state are of different character, which could serve as an explanation for
the observed strong intersystem crossing according to the rule of El-Sayed?, leading to the
assignment of an S;(r,t’) > T,(n,10") intersystem crossing with subsequent internal conversion into
the T: state, contradicting the assignment of the 3(n,n’) state as the lowest triplet state.! The
energetic difference between the unrelaxed S, state and relaxed T; state amounts to 13387 cm™ or
160 k) mol™? (inside) and 13709 cm™ or 164 k) mol? (outside), respectively. At this point it should also
be noted that the T, state is definitely reached in the performed experiment, since the vibrational
frequencies predicted for the chromone-methanol cluster in its T, state [3625 cm™ (inside), 3651
cm™ (outside), 3612 cm™® (ether)] do not correlate with the measured UV/IR/UV spectrum.
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Figure S11: Natural transition orbitals, with occupied (bottom) and virtual (top) orbitals.
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Figure S12: Natural transition orbitals, with occupied (bottom) and virtual (top) orbitals.



Inside isomer
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Figure S13: Natural transition orbitals, occupied (bottom) and virtual (top) orbitals.
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Figure S14: Natural transition orbitals, with occupied (bottom) and virtual (top) orbitals.
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In the main manuscript, we refer to the triplet geometries calculated via UDFT not TDA-TDDFT, thus
we performed TD-DFT calculations utilizing UDFT geometries to confirm that the order of the two
triplet states is the same, which is indeed the case. The UDFT calculations allow us to handily extract
the spin densities, which are plotted below (figure S15). The spin density is strongly localized on the
distorted 4-pyrone ring of the chromone moiety, especially on the carbon atom next to the ether
oxygen.

T, (in,up) T, (in,down)

).

T: (out,up) T, (out,down)

Figure S15: Spin densities of chromone-MeOH in the T; state, which are localized onto the 4-pyrone
ring of the chromone molecule.

Further analysis of the T; state

The description of the lowest triplet state (T:) is possible by either TD-DFT, using the So as reference
or UDFT, using the triplet state as reference. Both methods result in the loss of planarity of the 4-
pyrone ring (see figure S16), resulting in “up” and “down” isomers for the triplet state. “Up” is
referring to the geometry where the puckered carbon atom is on the same side of the 4-pyrone
plane as the solvent molecule, “down” for the inverse configuration. Comparing the geometries
calculated by TD-DFT (in red) and UDFT (in blue), the geometric distortion is much more pronounced
for the latter (see figure S17). Both methods have in common that the geometric distortion is
completely localized onto the 4-pyrone ring, which is demonstrated in figure S17, where all eight
possible structures are displayed (UDFT/TD-DFT, in/out, up/down).

&

Figure S16: Overlay of all triplet structures, showing the conservation of the benzene ring planarity in
chromone
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; Ltl_out_down
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Figure S17: Overlay of multiple structures of chromone-MeOH, ground state (standard colors), TDDFT
(red) and UDFT (blue), indicating that ring puckering is stronger in the UDFT case. From top to
bottom: outside, up / outside,down / inside,up / inside,down. The stronger distortion of the 4-
pyrone ring for the UDFT geometries is clearly visible as well as the conservation of the still planar
aromatic ring.
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To compare the quality of both approaches, SAPTO/jun-cc-pVTZ and DLPNO-CCSD(T)/def2-TZVP
calculations were performed on the relaxed geometries, with the results shown in table S1.

Table S1: Comparison of electronic energies calculated with SAPTO/def2-TZVP and DLPNO-
CCSD(T)/def2-TzVP for UDFT and TD-DFT inside/outside geometries in their respective up/down
configuration, indicating that UDFT provides a better description of the system since TD-DFT
geometries provide worse results (higher energy or failing) in most cases. The relative energies are in
reference to the lowest energy of the outside,down structure obtained by UDFT.

Geometry in in out out in in out out

Puckering up down up down up down up down
Method UDFT UDFT UDFT UDFT TD-DFT TD-DFT TD-DFT TD-DFT

E(SAPTO) in -21.84 -21.82 -24.15 -24.25 n. a. 117.97 -27.86  -27.85
kJ/mol

AE(DLPNO-

CCSD(T)) in 2.69 2.39 0.07 0.00 7.73 7.30 5.53 5.63
kJ/mol

The data show that the UDFT geometries are able to describe both up and down isomers for the
inside and outside structures in a satisfactory manner. The relative energies for the outside structure
are around 3 kJ/mol higher using the UDFT geometry, but the TD-DFT geometries fail to provide
meaningful SAPTO values for inside structures. The DLPNO-CCSD(T) results support this conclusion:
The description with TDDFT leads to around 5 kJ/mol higher energies for both isomers, indicating
that UDFT provides a better description of the global minimum. Thus, for further analysis in the main
manuscript as well as in the supporting information, the UDFT geometries are used.

Still, the question whether the up and down isomer differ significantly remains to be answered.
Comparisons of the relative energies and frequencies obtained by UDFT as well as the relative
energies obtained via SAPTO and LED-DLPNO-CCSD(T) are shown in table S2. No method estimates a
AE greater than 0.3 kJ/mol between the up and down conformation so that the in and out motifs can
be interpreted as doubly-degenerated states with respect to the ring puckering. Both configurations
exhibit nearly equal OH stretching frequencies, thus differentiating between both structures in the
experimental spectrum is not possible.

Table S2: Comparison of energies and frequencies obtained by UDFT, SAPTO and DLPNO-CCSD(T) for
the up/down configurations of both inside and outside motif. The corresponding spin expectation
value of the UDFT calculation does not show significant spin contamination.

Geo | Puckering <S* AE(UDFT) (OH)incm™ AE(EJ'I_/\PmTC())I) in AE(DLPI\II(?/_;EISD(T)) in
in up 2.025 0.15 3690 0 0.30
in down  2.025 0 3693 0.02 0

out up 2.024 0.02 3635 0.10 0.07

out down  2.024 0 3632 0 0

A detailed discussion of the energy decomposition analysis obtained via SAPTO can be found in the
main manuscript, while a complete decomposition of the SAPTO energy is given in table S3. To
simplify discussion, only the slightly more stable down configuration is considered when analyzing
the triplet states. The results of the LED-DLPNO-CCSD(T) method are discussed in the following.
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Table S3: Results of energy decomposition analysis by SAPTO/jun-cc-pVDZ. The raw values for each
interaction for the respective electronic state and isomer (col. 2-5), the energy difference between
the inside and outside isomer for each interaction (col. 6,7) and the change in AE going from the So to
T1 state (col. 8). A detailed explaination and derivation of all contributions can be found in literature.’

The electrostatic and exchange contribution only consist of one term, the induction interaction

520 5@

consists of three terms E2%) . The dispersion interaction is split into E®% and

ind,resp’ “exch—ind,resp’ “HF disp
Ee(ig?l_disp, which can be seperated further into same-spin and opposite-spin parts. All values in
kJ/mol.
Inside (SO) Outside (SO) Inside (T1) Outside (T1) AE(SO) AE(T1) AAE(SO,T1)
E st -57.9 -60.4 -43.5 -50.8 2.5 7.3 4.8
ESO) -57.9 -60.4 43.5 -50.8 25 73 4.8
Eexch 57.5 58.7 50.4 56.5 -1.2 -6.1 -4.8
ELO 57.5 58.7 50.4 56.5 12 61 4.8
exch
Eina -18.2 -18.9 -13.5 -16.0 0.6 2.4 1.8
(20)
e - -24.1 -27.0 -19.3 -24.0 2.9 4.7 1.8
(20)
Eexch_ind,resp 13.4 15.8 11.6 14.7 -2.4 -3.1 -0.6
(2) - ; ; ,
Opr 7.5 7.7 5.9 6.7 0.2 0.8 0.6
Eqisp -16.4 -15.2 -15.2 -14.0 1.3 -1.2 0.0
(20)
Edisp -20.0 -18.9 -18.2 -17.3 -1.1 -0.9 0.2
(20)
Eexch_disp 3.5 3.7 2.9 3.3 -0.2 -0.4 0.5
(20)
Edisp,ss -10.0 -9.4 -0.5
(20)
Edisp,OS -10.0 -9.4 -0.5
(20)
Eexch—disp,SS 2.0 21 -0.1
(20)
Eexch—disp,OS 1.5 1.6 -0.1
Eior -35.1 -35.7 -21.8 -24.2 0.6 2.4 1.8
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Table S4: Energy decomposition analysis with LED-DLPNO-CCSD(T)/def2-TZVP, AEgc,_prep is the
energetic penalty for distorting the monomers into the dimer geometry, AETY is the electronic

el—prep
preparation in the reference (Hartree-Fock), Encl . and E.c/: describe the electrostatic and

exchange inter-fragment contributions in the reference (HF), while Egi;gFSD describe the dispersive

EC—CCSD

contribution from the correlation energy. AEy, ~5isp. contains some electronic preparation from the

correlation energy, but also any non-dispersive correlation energy (charge transfer, intrafragment
double excitations and singles contributions). AE;;(T) describes the change for the triples
correction. A(So) and A(T:) describe the difference between inside and outside isomer for each

contribution, with positive values indicating a preference for the outside isomer. All values in kJ/mol.

Inside (So) Outside (So) Inside (T1) Outside (T1) A(So) A(T1)
AE 0o
geo-prep 0.6 0.3 0.2 -0.2 0.3 0.5
(Chromon)
AEgeo-prep 0.1 0.2 0.2 0.5 0.2 -0.3
(MeOH)
AEref.
el=prep 92.5 95.9 72.5 81.9 -3.4 9.3
(Chromon)
AEref.
el-prep 82.0 81.8 70.8 77.4 0.3 6.6
(MeOH)
ref.
E} . -166.1 -171.3 -135.1 -154.8 5.1 19.7
ref.
E}. -29.1 -29.1 -26.3 -28.1 0.0 1.9
AES et 3.9 3.3 5.8 6.9 0.5 -1.1
Egissc®P -13.7 -12.7 -14.0 -12.5 1.1 -1.5
AES D 2.0 2.0 -1.5 0.7 0.1 -0.8
AE (total) -31.9 334 -27.4 -29.7 1.5 2.4

As discussed above and in the main manuscript, LED-DLPNO-CCSD(T) predicts the outside isomer as
the more stable isomer both in the So and T, state. Although SAPTO and LED-DLPNO-CCSD(T) are
difficult to compare directly due to their different approach (SAPT: pertubative, DLPNO:
supramolecular), careful analysis is still possible. This shows e.g. that, similar to the SAPTO values, the
electrostatic interaction is the strongest attractive interaction with dispersion being significantly
weaker. Comparing the contributions for the inside and outside isomer, nearly all contributions are
equal in value except the attractive electrostatic interaction as well as the related electronic
preparation of the chromone. This can be interpreted as better orbital overlap between the carbonyl
group and the OH group of the methanol for the outside motif, resulting in a stronger hydrogen bond
and overall higher binding energy in the S, state. Analyzing the T, state confirms the main theses in
the main manuscript. The AE is mostly influenced by the electronic preparation of both MeOH and
chromone as well as the electrostatic interaction. Although the electronic preparation penalty is
higher for the outside isomer by 9.3 and 6.6 kJ/mol (15.9 kJ/mol total), this is more than
compensated by the increased electrostatic contribution of 19.7 kJ/mol resp. to the inside isomer.
We observe again a side dependence in the triplet state, resulting in significantly increased electronic
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preparation for the methanol, adapting to the flexible outside pocket. Furthermore, the binding
energy is lowered upon electronic excitation, again coinciding with SAPTO results. Finally, the
negative geo-prep energy for the chromone molecule is of course unphysical. Since the deformation
energy seems to be quite small (< 0.5 kl/mol), this numeric error occurs due to the accuracy of the
DLPNO-CCSD(T) method. Deformation energies calculated by DFT are discussed in the following, and
confirm this hypothesis.

Binding and deformation energies

The OH stretching frequency of an H-donor is closely related to the strength of the hydrogen-bond
established with the H-acceptor. Thus, the observed blue-shift of the OH stretching frequency
switching from the Sy to the T, state should be visible in binding energy calculations. The binding
energy is calculated in following manner:

Egpe = Echromon *+ Emeon — Epimer
with: Efpromon Emeon = Energy of resp.molecule in the dimer geometry

For the discussion of the BDE, we deliberately chose not to apply a BSSE correction. A comparing
simulation for the So geometries reveals that the difference between “inside” and “outside” is
insignificant (both: 3.9 kl/mol). Furthermore, it is known that the the usual counter-poise correction®
scheme can lead to deviations from the true BDE’. Finally, the deformation energy is calculated in a
similar manner by taking the energy difference of the relaxed monomer and the monomer in the
dimer geometry.

Table S5: Binding and deformation energies for the chromone-MeOH cluster for the Sp and T, state
for both geometries (inside/outside). For the triplet state, the puckering of the 4-pyrone ring is also
considered. All values are given in kJ/mol.

State Geo Puckering Method BDE Epef(Chromon) Epef(MeOH)
So in - DFT 40.2 0.8 0.5
So out - DFT 41.2 0.5 0.6
T: in up UDFT 355 0.6 0.3
T1 in down UDFT 35.6 0.6 0.4
T: out up UDFT 38.6 0.2 0.4
T1 out down UDFT 38.6 0.2 0.4

Starting with the deformation energies, it is remarkable how all values are below 1 kJ/mol, indicating
low barriers for reorganization. The binding energy is strongest for the outside isomer in general,
which is reasonable, since it is the global minimum. The observed blue-shift of the OH stretching
frequency can be explained by the reduced binding energy in the triplet state, while the larger
splitting of the frequencies of the two relevant isomers is caused by the increased difference in
binding energy from 1 kJ/mol to 3 kJ/mol.

Barriers for isomer interconversion

As explained in the main manuscript, the interconversion barriers between different isomers were
calculated by relaxed scans along an appropriate coordinate with the results shown below (fig. S18-
22).
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Figure S18: Interconversion barrier between inside and outside isomer in the SO state
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Figure S21: Interconversion barrier between up and down isomer in the T1 state (outside motif), the
lowest line denotes the zero (omitted for clarity).
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Theoretical and Spectroscopic Investigations on Monovalent Cationic Metal-AcTrpOMe Clusters in
the Gas Phase

Pol Boden, Philip Bialach, Markus Becherer, Kirsten Schwing, Markus Gerhardst

TU Kaiserslautern, Fachbereich Chemie & Research Center Optimas, Physikalische Chemie, Erwin-
Schroedinger-StralRe 52, D-67663 Kaiserslautern, Germany

Abstract

In this work we performed a combined theoretical and spectroscopic study on the [AIAcTrpOMe]*
aggregate, in which a monovalent aluminium(l) ion is coordinated to the protected amino acid
AcTrpOMe. The limited stability of Al(l) in combination with the potentially reactive NH group of the
Trp side chain may lead to an increased reactivity within the system. Indeed, the performed (DFT-D3
based) conformational search revealed the occurrence of an uncommon and energetically particularly
advantegeous structure, with the aluminium ion being inserted into the NH bond of the indole
substituent. In order to determine if this quite surprising structural motif may be unique to aluminium,
geometry optimizations for the so-called “inserted” structure were performed for a series of
monovalent metal ions: Li*, Na*, K*, Rb*, Cs*, Mg*, Ti*, Zn*, Ag* and Ga*. Indeed, the “inserted” structure
seems to be only favoured for systems comprising Al or Ti.

For a comparison with experimental data an IR spectrum was measured in the NH stretching region
for the [AIAcTrpOMe]* aggregate/complex by applying the IR+UV technique in a molecular beam
experiment. The resulting experimental data can only be explained by the presence of two distinct
isomers. Additionally, the formation of the “inserted” structural motif can be postulated.

Keywords:

Metal-amino acid aggregates, density functional theory, IR+UV spectroscopy
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Introduction

Peptides generally exhibit a great conformational variety, which is responsible for their diverse roles
in biochemistry. Their conformation highly depends on intrinsic factors like the sequence of amino
acids in the peptide chain. Beyond, structure and functionality are further modulated by the
(biological) environment which offers a variety of different aggregation partners (e.g. water as solvent
or metal cations) (c.f. e.g. [1-3]). With regard to the latter, it should be noted that almost half of all
proteins coordinate metals and thus form so-called metalloproteins (cf. e.g. [1,4]), which play an

essential role in various biological processes (cf. e.g. [4]).

Despite their major relevance in nature, the influence of metals on biochemical activities has not been
completely understood yet for many processes. In that context the structure-function relationship and
thus the structure determination of metal ions bound to biological (macro)molecules is of enormous
importance. Since the biological environment is complex it can help to start with a bottom up approach
to investigate intrinsic structural properties of a system. The structural analysis of isolated amino acids,
peptides and their aggregates with various binding partners (e.g. metal cations [5,6]) by theoretical
(mainly DFT) calculations combined with laser spectroscopy in molecular beams can be an important
building block of such a bottom up approach [2-4]. Within gas phase experiments, aggregates of
(neutral) amino acids/peptides and metal cations are frequently generated by e.g. ESI sources and
stored in mostly non-cooled [7-16], but nowadays partly even in cold [17,18] ion traps for laser
spectroscopic investigations. Alternatively, metal amino acid aggregates can be analysed within
molecular beam experiments [6] which is less frequent than investigations in ion traps. The former
requires a more sophisticated source set-up (cf. experimental section) combining e.g. thermal and

ablation source.

Several analyses on amino acid metal aggregates under isolated conditions have been performed with
a focus on the biologically relevant alkali and earth alkaline metals (e.g. [7-20]). However, in this
publication and a former publication of our group [6] we focus on the aggregation behaviour of
aluminium cations with protected amino acids. In contrast to alkali and alkaline earth metals like e.g.
Na*, K* or Ca?, aluminium cations have no direct biological function and are not essential.
Nevertheless, since the 1970s aluminium is under suspicion to have neurotoxic activities. Indeed,
extraordinary high aluminium concentrations are frequently observed in the brain tissue of Alzheimer
patients [21-27]. In that context the role of aluminium as trace element in food and drinking water or

in form of aluminium salts in everyday items (e.g. deodorants) was and is still controversially discussed.

Due to their limited stability the biological relevance of low valent Al(l) compounds is of course

guestionable. The low stability also explains the small number of reports on stable Al(l) organometallic
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complexes [28-30]. Aluminium(l) can for example be stabilised by complexation with a B-diketiminato
ligand (NacNac). Most interestingly, compounds with stable X-H bonds (with X = e.g. H, N, O) can be
activated by these so-called NacNacAl complexes, commonly by oxidative addition, yielding aluminium
hydride complexes [28,31]. Within this context, it should also be mentioned that isolated aluminium
hydride clusters can be generated in a plasma, like e.g. in a pulsed arc cluster ionization source (PACIS),
and have been characterised extensively. Performed structural investigations often revealed that
geometries incorporating terminal Al-H bonds are among the most stable ones [32-38]. In another IR
spectroscopic study on isolated Al*-(CH4)» (n=1-6) clusters the possible occurrence of structures with
an aluminium ion being inserted into the C—H bond of methane was predicted by theory, but the
structures could not be found in the experiment [39]. However, IR (multiphoton) photodissociation
studies on the isolated transition metal doped aluminium clusters Al;o0Rh;H,* and Al;1Rh;H,* revealed
the presence of structures comprising terminal Al-H bonds [40], as it is also the case for Al;Hs

embedded in a hydrogen matrix [41].

Against this background aluminium in its different oxidation states is an interesting aggregation
partner for amino acids and peptides. Thus, we successfully started our investigations with the
aggregation of AlI"3* to the protected amino acid AcPheOMe, whose structural preferences as
monomer, dimer [42] as well as in aggregates with up to three water molecules [43] were analysed in
detail by our working group. In this publication we focus on the aggregation of aluminium to
AcTrpOMe. The amino acid Trp differs from Phe by a rather large and nt-electron rich [44] heterocyclic
indole side chain, whose indolic NH group already causes a different self-aggregation behaviour in
comparison to AcPheOMe [42,45]. This NH group offers a certain reactivity towards a metal cation as
already realised in the early 1960s by the formation of indole Grignards [46]. Keeping the
characteristics of the indole system and discussion of the insertion reactions of Al* in mind, the

influence of the side chain on the aggregation remains to be seen.

We have investigated the ionic cluster [AIAcTrpOMe]* both theoretically, by performing geometry
optimisations and harmonic frequency calculations at density functional theory (DFT-D3) level as well
as CCSD(T) single point energy calculations, and experimentally, by measuring IR+UV photodissociation
spectra [6] in a molecular beam apparatus. The theoretical studies were extended to analogous
clusters of the type [M(I)AcTrpOMe]" with selected metal centres (where M = Li, Na, K, Rb, Cs, Mg, Ti,
Zn, Ag, Ga), to further elucidate the impact of the metal ion with its specific properties (such as redox

properties and ion radii) on the structural behaviour and reactivity of the cluster.

179



Publications and manuscript drafts

Spectroscopic Methods

The experimental spectra were recorded with a setup which was already used for the investigation of
the aluminium AcPheOMe aggregates [6] and consists of a three chambered differentially pumped
molecular beam apparatus. It is equipped with a reflectron-time-of-flight mass spectrometer and a
molecular beam cluster source, which is comprised of a laser ablation source combined with a thermal
source. Helium gas (99.999 %) at 2 bar (relative to atmospheric pressure) passes through a heated (up
to about 130 °C) reservoir containing the investigated protected amino acid and is injected through a
pulsed gas valve (General Valve, lota One, 300 ps/pulse, pulsed at 10 Hz), which is mounted in front
of an aluminium block. Triggered by the gas valve, the radiation of a frequency doubled Nd:YAG laser
(Lumonics HY 400, 13-15 mJ/pulse, 10 Hz) generates a plasma (containing aluminium ions) by
perpendicularly hitting a rotating and translating aluminium rod inside of the aluminium block. This
type of source is inspired by the established sources of Smalley [47-49] and Bondybey [50].

At the backside of the ablation source a stack of four electrode plates is attached which functions as a
mass filter. The (IR and/or UV) laser beam(s) cross(es) the molecular jet perpendicularly between the
second and third plate. About 80 ns after laser interaction a defined ion package is extracted with a
voltage of 5 to 15 V, before the ions pass through a skimmer into the Re-TOF mass spectrometer. The
investigated clusters are finally detected by an MCP detector. For further and detailed information see
previous description [6].

For most cationic compounds, the common IR(M)PD method (e.g. [51-53]) has been successfully
applied to elucidate the vibrations of the investigated systems. However, for strongly bound clusters
the dissociation barrier may be too high to be surpassed by the absorption of one or a few IR photons.
Another limiting factor can be that no efficient dissociative channel may be accessible by the excitation
of a certain vibrational mode (dark modes). In such cases, the more complex IR+UV method, illustrated
in Figure 1, is applied to enable cluster fragmentation if the IR laser is in resonance with a vibrational
mode of the compound. An important advantage of this method is that only one IR photon is used (like

III

ina “norma

[6].

IR spectrum) and no influences of multiphoton processes have to be taken into account
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Fragmentation

uv

I.R

Figure 1: Scheme illustrating the applied IR+UV photofragmentation spectroscopy: The IR laser
wavelength is tuned while the UV laser wavelength is fixed at a wavelength (about 1000 cm™) below
the dissociation threshold of the cluster. If the IR laser is resonant with a vibrational mode of the
aggregate a fragmentation is induced.

When employing the IR+UV method, first a UV photodissociation spectrum of the studied system has
to be recorded. Next, the UV laser is set to a wavelength that is clearly lower (around 1000 cm™) than
the dissociation limit of the cluster. In this way, no fragmentation can be induced by the UV laser
radiation. But, depending on its wavelength, the tuned IR laser, being fired about 10 ns prior to the UV
laser, may induce an excitation of a vibrational mode of the system. If the UV laser is fired within the
lifetime of the vibrationally excited state (in the nanosecond region under isolated conditions) the sum
of the energy of the IR and UV photons can exceed the dissocation limit (IR+UV effect). Thus, an IR
depletion spectrum can be obtained by detecting the intensity of the parent ion signal as a function of
the IR laser wavelength. For the experiments performed here, the UV radiation in the region of 36400-
36650 cm™ is generated by a frequency-doubled dye laser, pumped by the second harmonic (532 nm)
of a Nd:YAG laser (Innolas Spitlight 600, 10 Hz). The required IR laser radiation in the range of 3150-
3700 cm™is obtained by difference frequency mixing (DFM I) in a LiNbOs crystal using the fundamental
(1064 nm) of a seeded Nd:YAG laser (Quanta-Ray Pro-230, Spectra-Physics, 10Hz) and the output of a
further dye laser (PrecisionScan, Sirah), which is pumped by the second harmonic (532 nm) of the same
Nd:YAG laser. Amplification of the resulting IR radiation is generated by an optical parametric
amplification (OPA) process in a further LiNbOs crystal using the output of the DFM | process and the
fundamental (1064 nm) of the Nd:YAG laser.

It should be mentioned that all the spectra presented here were obtained by performing difference
measurements, i.e. after one or a few shots averaged with the tuned IR laser “on’’ the same number
of shots with the IR laser “off” is recorded. The effect of the IR laser is finally acquired by substracting

both signals.
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Theoretical methods and considerations

Possible starting geometries for [AIAcTrpOMe]* were derived from molecular dynamics calculations
with the consistent force field as implemented in the Discovery studio [54]. Additional input structures
were manually constructed with Avogadro [55] and pre-optimized using the UFF (Universal Force Field)
[56]. DFT geometry optimisations as well as harmonic vibrational frequency calculations were realised
with the Gaussian09 [57] program package, applying the hybrid functional B3LYP together with the
triple zeta basis set TZVP. These calculations were performed including the Grimme D3 dispersion
correction [58]. For the resulting DFT energies of the energetically low lying structures relevant for
discussion both zero point and basis set superposition error (BSSE) corrections [59] were considered.
In case of structure A (cf. Figure 2) only ZPE corrections are taken into account (no reliable BSSE
corrections can be performed). The remaining internal energy of the aggregates in the collision free
region of the molecular beam is difficult to estimate since the molecular beam is expanded over a
plasma which introduces additional internal energy. For amino acids and peptide systems with initial
(source) temperatures of 350-500 K it was found that 300 K is a fair estimate to calculate Gibbs energies
and thus to account for entropic contributions [3,60-62]. In our analysis we calculated Gibbs energies
at 298.15 K. For energetically advantaged DFT-D3 optimised isomers DLPNO-CCSD(T) single point
calculations were performed with ORCA 4.2.1 [63] using the def2-TZVP basis set, together with the
corresponding def2-TZVP auxiliary basis set for the Rl approximation. In addition, the options

“TightPNO” [64] and “TightSCF” were applied.

In the way to enable structural assignments an extensive conformational search was performed (cf.
SI), resulting in a huge structural variety due to the high flexibility of the investigated system with
regard to possible backbone conformations and binding sites for the metal ion. A selection of the
optimised geometries is depicted in Figure 2, together with the relative energies predicted by DFT-D3
and DLPNO-CCSD(T) calculations as well as the Gibbs free energies (at 298.15 K; calculated at the same
DFT-D3 level).

Interestingly, the clearly most stable structure A (cf. Figure 2) shows a very unique, maybe unexpected
binding motif where the aluminium(l) is not only linked to both carbonyl groups of the backbone but
is at the same time inserted into the N-H bond of the indole substituent. It should be noted that,
considering the relative energies calculated at the DLPNO-CCSD(T) level, this “inserted” structure is
almost 5000 cm™ lower in energy than the most stable structure with an “intact” indolic NH group.
The inclusion of entropy effects at 298.15 K slightly disfavours the rigid inserted structure.
Nevertheless, within the computational accuracy it is still (along with isomer B) the most stable

structure. Beyond, the inclusion of entropy does not lead to massive changes in the energetic order of
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the isomers, so that in the following considerations we refer to the zero-point- and BSSE-corrected

electronic energy values.
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Figure 2: Selected structures of [AIAcTrpOMe]* and their relative energies (obtained from DFT, BSSE-
corrected DFT, DLPNO-CCSD(T), as well as the Gibbs free energies at 298.15 K (obtained from DFT;
including BSSE-correction for all isomers except for structure A)), considered relative to the most stable
intact geometry B.

Apart from this (at first sight) quite extraordinary structure A, the three most stable structures with an
intact protected amino acid already reveal the special importance of the large, indolic mt-system: It
strongly stabilises the bound aluminium cation so that even isomers which are only singly bound to
one carbonyl group are enormously stable (B) or can energetically compete (C) with a triply bound (2x
CO plus m-interaction) conformer like D. Comparable observations were already made for clusters of

alkali metals with the unprotected aromatic amino acids [7,19,20].
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A further aspect of interest in metal aggregates is the charge delocalisation. Normally, metal cations
are multiply coordinated (cf. [6,7,19,20]) to partly delocalise and thus stabilise their charge. As a
consequence, the backbone of the amino acid can differ from its monomeric structure. This was
demonstrated for AcPheOMe with the monomer having a stretched B, structure whereas it is ay in the
[AIAcPheOMe]* aggregates. The distortion of the backbone was overcompensated by the stabilisation
achieved by the multiple coordination of the aluminum ion. The same seems to be true for the
[AIAcTrpOMe]* system: Only isomer B conserves the B. backbone structure of the AcTrpOMe
monomer; however its calculated vibrations cannot describe the experimental spectrum (see further
discussion below). In all other isomers the backbone conformation changes to enable the coordination
of Al" and a partial delocalisation of the positive charge of the metal ion. The charge at the aluminum
cation varies between 0.862 (for isomer H) and 0.908 (for isomer C) according to the NBO analysis (cf.
Sl). An exception is the inserted isomer A in which the charge increases up to 1.738 (cf. Sl), so that
aluminium approaches its most stable oxidation state (lll). Therefore, the formation of isomer A can
be considered as a kind of oxidative addition of the protected amino acid to the singly charged
aluminum cation. As mentioned in the introduction, the oxidative additions of rather stable H-X bonds
(X=H, Si, B, Al, C, N, P, O) to the Al(l) center of NacNacAl complexes (NacNac = B-diketiminato ligand)
have already been characterised in solution [28,31]. On top of that, isolated aluminium hydride
clusters, e.g. of the type Al,Hn*", with many of them incorporating terminal Al-H bonds, can be formed

in a gas phase plasma [32-40].

With regard to its charge distribution but also its high stability isomer A seems to be quite extraordinary
among all other isomers having intact indole side chains. However, one should keep in mind that the
harsh conditions in the plasma of the ablation source into which the carrier gas (containing AcTrpOMe)
is expanded can provide sufficient energy for the formation of such extraordinary structures like A.
Nevertheless, we directly assumed that such a structure has no chance to be generated by
interconversion from another isomer or (if once formed) to reisomerise during the further molecular
beam expansion. To further analyse and confirm this assumption we roughly estimated an exemplary
(lower boundary for an) isomerisation barrier: For this purpose we looked for isomers with structural
similarity to A. In this context, it was remarkable that the inserted structure has the same backbone
conformation as the triply bound isomer D (e5(g+)). A further triply bound isomer only differing from D
by the side chain dihedral angle x; is isomer H. Its calculated vibrations hardly differ from those of
isomer D, but it is less stable than D as the stabilisation of the metal cation via interactions with the
indolic mt-system is less effective. Instead, the indolic NH group is placed above the aluminum ion so

that this structure could be considered as a kind of “precursor” for the inserted isomer A.
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In order to determine a plausible transition state structure and to get an idea about the reaction barrier
of the described oxidative addition, transition state calculations were performed by applying the QST3
module implemented in Gaussian09 [65], starting from the cluster geometries of isomers H and A. An
initial transition state guess was generated by applying the woelfling module [66] of Turbomole 7.3.
(details cf. SI). By running a frequency calculation (yielding one single imaginary frequency) and an
intrinsic reaction coordinate calculation (IRC) [67] it was verified that the resulting geometry is indeed
a real transition state for the discussed oxidative addition. As expected, the estimated reaction barrier
is high, due to the cleavage of the rather stable N-H bond, with around 16300 cm™ relative to isomer
H. From empirical experimental data the isomerisation barriers which can be easily crossed in the
molecular beam are given in values of several hundred wavenumbers (e.g. about 4 kJ mol?
independent of the carrier gas [68], or up to 800 cm™ [69-71]). Thus, the described reaction from an
intact to the inserted structure is quite improbable to occur as isomerisation process in the molecular
beam, even though its expansion directly over the aluminum plasma will introduce additional energy
which might not be completely extracted from the sample molecules in the further expansion of the
beam. However, under our experimental conditions, with the combined thermo-ablation source, the
formation of the inserted structure A within the plasma remains a realistic scenario. The obtained

transition state structure is further discussed in the supplement information.

Such an “inserted” structure as isomer A is only possible with the amino acid Trp (compared to the
other aromatic amino acids Phe and Tyr). This has not been reported in context with former
investigations on Trp-metal aggregates [7,19,20]. To get a further idea how extraordinary the role of
Al(l) is, DFT geometry optimisations and harmonic vibrational frequency calculations were performed
for a series of clusters of the type [M(I)AcTrpOMe]* with M(l): Li*, Na*, K*, Rb*, Cs*, Mg*, Ti*, Zn*, Ag*
and Ga*. As for the DFT calculations discussed above, again the B3LYP(-D3) functional was applied,
however in combination with the def2-TZVPP basis set, since the TZVP basis set is not available for the
metal elements Rb, Cs and Ag. Thus, it can be cleared up if the observed “inserted” structural motif is
only advantaged for the Al* containing cluster or if it may also occur for clusters comprising other M(l)
centers. For this purpose, the inserted structure as well as the isomers B to E obtained for
[AIACTrpOMe]* were reoptimised in the presence of the respective monovalent metal cations. The
structures of these metal aggregates resulting from the structure A of [AIAcTrpOMe]" as starting
geometry are depicted in the supplement in Table S1, together with the corresponding relative
energies, the geometric data, the atomic partial charges (NBO), the ionisation energies and the
respective ionic radii. To give a short overview, the relative energies of the optimised “inserted”

structures are summarised in Table 1.

185



Publications and manuscript drafts

Table 1: Relative energies of the “inserted” structural motifs (DFT/B3LYP-D3/def2-TZVPP) for the Li-,
Na-, K-, Rb-,Cs-, Mg-, Ti-, Zn-, Ag-, Al- and Ga-containing clusters, together with a first estimation if the
respective structure could indeed be (experimentally) observed or not. Note that the relative energy
of a certain aggregate always refers to its most stable isomer with an intact indolic side chain (either
structure B or D, cf. SI).

metal element relative energy of the ,inserted” | Possibility for the occurence of
structural motif/ cm™ the ,inserted” structure based
on DFT energies
Li (no Li—H bond!) - X
Na (Indole kept intact!) - X
K 41543 X
Rb 41620 X
Cs 41730 X
Mg 7148
Ti —2959
Zn 7183
Ag 26673 X
Al -1156
Ga 11711

*: No “inserted” structure could be found when exchanging Al* in the isomer A with Li* or Na*. Instead,
structures with COac-*metal interactions were formed, for Na* comprising additional interactions with
the m-system (AE = 700 cm™), for Li* the indolic nt-system is destroyed leading to AE = 11858 cm™.

These additional calculations reveal some interesting aspects:

In case of metals having +1 as the most stable oxidation state and additionally having a high second
ionisation energy the inserted structure cannot be generated at all as e.g. for Li and Na.

For metals with the preferred oxidation state +1 but a second ionisation energy which is not as high as
for lithium or sodium (e.g. K, Rb, Cs, Ag), the inserted structure can in principle be formed but is
energetically far of being relevant. Beyond, the charge distribution remains comparable to the non-
inserted structures.

The metals which prefer an oxidation state higher than +1 show a slightly different behaviour (Mg, Al,
Ga, Zn, Ti): Here, the inserted structure cannot only be formed, it is additionally not as energetically
disadvantaged as in case of the larger alkali metals or silver. Beyond, the charge at the metal ion is
increased in comparison with the non-inserted isomers, being characteristic for such an oxidative
addition. For Mg and Zn this behaviour is in accordance with other reactions observed for these metals
like the formation of indole Grignard [46] compounds or zinc hydrides similar to the NaNacAl
complexes [72-74]. However, only for titanium and aluminium the inserted structure is highly
energetically favoured in comparison with a bidentate structure. This is especially the case for
titanium, which has the lowest second ionisation energy within the whole series of metals taken into

account [75]. Nevertheless, +4 is by far the most stable oxidation state for titanium which is also found
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for the titanium hydrides (cf. e.g. [76,77]). In contrast to alumimium no titanium hydride complexes
formed by oxidative addition of X-H bonds to Ti(l) seem to be known from literature. The oxidation
state +2 to which titanium approaches in the inserted structure is less common than +3 or especially
+4 (e.g.[78]). Thus, it is difficult to estimate if the inserted structure could be formed with titanium in
the molecular beam. For gallium, however, following Al in the third main group, the inserted structure
is much less favoured though the ion radius is in between titanium and aluminium. Thus, the second
ionisation energy is the decisive factor here: it increases from aluminum to gallium (in contrast to the
tendency within the alkali series). This is due to the fact that between these two elements the 3d sub
shell is filled with electrons which are less efficient (compared to s or p electrons) in shielding the
increased nuclear charge of gallium. In consequence, the stability of Ga(l) is higher than for Al(l) and
the tendency of Ga(l) for an oxidative addition lower. Altogether, the formation of the inserted
structure seems to crucially depend on the stability of the oxidation state correlating with the second
ionisation energy. Secondly, the ion radius must be adequate to fit into this “binding pocket” formed

in the inserted geometry.

Vibrational frequency calculations

To perform structural assignments the experimental IR data are compared to the calculated vibrational
frequencies. In order to compensate for anharmonic effects specific scaling factors were applied to the
harmonically calculated frequencies of the DFT-D3 optimized structures. These scaling factors were
derived from reference calculations with the extensively investigated neutral systems (AcPheNHMe)1,,
[79] and (AcPheOMe)1,2[42,80]. A comparison of the unscaled vibrational frequencies, obtained within
the DFT/B3LYP-D3/TZVP calculations for the AcTrpOMe monomer and the [AIAcTrpOMe]* aggregates,
already reveals that the binding of aluminium to the COac group influences the NH-backbone stretching
vibration. The extent of the associated (unscaled) red-shift depends on further interactions of the
metal cation with the amino acid and on further intramolecular interactions of the NH group (see
below). Due to this red-shift the NH-backbone vibration is scaled by the factor of 0.9563, established
for scaling of hydrogen-bonded NH-stretching modes, if aluminium is attached to the COxc group. In
contrast, the backbone NH-stretching vibration is quite unaffected if the Al* ion is linked to the ester
group of AcTrpOMe and is thus scaled by a factor of 0.9608 for free NH-stretching vibrations. A look at
the unscaled indolic NH-stretching mode in the different isomers of the aluminum aggregates reveals
a red-shift compared to the value for the AcTrpOMe monomer. Thus, the vibrational stretching mode
of the indolic NH group is also influenced by Al*, which is also reflected in the experimental data with
a red-shift from 3524 cm™for AcTrpOMe [45] to 3488 cm™ for the aluminium aggregate (cf. Figure 3).

For this reason, the scaling factor for bonded (0.9563) instead of totally free NH-stretching vibrations
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(0.9608) was applied here as well. The calculated (scaled) vibrational spectra of selected isomers are
depicted further down in Figure 3 (together with the experimental IR+UV spectrum). With regard to
the question of the influence of the aluminum binding on the NH-stretching frequency a rough
orientation with regard to the application of scaling factors was already given above. In the variety of
calculated structures we observed an enormously sensitive interplay between the binding of the metal
cation to the carbonyl group(s) and to the m-system along with the “usual” interactions of the NH group
within the backbone (e.g. C5 interactions [3], NH::-1t). As seen on former examples [17,18] of e.g.
doubly carbonyl coordinated metal amino acid aggregates, the NH-stretching frequency of the
backbone is least affected (in comparison with the amino acid monomer) if the metal cation is not only
bound to both carbonyl groups but also coordinated to the m-system. The lack of interaction with the
n-system leads to a stronger red-shift of the NH-stretching frequency. Taking the NH-stretching
backbone vibration of the stretched AcTrpOMe monomer (calculated at 3452 cm™, B3LYP-D3/TZVP
level; experimental value 3456 cm™, cf. Ref. [45]) into account, this effect is also visible here if we
compare e.g. the “tridentate” structure D with the bidentate structures E, G and J. Within the latter
three isomers, all having an g backbone, a further trend becomes obvious: In structure E, which is the
most stable “bidentate” isomer, with the aluminium cation bound to both carbonyl groups, an
additional (strong) interaction between the amide NH group and the rt-system of the indole substituent
(NH---6-membered ring: 3.100 A; NH---5-membered ring: 2.863 A) seems to occur, effecting a strong
red-shift of the NH mode to values around 3300 cm™ (cf. Figure 3). When the side chain is successively
turned away from the NH group, the NH---m interaction is reduced (e.(g-), isomer G) or vanishes
completely (gi(a), isomer J), leading to a reduction of the red-shift (cf. Figure 3_a, 3_b). Such
interactions like NH---mt or C5 are normally estimated (in comparison to e.g. C7 hydrogen bonding in y-
turns) to be weak and thus to effect only moderate red-shifts (in comparison to the free amidic NH-
stretching frequency in the monomer). However, the binding of the aluminum cation (to the COxc or
both CO groups) influences the NH-stretching frequency and seems to further enhance other NH-

interactions like NH:--rt.
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Experimental Results and Discussion

IR/UV experiments

In the molecular beam expansion an intense [AIAcTrpOMe]* cluster mass signal was observed, whereas
the triply charged system [AIAcTrpOMe]** was not formed in considerable amounts (in contrast to the
observations for [AIAcPheOMe]**, cf. [6], further comparisons see Sl).

In order to determine the vibrational pattern of the [AIAcTrpOMe]" cluster, attempts were performed
to record an IR photodissociation spectrum in the NH-stretching region. However, no depletion effect
could be observed in this experiment, either due to a too high dissociation barrier of the investigated
clusters or to a dark mode effect. Therefore, the IR+UV technique had to be applied. For this, firsta UV
photodissociation spectrum of the compound, shown in Figure S5, had to be recorded, where a feature
bearing two depletion maxima (of the parent ion) at 36451 and 36516 cm™ (blue-shifted with respect
to the electronic origin of the AcTrpOMe monomer at 34896 cm™ [45]) was observed. Accordingly, the
UV laser was fixed at a wavelength of 35335 cm™ for the IR+UV experiment (about 1090 cm™ lower in
energy than the onset of the UV photodissociation band, see Figure S5 in the SI), while the IR laser

frequency was tuned between 3150 and 3700 cm™.
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In the recorded IR+UV spectrum, depicted in Figure 3 below (together with the vibrational spectra
predicted for selected isomers), three clearly separated bands are observed in the NH-stretching

region at 3293, 3414 and 3488 cm™.
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Figure 3_a: Comparison between the experimental IR+UV spectrum of [AIAcTrpOMe]* and
harmonically calculated frequencies obtained from DFT calculations (B3LYP-D3/TZVP) of selected

conformers (A-E) of [AIAcTrpOMe]*. For a better illustration the calculated IR intensities for some
isomers (B, E) are divided by a factor as indicated in the respective stick spectra.
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Figure 3_b: Comparison between the experimental IR+UV spectrum of [AlAcTrpOMe]* and
harmonically calculated frequencies obtained from DFT calculations (B3LYP-D3/TZVP) of selected
conformers (F-J) of [AlIAcTrpOMe]*. For a better illustration the calculated IR intensities for some
isomers (F, G) are divided by a factor as indicated in the respective stick spectra.

However, the compound [AIAcTrpOMe]* comprises only two NH groups, so that only two NH-
stretching bands would be expected for the presence of one isomer. A possible explanation for this
observation could be that only one isomer is present in the molecular beam and that the occurrence
of a pattern with three distinct bands results from a Fermi-resonance between the first overtone of a

CO-stretching vibration (calculated spectra cf. SI) and one of the NH-stretching fundamentals.
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However, the vibrational spectra predicted by DFT for the CO- and NH-stretching regions for all of the
energetically relevant structures clearly show that the occurrence of a Fermi-resonance is quite
improbable (cf. calculated CO-vibrations in Figure 2_a, 2_b). A far more probable explanation for the
measured IR spectrum could be that two distinct isomers are present in the molecular beam. The
observed vibrational pattern would then be due to the characteristics of the indolic NH group: As long
as it is free its stretching frequency is expected to be blue-shifted with respect to the NH frequencies
of the backbone. Additionally, the free NH-stretching frequency of the indole moiety should be about
the same value for different isomers. These expectations are already supported by the unscaled
harmonically calculated frequencies of the different isomers with intact indole side chain. The
superposition of the two indolic free NH-stretching frequencies could lead to only three vibrational
bands despite the presence of two isomers in the IR spectrum. A further explanation for the
observation of the three IR bands could be the presence of only three intact NH groups within two
isomers, which would somehow suggest a “reaction” of one of the NH groups when binding to

aluminum.

Discussion of relevant isomers

The four most stable structures presented in Figure 2 show different vibrational patterns. The most
stable structure with an intact indole side chain (B) could be an option to explain the whole IR spectrum
in case of a Fermi resonance between the NH-stretch fundamental calculated at 3355 cm™ and a
corresponding CO-stretching overtone, which can be excluded (cf. calculated CO-vibrations in Figure
2_a, 2_b). With regard to the calculated CO-vibrations a Fermi resonance for the NH-fundamental
(calculated at 3452 cm™) of the triply coordinated isomer D cannot be excluded. This could explain the
experimental vibrations at 3414 cm™ and 3488 cm?, but the latter would then even be an overlay of
the indolic NH-stretching vibration and the splitting due to the Fermi resonance. Beyond this, an
explanation for the most red-shifted band at 3293 cm™* would still be missing.

In comparison, the remaining NH-backbone vibrations of the inserted structure A and the intact
structure C are much closer to the experimental value of 3414 cm™ (cf. Figure 3). The possibility to
form metal aggregates like C, with the cation singly bound to the carbonyl group and additionally
stabilised by the indolic t-system, was already demonstrated for the clusters of singly charged alkali
metals and the unprotected Trp [7,19,20]. Against this background, conformer C (with a calculated
backbone NH-vibration at 3421 cm™) must be taken into account. Nevertheless, the former
investigations of Polfer and Rodgers [7,19,20] both agreed that the preference of such a “bidentate”
binding of a singly charged alkali cation (carbonyl group/m-system) towards a “tridentate” binding
(carbonyl group/NH group/m-system) in unprotected Trp increases with the ion radius. Having a look

at the Pauling radius (cf. Table 1 in the SI) of Al* it becomes obvious that the size and charge density of
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the singly charged aluminium cation is rather in the range of the corresponding values of Li* and Na*
than of K*, Rb* and Cs*. This makes the structural motif C questionable in case of [AIAcTrpOMe]*. As a
consequence, the inserted structure A, whose formation could be considered as a kind of oxidative
addition of AcTrpOMe to Al(l) (cf. theory part), must still be seriously considered as possible binding
motif. Obviously, only one NH-stretching band is to be expected for this geometry, since the Al-H-
stretching frequency is shifted down to 2069 cm™ in the unscaled harmonic frequency calculation.
That predicted value is in line with experimental values observed for other aluminium hydride systems.
For example, in IRMPD studies on the transition metal doped aluminium clusters Al;oRh;H," and
Al;1RhyH,*, terminal Al-H-stretching modes were observed around 1900 cm™ [40], while the
antisymmetric Al-H; stretching modes of Al,Hs embedded in a hydrogen matrix were observed at 1932
and 1915 cm™[41].

In general, the binding of aluminum to the COac group (and in structure A also to the second CO group)
obviously influences the NH-vibration, so that it was scaled by a factor for bonded NH-modes (cf.
theory part). Nevertheless, a binding motif comparable to A was not observed so far, so that a more
suitable scaling factor from corresponding reference calculations could not be derived. Thus, the
backbone NH-stretching mode of structure A, calculated around 3440 cm™, could still correlate with
the measured feature at 3414 cm™. One should further take into account that the harsh conditions in
the plasma of the ablation source into which the AcTrpOMe gas pulse is expanded can provide
sufficient energy for the formation of such extraordinary structures like A. As addressed in the theory
part such a structure has no chance to be generated by interconversion from another isomer or to
reisomerise during the further molecular beam expansion. As possible starting geometry a tridentate
structure has been considered (isomer H). But neither the vibrational frequencies of this structure, nor
of its energetically favoured relative D, already addressed above, can sufficiently describe the
experimental data. In general, the existence of such tridentate structures seems to be much less
probable in our molecular beam experiments than in former investigations [7,17,18,20] using milder
source conditions. Thus, one could speculate that the formation of an inserted structure somehow
occurs “on the expanse of” the triply bound structures.

An additional hint towards the inserted structure could be given by the UV resonances. Among the
three aromatic amino acids Trp, with its extended indolic m-system, is known to have the most red-
shifted UV absorbance, with typical R2PI (resonant two-photon ionization) resonances found between
34500-35300 cm™ [81]. In case of [AIAcPheOMe]* the UV resonance of the metal aggregate was red-
shifted in comparison to the AcPheOMe monomer [6]. In general, the UV dissociation behaviour was
more difficult to follow for [AIAcTrpOMe]", since it did not (in contrast to [AlIAcPheOMe]*) generate
the singly charged amino acid as fragment whose increase could be parallelly measured to the

depletion of the parent ion. The measurements on the parent mass trace resulted into a broad UV PD
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spectrum (cf. Figure S5) which is definitely blue-shifted towards the resonance of the AcTrpOMe
monomer — a further difference compared to [AIAcPheOMe]*, but also a characteristic of the inserted
structure. The comparison between the Trp and Phe containing systems as well as the UV absorption

spectra predicted by TDDFT are further discussed in the SI.

All these considerations above have taken the isomers A to D into account, finally proposing A or also
eventually C as candidates to explain the experimental (backbone) NH-vibration at 3414 cm™.
However, an explanation for the band below 3300 cm™ is still pending. The IR+UV spectroscopy is
applied here in which the UV photon energy is set below the dissociation threshold (see above).
However, due to the broad UV photodissociation spectrum, probably bearing more than one isomer,
the IR+UV method must not necessarily be isomer-selective in case of [AIAcTrpOMe]*. Thus, the
excitation of a second isomer by the IR laser finally leading to its dissociation by the IR+UV effect can
probably explain the appearance of the most red-shifted experimental vibration at 3293 cm™. The
search for an adequate structure is much easier in that case. With the two NH-stretching modes
calculated at 3316 and 3496 cm™ the doubly bound structure E can well explain the two experimental
bands measured at 3293 and 3488 cm™. The assigned isomer, having a g/(g+) conformation, is
characterised by a strong red-shift of the NH-backbone vibration. As addressed in the theory part this
red-shift is partly due to the missing stabilisation of the aluminum by the indolic m-system, but

additionally to an NH---mt-interaction which is enhanced by the binding of the metal cation.

Final assignment

With regard to all considerations above we can assume the presence of two isomers in our experiments
on [AIAcTrpOMe]*. Isomer E, with Al* doubly bound to both carbonyl groups and an NH---t interaction
can unambigously be assigned due to its characteristic red-shifted NH-backbone vibration, well
describing the lowest energy band in the experimental spectrum. Concerning the description of the
transition at 3414 cm™ in the IR+UV spectrum two different isomers can be discussed: either isomer C,
with the metal cation bound to the COac and stabilised by interactions with the indolic rt-system, or
the inserted structure A, which additionally is the most stable arrangement, may be assigned. There
are indicators that the latter “extraordinary” structure could exist under our experimental conditions.
A final experimental proof may be obtained by measurements in the amide I/Il region, since the

calculated vibrations reveal differences for the relevant discussed isomers (cf. Figures 2_a to 2_f).
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Conclusion

In this publication we present our structural proposals for singly charged aggregates of aluminum and
the protected amino acid AcTrpOMe based on a combination of (mainly DFT-D3 based) theoretical
investigations and IR+UV photodissociation spectroscopy in a molecular beam experiment. The
extensive conformational search carried out for [AlAcTrpOMe]" revealed a quite unique and
unexpected “inserted” structural motif, formed by a kind of oxidative addition, with the aluminium ion
being inserted into the NH bond of the indole substituent (and being further coordinated by both
carbonyl groups of the backbone). Geometry optimisations performed by exchanging the aluminium
ion with the other monovalent ions Li*, Na*, K*, Rb*, Cs*, Mg*, Ti*, Zn*, Ag" and Ga* revealed that the
formation of this structural motif is energetically favoured only for Ti* and Al* (compared to structures

where the metal cation is coordinated to an intact AcTrpOMe molecule).

With regard to the recorded IR+UV spectrum of [AIAcTrpOMe]* in the NH-stretching region, the
observed pattern could only be explained by the presence of two isomers: A bidentate structure in
which the metal cation is coordinated to both carbonyl groups and additionally stabilised by NH---1t
interactions is unambiguously assigned. For the second isomer two structures can be discussed: In one
isomer Al* is bound to the COxc group and is additionally stabilised by interactions with the n-system.
However, the measured spectrum could indeed also be explained by the presence of the most stable
“inserted” structure being present as a second isomer. In both cases the extraordinary role of the
electron-rich and relatively reactive indole side chain becomes obvious. Though the final temperature
of the clusters in the molecular beam might be difficult to estimate, transition state optimisations
revealed that the mentioned oxidative addition reaction cannot take place as a result of an
isomersation process in the molecular beam, but can only occur under the harsh plasma conditions.

This publication reveals that Al(l) shows an interesting, partly extraordinary behaviour which will be

interesting to be further analysed in other systems.
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Additional geometries and the corresponding vibrational spectra for the NH-stretching region
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Fig. S1_a: Comparison between the experimental IR+UV spectrum of [AIAcTrpOMe]* and harmonically
calculated frequencies obtained from DFT calculations (B3LYP-D3/TZVP) of conformers K-R of
[AIACTrpOMe]*. For a better illustration the calculated IR intensities for some isomers (K, L, N) are
divided by a factor as indicated in the respective stick spectra. The given relative energies (obtained
from DFT, BSSE-corrected DFT as well as DLPNO-CCSD(T)), are considered relative to the most stable
intact geometry B.
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Fig. S1_b: Comparison between the experimental IR+UV spectrum of [AIAcTrpOMe]* and harmonically
calculated frequencies obtained from DFT calculations (B3LYP-D3/TZVP) of conformers S-Z of
[AIAcTrpOMe]*. For a better illustration the calculated IR intensities for some isomers (W, X, Y, Z) are
divided by a factor as indicated in the respective stick spectra. The given relative energies (obtained
from DFT and BSSE-corrected DFT) are considered relative to the most stable intact geometry B.
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Fig. S1_c: Comparison between the experimental IR+UV spectrum of [AIAcTrpOMe]* and harmonically

calculated frequencies obtained from DFT calculations (B3LYP-D3/TZVP) of conformers A_2-H_2 of
[AIACTrpOMe]*. For a better illustration the calculated IR intensities for some isomers (A_2,B 2, E_2)
are divided by a factor as indicated in the respective stick spectra. The given relative energies (obtained
from DFT) are considered relative to the most stable intact geometry B.
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Fig. S1_d: Comparison between the experimental IR+UV spectrum of [AIAcTrpOMe]* and harmonically
calculated frequencies obtained from DFT calculations (B3LYP-D3/TZVP) of conformers |_2-P_2 of
[AIACTrpOMe]*. For a better illustration the calculated IR intensities for some isomers (I_2, N_2) are
divided by a factor as indicated in the respective stick spectra. The given relative energies (obtained
from DFT) are considered relative to the most stable intact geometry B.
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Additional geometries and the corresponding vibrational spectra for the CO-stretching region
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Fig. S2_a: Harmonically calculated vibrational spectra for the CO stretching region (DFT/B3LYP/TZVP;
scal.: 0.9850) of selected conformers (A-1) of [AIAcTrpOMe]*. For a better illustration the calculated IR
intensities for some isomers (E, F, G, H, |) are divided by a factor as indicated in the respective stick

spectra.

206



Publications and manuscript drafts

1650
J
1 5721 578

ll H
I L] T ] T T T ] 1 '1
1450 1500 1550 1600 1650 1700 1750 1800 1850 3158 cm 1
BSSE: 3252 cm

wavenumber / cm”” CCSD(T): 2787 cmi’!
Fig. S2_b: Harmonically calculated vibrational spectra for the CO stretching region (DFT/B3LYP/TZVP;
scal.: 0.9850) of selected conformers (J) of [AIAcTrpOMe]*.

In the main part of the paper it is briefly hinted that the measured vibrational pattern (with three NH-
stretching bands) might be explained by the presence of only one single isomer (comprising two NH
groups) in the molecular beam if Fermi resonance effects are involved, in which the superposition of a
CO-stretching overtone and an NH-stretching fundamental effects a coupling of these modes and

finally a splitting into two observable vibrational bands.

Concerning the energetically rather favoured isomer B, the predicted NH-stretching frequency at
3355 cm™* falls indeed between the two measured bands at 3293 and 3414 cm™. That is why the
calculated vibrational pattern in the CO-stretching region should be consulted to determine if the
occurrence of a Fermi resonance between the first overtone of one of the C=0-stretching vibrations
and the fundamental of the NH-stretching vibration (of the amide group) is likely or not. If a Fermi
resonance should occur for the mentioned isomer, a CO-stretching band has to be located around
1677-1678 cm™. However, the CO-stretching mode of the amide carbonyl group is shifted down to
1615 cm™, due to the coordination of Al*, while the free CO-stretching vibration of the ester group is
predicted at 1762 cm™. Thus, obviously no overtone of one of both CO-vibrations may undergo a Fermi
resonance with the NH-stretching mode in question, so that the occurrence of a Fermi resonance is to

be excluded.

Similarly, the NH-stretching vibration predicted for isomer D at 3452 cm™ might explain the measured
bands at 3414 and 3488 cm™ (then overlaying with the NH-vibration of the indolic NH group), but CO
stretching bands at 1603 cm™ and at 1719 cm™ show that a Fermi resonance effect is again rather
unlikely, but cannot be completely excluded. However, it should also be evoked that this isomer cannot
be responsible for the measured band at 3293 cm™, so that the presence of a second isomer would

again be crucial to explain this experimental feature.

Finally, the above mentioned considerations could be verified experimentally by recording IR

photodissociation spectra in the amide /1l region. However, these experiments cannot be performed
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with our current experimental setup due to the insufficient IR laser power available at the position of

the corresponding molecular beam apparatus.
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Fig. S2_c: Harmonically calculated vibrational spectra for the CO stretching region (DFT/B3LYP/TZVP;
scal.: 0.9850) of conformers K-S of [AIAcTrpOMe]". For a better illustration the calculated IR intensities
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for some isomers (N, P, Q, R) are divided by a factor as indicated in the respective stick spectra.
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Fig. S2_d: Harmonically calculated vibrational spectra for the CO stretching region (DFT/B3LYP/TZVP;
scal.: 0.9850) of conformers T-B_2 of [AIAcTrpOMe]*. For a better illustration the calculated IR

intensities for some isomers (U, V, X, Z) are divided by a factor as indicated in the respective stick
spectra.
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Fig. S2_e: Harmonically calculated vibrational spectra for the CO stretching region (DFT/B3LYP/TZVP;
scal.: 0.9850) of conformers C_2-K_2 of [AlAcTrpOMe]*. For a better illustration the calculated IR
intensities for some isomers (D_2, H_2) are divided by a factor as indicated in the respective stick
spectra.
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Fig. S2_f: Harmonically calculated vibrational spectra for the CO stretching region (DFT/B3LYP/TZVP;
scal.: 0.9850) of conformers L_2-P_2 of [AIAcTrpOMe]*. For a better illustration the calculated IR
intensities for one isomer (L_2) is divided by a factor as indicated in the respective stick spectrum.
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Estimation of a possible isomerisation barrier towards the inserted structure

In the figure below, the predicted transition state for the possible oxidative addition within
[AIACTrpOMe]* is depicted. For this, the tridentate geometry H, having the same ep(g+) backbone
geometry as the considerably more stable isomer D, has been selected as starting geometry. The only
structural difference between isomers H and D consists in the different side chain orientation, with the
indolic NH group, interestingly, being placed just above the aluminium ion in the case of isomer H.
Thus, structure H can be considered as a possible starting geometry to calculate a conceivable reaction

path towards the inserted structural motif A.

Fig. S3: Transition state structure (ep(g+)*) predicted by a QST3 calculation (performed within Gaussian
09). The Al-**Ning-, Ning:**H-, Al---H-, Oac—Al- and Og-Al-bond lengths are indicated.

Compared to the starting geometry H, the Al* ion has significantly approached the five-membered ring
of the indole system (Al*--N: only 2.583 A) in the transition state, while the hydrogen atom of the
indole NH group is not localized in the aromatic indole plane anymore, but is pointing towards the
metal ion. The involved NH bond is considerably elongated, with a bond length of 1.571 A compared

to only 1.006 A within the starting geometry, while the Al---H gap is already as small as 1.684 A.

Considering the mechanism of the discussed oxidative addition, the predicted transition state
structure may give a hint towards a concerted reaction path, where the N-H bond is cleaved while the

Al-H bond is formed simultaneously (as indicated by dashed lines in fig. S3).
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Structural and electronic data for the considered Li*-, Na*-, K*-, Rb*-, Cs*-, Mg*-, Ti*-, Zn*-, Ag*- and
Ga*-containg clusters

Tab. S1_a-S1_d: Optimized cluster geometries obtained by exchanging Al* with the monovalent ions
Li*, Na*, K*, Rb*, Cs*, Mg*, Ti*, Zn*, Ag* and Ga*; together with the corresponding relative energies
(calculated at the level B3LYP-D3/def2-TZVPP), the geometric data, the atomic partial charges (NBO),
the ionization energies [1] and the respective ionic radii [1].

Tab.S1 a
Structure/selected bond length energyof |Geom. |2 ionization Pauling
(M-=-N;,400.; M---O(A; amide); the inserted energy/ radii for
M---O(E;ester))/partial charge on the | structure ox. state
metal ion of the “inserted” structure | rojative to kJ/mol * (+1)/pm*
the most
stable
“intact”
structure/
cm?
Li  noAl-Hbond! +11858 cm™ | ap(g+) [7298.16 60
Li-N:1.972
Li-O(A):1.821
Li-O(E): 4.076
¢
partial charge Li: 0.951
Na Indole keptintact! 700 cm™ ap(g+) |4562.44 95
Na-N:3.031
Na-0(A):2.187
Na-0(E): 2.317
(%
partial charge Na: 0.966
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Tab.S1 b
K 41543 cm™ [ap(g+) |3051.35 133
K-H:2.503
K-N: 3.003
K-O(A): 2.639

K-O(E):3.314

partial charge K: 0.943

Rb 41620 cm™ |ap(gt) 2633.04 148
Rb-H:2.662

Rb-N:3.177
Rb-Q[A): 2.815
Rb-O(E): 3.450

o
partial charge Rb: 0.958

Cs 41730 cm™ ap(g+) 2234.35 181
Cs-H:2.745
Cs-N:3.307
Cs-QfA):2.980
Cs-QfE):3.634

partial charge Cs: 0.975
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Tab.S1 ¢

i o -1
Ti TiH: 1795 2959 cm ap(g+) 1309.84 96

Ti-N: 2.130
Ti-Q[A): 2.052
Ti-O(E): 2.115

¢
partial charge Ti: 1.295
-1
e Zn-H:1.528 7183 cm €o(g+) 1733.30 33
Zn-N:2.292
Zn-Q[A): 2.015

Zn-0(E): 2.345

partial charge Zn: 1.351

-1
e Agirisey. |20673em™ (aplgt) [2072.93 126

Ag-N:2.637
Ag-O(A): 2.225
Ag-O(E): 4.853

partial charge Ag: 0.622

Al -1156 cm™ £o(g+) 1816.68 72
Al-H:1.546
A-N:1.920
A-Q[A): 1.810
A-Q(E): 1.952

partial charge Al: 1.747
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Tab.S1_d

Ga Ga-H:1.530
Ga-N:1.958
Ga-0[A): 1.923
Ga-OiE): 2.126

¢

partial charge Ga: 1.596

11711 cm™

o(g+)

1975.41

81
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Fig. S4_a: Calculated cluster geometries (DFT/B3LYP-D3/def2-TZVPP) with their respective (zero point
corrected) relative energies. For each cluster geometry, the energy is indicated relative to the most
stable ,intact” geometry obtained for the respective metal elements (Li, Na).
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Fig. S4_b: Calculated cluster geometries (DFT/B3LYP-D3/def2-TZVPP) with their respective (zero point
corrected) relative energies. For each cluster geometry, the energy is indicated relative to the most
stable ,intact” geometry obtained for the respective metal elements (K, Rb).
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Fig. S4_c: Calculated cluster geometries (DFT/B3LYP-D3/def2-TZVPP) with their respective (zero point
corrected) relative energies. For each cluster geometry, the energy is indicated relative to the most
stable ,intact” geometry obtained for the respective metal elements (Cs, Mg).

*: structure yielded an imaginary frequency
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Fig. S4_d: Calculated cluster geometries (DFT/B3LYP-D3/def2-TZVPP) with their respective (zero point
corrected) relative energies. For each cluster geometry, the energy is indicated relative to the most
stable ,intact” geometry obtained for the respective metal elements (Ti, Zn).
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Fig. S4_e: Calculated cluster geometries (DFT/B3LYP-D3/def2-TZVPP) with their respective (zero point
corrected) relative energies. For each cluster geometry, the energy is indicated relative to the most
stable ,intact” geometry obtained for the respective metal elements (Ag, Ga).
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Fig. S4_f: Calculated cluster geometries (DFT/B3LYP-D3/def2-TZVPP) with their respective (zero point
corrected) relative energies. For each cluster geometry, the energy is indicated relative to the most
stable ,intact” geometry obtained for the respective metal element (Al).

222



Publications and manuscript drafts

Calculated vibrational (NH-stretching) frequencies obtained for the Li*-, Na*-, K*-, Rb*-, Cs*-, Mg*-,
Ti*-, Zn*-, Ag*- and Ga*-containing clusters

Tab. S2_a-S2_k: Harmonically calculated vibrational frequencies (DFT/B3LYP-D3/def2-TZVPP; scal.
0.9551) for the NH stretching region obtained for the different geometries (A, B, C, D, E), comprising
the considered metal elements Li, Na, K, Rb, Cs, Mg, Ti, Zn, Ag, Ga, Al.

Li

isomer NHinqa NHy;,
A (no Li-H bond!) - 3469
B 3493 3403
C 3493 3451
D 3496 3467
E 3499 3366

Na
isomer NH;nqa NH,;,
A (indole intact!) - 3481
B 3494 3414
C 3496 3457
D 3499 3470
E 3502 3385

K

isomer NHina NHy,;,
A - 3470
B 3496 3421
C 3496 3461
D 3500 3474
E 3502 3400

Rb
isomer NHinda NH,,;,
A - 3471
B 3497 3424
C 3497 3462
D 3501 3476
E 3502 3409
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Cs
isomer NH;na NH,,;,
A - 3470
B 3498 3426
C 3485 3451
D (not a min. struc.!) 3501 3475
E 3502 3412

Mg

isomer NH;nqa NH,;,
A - 3459
B 3496 3394
C 3496 3443
D 3498 3459
E 3498 3351

Ti
isomer NHina NH,,;,
A - 3456
B 3491 3387
C 3492 3438
D 3492 3461
E 3497 3336

Zn
isomer NHina NHy,;,
A - 3461
B 3493 3398
C 3493 3446
D 3497 3466
E 3498 3350

Ag
isomer NH;nq NHy,,
A - 3470
B 3492 3418
C 3492 3450
D 3496 3474
E 3499 3375
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Ga
isomer NH;na NH,,;,
A - 3444
B 3496 3395
C 3496 3442
D 3498 3463
E 3499 3349
Al
isomer NH;nqa NH,;,
A - 3443
B 3496 3370
C 3496 3427
D 3497 3454
E 3498 3325

The presented structures, relative energies and vibrational frequencies were determined mainly for
comparison with the results obtained for [AIAcTrpOMe]*. However, some trends can be observed,
especially for the alkali clusters, since the “bidentate” structural motif B, with the metal ion being
linked to the COac group and at the same time interacting with the m-system, is increasingly favoured
(especially over the “tridentate” geometry D) when going from Li down to Cs. In other words, the
“tridentate” structural motif is favoured for small ions of high charge density like Li* and Na* (in
contrast to the aggregates with K*, Rb*, Cs*). This result is in accordance with earlier theoretical and
experimental studies on systems of isolated Trp linked to alkali ions [2,3,4]. Furthermore, the alkali
clusters show a clear trend concerning the corresponding NH-stretching frequencies, as the mentioned
vibrational modes tend to undergo, considering any of the structural motifs B to E, (almost without
exception) a successive blue-shift from Li to Cs. This effect may be explained mainly by the decreasing
ion charge density (when going from Li to Cs), leading to a weakening of the M*---it- and M*---O=C-

interactions.

Another very interesting aspect is the observation that for all the structural motifs (A-E) the predicted
NHpp-stretching frequencies are particularly red-shifted in the clusters with Al*, which are in the focus
of this project. Thus, the influence of Al* on the electronic structure of AcTrpOMe is comparatively
pronounced compared to clusters comprising other metal centers of comparable ion size/positive

charge density, so that aluminium shows a somehow unique behaviour.
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Measured UV photodissociation spectrum

The UV/VIS photo dissociation spectrum in the region between 36400 and 36600 cm™, showing an

onset at about 36425cm™, is depicted in figure S5 below.

I T T T T T T T T T T T T T T T 1
36300 36350 36400 36450 36500 36550 36600 36650 36700
wavenumber of UV laser / cm’™

Fig. S5: UV/VIS photo dissociation spectrum of [Al-AcTrpOMe]* with Gaussian fits (red and green curves
with maxima at 36451 and 36516 cm™) and their envelope (blue curve).
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Calculated UV/VIS absorption spectra

In the following figure S6 the predicted UV/VIS spectra (calculated at the TDDFT/B3LYP-D3/TZVP

level) for isomers A-J are presented.
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Fig S6: Calculated UV/VIS absorbance frequencies and theoretical UV/VIS spectrum (at the level
TDDFT/B3LYP-D3/TZVP) of isomers A-J and the structure assigned for the isolated AcTrpOMe monomer
(gaussian conv. 2000 cm™). The UV laser wavelength (35335 cm™) applied within the IR+UV
experiment is indicated by the blue dashed line.
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The UV/VIS spectra of selected isomers presented in figure S6 show the spin-allowed transitions
predicted by the TDDFT/B3LYP-D3/TZVP calculations (unshifted, values directly taken from the
calculation). Interestingly, the two maxima observed in the measured UV photodissociation spectrum
(at about 36451 and 36516 cm™) could be explained by the folded UV/VIS spectra predicted for the
“inserted” energetic minimum structure A as well as for isomer E. At the same time, the pattern for
isomer C, which could principally be assigned according to the measured and predicted IR spectra,
shows no considerable absorption peak in the respective UV/VIS absorption range, but only a rather
gentle increase in UV absorption intensity. This aspect could be considered as a further hint that the

inserted energetic minimum structure A is actually formed in the experiment.

It should also be noted that the other isomers comprising an intact AcTrpOMe molecule show a UV
absorption peak which is red-shifted relative to the band of structure A. Thus, all the discussed isomers
can principally be probed within the performed IR+UV experiment if the vibrational excitation followed

by UV excitation leads to a dissociative channel.
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Atomic partial charges predicted by natural bond orbital (NBO) and Mulliken population analyses

In the following the most relevant atomic partial charges are given for selected isomers, obtained by

performing natural bond orbital (NBO) and Mulliken population analyses.

Fig. S7_a: Atomic partial charges for selected atoms (Al*, amide N atom, amide H atom, indole N
atom, indole (N)H atom, carbonyl O atoms of peptide bond and ester) of isomers A-H, obtained
within a natural bond orbital (NBO) analysis performed at the level B3LYP-D3/TZVP.
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Fig. S7_b: Atomic partial charges for selected atoms (Al*, amide N atom, amide H atom, indole N atom,
indole (N)H atom, carbonyl O atoms of peptide bond and ester) of isomers I-J, obtained within a natural
bond orbital (NBO) analysis performed at the level B3LYP-D3/TZVP.
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Fig. S8_a: Atomic partial charges for selected atoms (Al*, amide N atom, amide H atom, indole N
atom, indole (N)H atom, carbonyl O atoms of peptide bond and ester) of isomers A-H, obtained
within a Mulliken population analysis performed at the level B3LYP-D3/TZVP.
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Fig. S8 b: Atomic partial charges for selected atoms (Al*, amide N atom, amide H atom, indole N atom,
indole (N)H atom, carbonyl O atoms of peptide bond and ester) of isomers I-J, obtained within a
Mulliken population analysis performed at the level B3LYP-D3/TZVP.
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Geometric data for the most relevant isomers of [AIAcTrpOMe]*

Tab. 2: Geometric data (calculated at the level B3LYP-D3/TZVP) for selected isomers (A-J) of
[AIAcTrpOMe]", together with the predicted transition state geometry as well as the structure assigned
for the isolated AcTrpOMe monomer.

isomer Backbone geometry | W/° d/° X/ ° X2/ °
A eo(g+)* 133.8 455 60.0 69.7
B Bulg-)* 164.3 -147.3 —-62.3 105.0
C o(g-)* -23.0 -142.4 —63.8 105.9
D eo(g+) 164.9 55.8 59.8 -98.3
E el(g+) -138.7 -76.5 48.7 91.0
F o(g-)” -113.6 -76.5 -49.9 -87.3
G el(g-)t -120.9 -77.5 -47.0 117.0
H eo(g+)* 126.7 51.8 52.5 99.0

I a(a) -92.4 -73.2 -172.9 -111.7
J ela) 151.1 -33.8 178.6 89.3
transition state | ep(g+)* 139.6 53.5 56.5 79.2
isolated Bu(g+) 171.7 -162.1 63.7 -83.2
AcTrpOMe

monomer

233



Publications and manuscript drafts

Tab. 3: Calculated distances (A) (B3LYP-D3/TZVP level) for selected isomers (A-J) of [AIAcTrpOMe]* and
for the predicted transition state (TS): between the Al ion and the carbonyl O atom of the amide group;
between the Al ion and the carbonyl O atom of the ester; between the Al ion and the N atom of the
indole substituent; of the Al-H bond; between the Al ion and the m-system (Al---6-ring/Al---5-ring);
between the backbone NH group and the OMe group of the ester; between the backbone NH group
and the carbonyl O atom of the ester; between the backbone NH group and the m-system (Al---6-

ring/Al---5-ring).

isomer | Oac--Al Og-+-Al Al--Ning | Al-H Al---m NHpp-*OMe | NHpp=*Oe | NHpp:- 10
(6-ring/5- (6-ring/5-
ring) ring)

A 1.827 1.977 1.923 1.550 | - - - -

B 1.874 - - - 3.13/3.62 - 2.221 -

C 1.882 - - - 3.10/3.60 2.246 - -

D 1.933 2.538 - - 3.35/3.69 - - -

E 1.915 2.427 - - - - - 3.11/2.82

F 1.947 2.242 - - - - - 3.17/3.12

G 1.948 2.236 - - - - - -/2.92

H 1.946 2.191 - - -/3.38 - - -

I 1.997 2.224 - - - - - -

J 1.990 2.134 - - - - - -

TS 1.838 1.960 2.583 1.684 |- - - -
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Comparison of [AlIAcTrpOMe]* and [AIAcPheOMe]*

In the main part of this paper the comparison between [AIAcTrpOMe]* and [AIAcPheOMe]* or isolated
AcTrpOMe is briefly addressed several times and reveals a different structural behaviour of
[AIACTrpOMe]* compared to the Phe-containing aluminum aggregate. Isomers with Al* being linked to
both CO groups were assigned to [AIAcPheOMe]*, with the conformations a.(g-) and a.(a). Those
conformers were also calculated for [AIAcTrpOMe]* (F and I), but for the former (F) the calculated NH-
backbone vibration cannot describe one of the corresponding experimental bands (at 3293 cm™ or
3414 cm™); for the latter (1) a description of the experimental vibration of 3414 cm™ might be given,
but its relatively high energy makes its presence less probable. With regard to the special
characteristics of the indole chromophore and observed insertion reactions for Al(l) [5,6] an
assignment of other isomers than for [AIAcPheOMe]* is not very surprising. A further difference
between [AIAcPheOMe]* and [AIAcTrpOMe]* is the dissociation behaviour (already briefly mentioned
in context with the UV PD spectroscopy): For gas phase peptide ions in general the loss of aromatic
side chains for Tyr and Trp (together with H-atoms) is a frequent consequence of UV radiation between
193 and 260 nm, strongly depending on the wavelength, peptide sequence and protonation state [7-
11]. For [AIAcPheOMe]*, AcPheOMe" could always be observed as fragment signal for the UV as well
as for the IR photodissociation spectrosocopy [12]. This was already a characteristic dissociation
behaviour since Willey et al. found in their experiments that [Ag-benzene]* undergoes a dissociative
charge transfer process into benzene* and Ag®, but [Al-benzene]* dissociated into Al* and benzene®,
independent of the laser wavelength used to initiate the dissociation [13]. The dissociative charge
transfer process in UV PD was later on also observed for [Ag-Trp]*in literature. In addition, other
channels including the fragmentation of the side chain were observed, probably because the binding
energy of the silver cation was higher than the energy needed to activate the fragmentation of the
side chain [14]. However, we could not find comparable studies with singly charged aluminium in
literature. For [AIAcTrpOMe]*, neither in the UV PD nor the IR+UV process AcTrpOMe* was found as
fragment ion; both spectra were merely recorded as depletion spectra of the parent [AIAcTrpOMe]*
ion. A further difference to the singly charged [AIAcPheOMe]" is that the IRPMD method did not work
for [AlAcTrpOMe]*. These observations could be an indicator for a higher dissocation energy in
[AIACTrpOMe]* and a different dissociation behaviour, both associated to other isomers than those

assigned for [AIAcPheOMe]*.
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8 Summary and Outlook

The present work deals with the investigation of (mainly neutral) cold, isolated molecules, aggregates
and metal complexes in the gas phase by applying UV- and combined IR/UV laser spectroscopic
techniques in molecular beams, and partially supported by quantum chemical analyses. Using these
methods, three main projects are described in this thesis. In the first project, spectroscopic
investigations were performed in combination with a newly established laser desorption source. After
successful optimization of this setup, the focus was put on the investigation of neutral isolated contact
ion pairs, which presents still a new field in molecular beam spectroscopy. In the second project,
aromatic molecule-solvent aggregates were investigated with regard to non-covalent (and especially
dispersion) interactions. And finally in the last project, cationic clusters, formed by aggregation of
monovalent metal ions (mainly aluminium) and the protected amino acid AcTrpOMe, were studied.
For the latter subject, distinct theoretical approaches (mainly density functional theory (DFT)) were
applied in addition to the spectroscopic investigations performed by former group members. In the

following paragraphs, the corresponding projects are summarized in more detail.

Laser desorption studies and spectroscopic characterization of contact ion pairs

The often pioneering gas phase experiments on neutral systems performed in the Gerhards group were
usually conducted by using a thermal molecular beam source. However, molecules exhibiting an
insufficient vapor pressure or a significant thermal lability cannot be transferred into the gas phase
through simple heating. In such cases, the laser desorption technique is a convenient alternative. Such
a laser desorption source was designed by the former group member Dr. Markus Becherer and
implemented into one of the two molecular beam machines available in the Gerhards group. However,
at the beginning of the present thesis, the experimental achievements were still limited to at most
some mass spectra and no spectroscopic results were available. The obtained ion signals were weak in
intensity and too unstable to perform spectroscopic investigation. Thus, some major experimental
refinements were required.

First, the preparation of the used laser desorption samples was crucially optimized within this work. In
the initial experiments, the respective compound was mixed with soot or graphite powder as matrix
(in a ratio of approximately 1:1). The ion signal intensity was then increased by a factor of 3-4 and the
ion signal stability was clearly improved using active charcoal powder as matrix. Furthermore, the

expansion conditions were optimized, whereby it turned out that well-resolved UV- and IR spectra are
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only obtained if argon is used as carrier gas for efficient supersonic cooling. Despite these crucial
experimental improvements, the ion signal fluctuations were still too pronounced to record any useful
IR/(1C-)R2PI spectra. Therefore, a so-called “reference signal correction” technique was established,
which is very briefly described in the following lines. After crossing the molecular beam, the UV laser
beam is redirected through the interaction region to ionize a second packet of molecules. Within that,
the molecular beam is crossed at two slightly distinct heights (difference ~5 mm), which leads to two
clearly separated mass signals for the same m/z. The IR laser beam is spatially overlapped with the UV
laser beam at the first interaction point with the molecular beam. At the same time, the “second” ion
signal is untouched by the IR-radiation and is only subjected to the unavoidable ion signal fluctuations.

IM

Thus, the second mass peak can be used as “reference signal” in the data evaluation, in the way to
account for ion signal fluctuations.

The described optimization steps were realized within investigations of para-aminobenzoic acid and
its homodimer, as well as of the cyclic dipeptide cyclo Trp-Tyr. Hereby, the recorded spectra show
nicely resolved resonances and are absolutely in accordance with literature data. This underlines that
the experimental conditions had been successfully optimized. In the following, the next aim was to
investigate larger organic molecules of higher m/z. For this, the cyclic depsipeptide beauvericin and in
particular the calixarene derivatives 4-tert-butylcalix[6]arene and its smaller homologue 4-tert-
butylcalix[4]arene were chosen. These compounds could all be successfully transferred into the gas
phase and detected in the mass spectrometer. However, even after further optimization, the obtained
ion signals were drastically smaller than for compounds with lower m/z. Furthermore, no clear and
convincing features were found in the R2PI- and IR/R2PI experiments. Thus, the limits of the current
experimental setup were probably gradually reached. Some suggestions regarding further technical
optimizations are evoked in the last paragraph.

In the following, the focus was turned towards the investigation of neutral isolated contact ion pairs
(CIPs), using the newly established laser desorption setup. lon pairing plays a key role e.g. in
biochemical processes or in catalysis. Up to now, most studies on CIPs were limited to condensed
phase experiments, which are always underlying the fluctuations between different types of ion
pairing (solvent separated ion pairs, solvent shared ion pairs,...) and interactions with the environment.
Therefore, the intrinsic properties of ion pairs are not yet well understood for many systems. Within
this context, the alkali (from Li* to Cs*) para-aminobenzoate ion pairs were investigated by applying
various spectroscopic approaches. First, one color R2PI spectra were recorded for all species, in which
a small but considerable spectral red-shift of the electronic origin transition was observed towards ion
pairs with heavier alkali ions. The same is valid for the IR/R2PI experiments (for the So state) in the NH-
stretching region. By probing the vibrational frequency of the NH, substituent in para position, the

influence of a variation of the alkali ion could be analyzed. In addition, IR photodissociation spectra of
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the photoionized ion pairs (in the Do state) were recorded, whereby a blue-shift, and thus an opposite
trend relative to the effects in the electronic ground state, was obtained. These inverse trends may
not be provoked by pure electrostatic effects, but rather by electronic effects induced by the Coulomb
potential of the metal ion. This interpretation is based on the results of a natural bond orbital (NBO)
analysis performed at the DFT level. Particularly strong shifts (red-shift from Li* to Cs*) by thousands of
wavenumbers upon substitution of the alkali cation were observed for the ionization potentials, which
were estimated by performing two color R2Pl experiments. Over all, the measured trends are in perfect
agreement with the results from DFT (and partially ADC(2)) calculations. Finally, the ion radius of the
coordinating alkali ion turned out to be the most decisive factor for the spectroscopic behavior of the
para-aminobenzoate chromophore. In order to increase molecular complexity and pave the way for
studies on isolated metal complexes in the gas phase, the earth alkaline para-aminobenzoate
complexes, (composed of the bivalent cation and two para-aminobenzoate anions), were investigated
via R2PI spectroscopy. Here, the obtained spectra are fully in line with the observations made for the
respective alkali species. In the following, these studies were extended to the alkali para-
methoxybenzoate as well as to alkali benzoate ion pairs. For these species, R2PI spectra were recorded,
which again show very sharp features. In contrast to the alkali para-aminobenzoate ion pairs, these
species however exhibit a significantly reduced (photo)stability. A reduced mesomeric donor (+M)
effect exhibited by the substituent in para-position goes along with a lowered cation---anion binding
energy and thus with a decreased ion pair stability. Therefore, merely one color R2PI experiments
could be performed here, that are partly limited to the respective ion pairs with smaller cations. The
observed vibronic resonance shifts could not be understood to full extent up to now, but it was
observed that the spectral shifts upon cation substitution are most pronounced for the alkali benzoate
species. This may again be due to the absence of any substituent exhibiting a mesomeric donor effect
in para-position.

On top of all this, the neutral OLED relevant complex tris(8-hydroxyquinolinato)aluminium (Algs) could
be successfully desorbed, subsequently photoionized and detected in the time-of-flight mass

spectrometer.

Ketone-solvation balances with regard to non-covalent interactions

The second topic of this thesis dealt with the spectroscopic investigation of isolated aromatic
molecule-solvent clusters with regard to non-covalent interactions. These studies were performed
within the DFG priority program on the “Control of London dispersion in molecular chemistry” (SPP
1807). Within that, one aim is the quantification of non-covalent and especially dispersion interactions.

Since theoretical methods often struggle with the description of subtle energetic differences,
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spectroscopic data on small isolated model aggregates are at the same time convenient benchmark
values. In this way, theoretical approaches can be evaluated and further refined or newly developed.
In the past, in-depth studies on so-called “solvation balances” had been performed on the example of
aromatic ether-alcohol aggregates. In the following, these studies were extended to ketone-solvation
balances, featuring two very similar carbonyl docking sites for an alcohol molecule. Hereby, the
preference for a specific structural arrangement is decided by non-covalent interactions with
neighboring aromatic or alkyl moieties. Studies on carbonyl-solvent clusters have the further
advantage that the competing isomers are both of C=0---H-O type, which leads to an almost error
cancellation for the zero point vibrational energy (ZPVE). Several analyses on such systems had already
been performed (among others within the SPP), but up to that point all investigations on
ketone-alcohol aggregates were limited to clusters in their electronic ground state.

Within this context, studies on chromone-methanol clusters were performed here. The structure of
chromone exhibits two very similar carbonyl oxygen lone pairs as docking sites, in which the methanol
molecule is stabilized via distinct (either 1,2- or 1,3-like) CH::-O contacts. Since chromone undergoes a
fast and efficient intersystem crossing (ISC) into the triplet manifold upon electronic excitation,
spectroscopic investigations could for the first time be applied to a neutral cluster in its lowest excited
triplet state (T.). Although (especially larger) chromone-methanol clusters tended to undergo
fragmentation, i.e., evaporative cooling, upon ISC into the triplet manifold, it could be demonstrated
here that the UV/IR/UV technique can be applied to investigate neutral clusters in an electronically
excited triplet state. Hereby, these experiments may be supported by the mentioned evaporative
cooling process. Since this lowest triplet state is of ground state character, sophisticated energy
decomposition approaches such as SAPT (symmetry-adapted perturbation theory) and DLPNO-
CCSD(T)/LED (local energy decomposition domain-based local pair natural orbital coupled-cluster
method) could be applied. Extensive theoretical analyses were performed by my colleagues Patrick
Strebert and Marcel Meta. The IR/R2PI experiments, in combination with the calculated harmonic
frequencies, confirm the occurrence of both competing isomers in the molecular beam, whereby the
energetically favored motif with an 1,2-like CH---O contact seems to have a higher contribution. Similar
structural arrangements and isomer populations are maintained after electronic excitation and
subsequent ISC. Interestingly, the excited state geometry optimizations however unveiled a loss of
planarity (puckering) of the 4-pyrone ring when reaching the T, state, with the spin-density being
mostly localized on the puckered C atom. This structural effect leads to an increased energetic gap
between both minimum structures. Finally, the energy decomposition analyses revealed that this
energetic effect (increase of AE) is mainly driven by electrostatic and inductive interactions rather than

by dispersion forces.
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Alongside the studies on chromone-methanol, the aggregation of the protected amino acid
AcTyr(Me)OMe with methanol was also investigated. Amino acid— or small peptide-solvent clusters
are again convenient model systems to study the delicate interplay of non-covalent interactions.
Furthermore, these systems give the possibility to probe potential structural rearrangements of
peptide structures upon stepwise microsolvation. As the polar N- and C-termini are capped within
protected amino acids such as AcTyr(Me)OMe, these model systems are ideally suited to explore
peptide backbone solvations. Particularly, a solvent molecule (such as water or an alcohol) may only
interact with the NH and CO groups of the backbone or with the m-system of the protected tyrosine
(Tyr) residue. However, for the AcTyr(Me)OMe-methanol aggregate, the IR/R2PI spectra recorded in
the NH- and OH-stretching region suggest the dominance of only one specific isomer in the molecular
beam. Finally, a structure with the methanol molecule being coordinated to both the NH and ester
C=0 groups is suggested. Thus, the OH group of the methanol molecule simultaneously acts as
hydrogen bond donor (towards C=0) and acceptor, whereby the initially stretched backbone (B.)

conformation of AcTyr(Me)OMe is maintained.

Investigations of metal ion—peptide interactions

In the last part of this thesis, structural investigations on the cationic aggregate of monovalent
aluminium (Al*) and the protected amino acid AcTrpOMe were performed. In nature, a vast number of
proteins coordinate metal atoms to form so-called metalloproteins, with the biomolecular function of
such a complex often critically depending on its structural arrangement. The role of Al* in nature is of
course questionable, but its low stability (compared to e.g. alkali cations), in combination with the
relatively high reactivity of the indole chromophore of tryptophane, could lead to unique and maybe
unexpected structural effects. Indeed, the performed conformational search yielded, among others,
an extraordinary geometry, in which the Al* ion is inserted into the N-H bond of the Trp residue and
at the same time linked to both carbonyl groups of the backbone. One should note that this structural
motif is (according to DFT-D3 and DLPNO-CCSD(T)) even one of the energetically most favored
geometries. Transition state optimizations revealed that this “inserted” structure may not be formed
within an isomerization process in the cold molecular beam. Nevertheless, such a strong
rearrangement within the harsh plasma conditions of the used combined thermal and laser ablation
source remains conceivable. Furthermore, the harmonic vibrational frequencies predicted for this
geometry are principally in accordance with the experimental IR+UV spectrum, measured by the
former group members Dr. Philip Bialach and Dr. Markus Becherer. The experiment also shows that a
further isomer has to be present in the molecular beam. Here, a structural motif with the Al* ion being

linked to both backbone C=0 groups was assigned. In order to elucidate if the discussed unexpected
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structural motif with an insertion of the metal cation into the indolic NH bond may be unique to
aggregates with Al*, the DFT studies were extended to a series of clusters with other monovalent metal
ions (Li*, Na*, K*, Rb*, Cs*, Mg, Ti*, Zn*, Ag*, Ga*). These calculations predicted that such an “inserted”

geometry may only be favored in combination with Al* or Ti*.

Outlook

With respect to future molecular beam studies, it can be noted that promising results were obtained
within this work, especially regarding the laser desorption experiments. The first spectroscopic studies
using the laser desorption setup can definitely be considered as an experimental breakthrough in the
Gerhards group. The extended investigations on alkali para-aminobenzoate ion pairs yielded
unambiguous spectral effects that may trigger further studies on these systems as well as on related
analytes. For instance, the IR/UV experiments could be extended to the CO-stretching region, as
pronounced spectral shifts upon substitution of the alkali ion are expected for this spectral region.
Furthermore, the (micro)solvation of the alkali para-aminobenzoates could be investigated by e.g.
probing their respective hydrate clusters, to elucidate (possible) separation mechanisms between
cation and anion upon attachment of water molecules. Beyond that, analyses on the alkali ortho- and
alkali meta-aminobenzoate derivatives may also be of interest.

However, the performed measurements at the same time unveiled technical limits, showing which
further refinements could be beneficial. In particular, the R2PI- and IR/R2PI experiments on molecules
of higher molecular weight turned out to be difficult. This limitation could be due to inefficient
vibrational cooling of these large molecules, exhibiting a bath of low-frequency modes. Therefore,
alternative pulsed valve types, designed for the application of higher backing pressures, shorter
opening times (e.g. piezo valves) and thus providing particularly cold expansion conditions, may be
applied. It should, however, be pointed out that the successful desorption, subsequent
photoionization and detection of a larger metal complex promises a high potential for future
investigations on neutral metal complexes in the gas phase by using laser desorption setups.

The other topics treated in the present thesis demonstrate that further studies on aggregates in
electronically excited triplet states could be performed and that clusters comprising monovalent

aluminium ions may be of particular interest for future research.
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9 Zusammenfassung und Ausblick

Die vorliegende Arbeit befasst sich mit der Untersuchung von (insbesondere neutralen) kalten,
isolierten Molekilen, Aggregaten und Metallkomplexen in der Gasphase mittels UV- und kombinierter
IR/UV-Laserspektroskopie im Molekularstrahl. Die Arbeit setzt sich im Wesentlichen aus drei
Teilprojekten zusammen. Im ersten Teil wurden erste spektroskopische Untersuchungen in
Kombination mit einer neu etablierten Laserdesorptionsquelle durchgefiihrt. Nach erfolgreicher
Optimierung dieses Aufbaus wurde der Fokus auf die Analyse neutraler isolierter Kontaktionenpaare
gelegt, die ein noch neues Feld in der Molekularstrahlspektroskopie darstellen. Im zweiten Projekt
wurden Aggregate, bestehend aus einem aromatischen Molekiil und einem Losungsmittelmolekiil, im
Hinblick auf nicht-kovalente (und insbesondere Dispersions-) Wechselwirkungen untersucht. Im
letzten Teil wurden kationische Cluster analysiert, die durch Aggregation von einwertigen Metallionen
(insbesondere Aluminium) und der geschiitzten Aminosdure AcTrpOMe gebildet werden.
Diesbeziiglich wurden, komplementar zu den von ehemaligen Gruppenmitgliedern durchgefihrten
spektroskopischen  Untersuchungen, verschiedene theoretische Ansatze (hauptsachlich
Dichtefunktionaltheorie (DFT)) angewandt. In den folgenden Abschnitten werden die

unterschiedlichen Teilprojekte ausfihrlicher zusammengefasst.

Experimente mittels Laser-Desorption und spektroskopische Charakterisierung von

Kontaktionenpaaren

Die oft initiierenden Gasphasenexperimente an neutralen Systemen, die im Arbeitskreis von Prof.
Gerhards durchgefiihrt wurden, wurden alle mit Hilfe einer thermischen Molekularstrahlquelle
realisiert. Allerdings kdnnen Molekiile, die einen unzureichenden Dampfdruck oder eine signifikante
thermische Labilitdt aufweisen, nicht durch einfaches Erhitzen in die Gasphase lberfiihrt werden. In
diesen Fallen stellt die Technik der Laserdesorption eine geeignete Alternative dar. In dem
Zusammenhang wurde vom ehemaligen Mitarbeiter Dr. Markus Becherer eine solche Laser-
Desorptionsquelle entwickelt und in eine der in der Arbeitsgruppe vorhandenen
Molekularstrahlapparaturen implementiert. Jedoch beschrankten sich die experimentellen Ergebnisse
bis zu Beginn der vorliegenden Arbeit auf hochstens ein paar Massenspektren, wobei die detektierten
lonensignale zu schwach und zu instabil waren fir tiefgriindigere spektroskopische Untersuchungen.
Somit waren bedeutende experimentelle Anpassungen unabdingbar.

Bezliglich der Laserdesorption wurde die Probenvorbereitung im Rahmen dieser Arbeit entscheidend

optimiert. In den ersten Experimenten wurde die jeweilige Verbindung mit RuR- oder Graphitpulver
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als Matrix gemischt (in einem Verhaltnis von etwa 1:1). Es stellte sich jedoch heraus, dass die
lonensignalintensitdt um den Faktor 3-4 hoher ist und die Stabilitat des lonensignals bedeutend besser
ist, wenn Aktivkohlepulver als Matrix verwendet wird. Weiterhin wurden die Expansionsbedingungen
optimiert, wobei gut aufgeléste UV- und IR-Spektren nur unter Verwendung von Argon als Tragergas
fir eine effiziente adiabatische Abkilhlung erreicht wurden. Trotz dieser entscheidenden
experimentellen Verbesserungen waren die Fluktuationen der lonensignale immer noch zu
ausgepragt, um aussagekraftige IR/(1C-)R2PI-Spektren aufzunehmen. Daraufhin wurde eine so
genannte ,Referenzsignal-Korrektur” eingefiihrt, die in folgenden Zeilen kurz beschrieben wird.
Nachdem der UV-Laserstrahl den Molekularstrahl durchquert hat, wird er umgelenkt und ein zweites
Mal mit dem Molekularstrahl Gberlappt, um ein zweites Molekilpaket zu ionisieren. Dabei wird der
Molekularstrahl in zwei leicht unterschiedlichen Hohen gekreuzt (Unterschied ~5 mm), was zu zwei
klar separierten Massensignalen fir dasselbe Masse-zu-Ladung-Verhiltnis (m/z) fihrt. Der IR-
Laserstrahl wird am ersten Kreuzungspunkt von Molekularstrahl und UV-Laserstrahl mit dem UV-
Laserstrahl tiberlappt. Gleichzeitig bleibt das ,,zweite” lonensignal von der IR-Strahlung unberihrt und
ist nur den unvermeidlichen lonensignalschwankungen unterworfen. Somit kann der zweite

Ill

Massenpeak als ,Referenzsignal” bei der Datenauswertung verwendet werden, um auf diese Weise
die lonensignalschwankungen zu bertcksichtigen.

Die beschriebenen Optimierungsschritte wurden im Rahmen von Untersuchungen an para-
Aminobenzoesaure und deren Homodimer, sowie am cyclischen Dipeptid cyclo Trp-Tyr durchgefiihrt.
Hierbei zeigen die aufgenommenen Spektren gut aufgeloste Resonanzen und stimmen absolut mit
Literaturdaten (iberein. Dies unterstreicht die erfolgreiche Optimierung der experimentellen
Bedingungen. Das nichste Ziel bestand darin, groRere organische Molekiile mit héherem m/z zu
untersuchen. Hierflir wurden das cyclische Depsipeptid Beauvericin und insbesondere die Calixaren-
Derivate 4-tert-Butylcalix[6]aren sowie dessen kleineres Homolog 4-tert-Butylcalix[4]aren ausgewahilt.
Diese Verbindungen konnten alle erfolgreich in die Gasphase Uberfihrt werden und im
Massenspektrometer nachgewiesen werden. Doch auch nach weiterer Optimierung waren die
erhaltenen lonensignale deutlich kleiner als fiir Verbindungen mit niedrigem m/z. AuBerdem waren in
den R2PI- und IR/R2PI-Experimenten keine eindeutigen Resonanzeffekte festzustellen. Somit waren
die Grenzen des derzeitigen Versuchsaufbaus wohl allmahlich erreicht. Einige Vorschlage beziglich
weiterer technischer Optimierungen werden im letzten Absatz erlautert.

Im Folgenden wurde der Fokus auf die Untersuchung von neutralen, isolierten Kontaktionenpaaren
(CIPs) gerichtet, wozu der neu etablierte Laser-Desorptions-Aufbau verwendet wurde. Die
lonenpaarung spielt zum Beispiel in biochemischen Prozessen oder in der Katalyse eine wichtige Rolle.
Bislang beschrankten sich die meisten Studien zu CIPs jedoch auf Experimente in kondensierter Phase,

die stets Fluktuationen zwischen verschiedenen Arten von lonenpaaren (durch das Lésungsmittel

244



Zusammenfassung und Ausblick

separiertes lonenpaar (SSIPs), lonenpaar mit einer einzelnen Solvatschicht zwischen Kation und Anion
(SIPs),...) und Wechselwirkungen mit der Umgebung unterliegen. Daher sind die intrinsischen
Eigenschaften von lonenpaaren fiir viele Systeme noch nicht gut verstanden. In diesem
Zusammenhang wurden die Alkali-lonenpaare (von Li* bis Cs*) des para-Aminobenzoats mit Hilfe
verschiedener spektroskopischer Ansatze untersucht. Zunachst wurden fiir alle Spezies einfarbige
R2PI-Spektren aufgenommen, bei denen von den lonenpaaren mit kleinem Kation (Li*) hin zu den
Spezies mit groRerem Kation (Cs*) eine kleine aber bedeutende Rotverschiebung des ersten reinen
elektronischen Ubergangs (ohne Schwingungsanregung) zu sehen war. Das Gleiche gilt fiir die IR/R2PI-
Experimente (fiir den Se-Zustand) im NH-Streckschwingungsbereich. Indem im Experiment die
Schwingungsfrequenzen des NH,-Substituenten in para-Position abgefragt wurden, konnten die
Auswirkungen einer Substitution des Alkaliions in groBerer Entfernung zum Metallion analysiert
werden. Zusatzlich dazu wurden IR-Photodissoziationsspektren der photoionisierten lonenpaare (im
Do-Zustand) aufgenommen, wobei, im Gegensatz zu den Effekten im elektronischen Grundzustand,
eine Blauverschiebung festgestellt wurde. Hierbei sind die entgegengesetzten Trends wahrscheinlich
nicht auf rein elektrostatische Effekte zurtickzufiihren, sondern auf elektronische Effekte, die durch
das Coulomb-Potential des Metallions hervorgerufen werden. Diese Interpretation stitzt sich unter
anderem auf die Ergebnisse einer auf DFT-Niveau durchgefiihrten ,Natural Bond Orbital“ (NBO)-
Analyse. Besonders starke Verschiebungen (Rotverschiebung von Li* zu Cs*) um mehrere tausend
Wellenzahlen bei Substitution des Alkalikations wurden fiir die lonisierungspotentiale beobachtet, die
in zwei Farben R2PI-Experimenten abgeschatzt wurden. Alles in allem stehen die gemessenen Trends
in perfekter Ubereinstimmung mit den Ergebnissen aus DFT- (und teilweise ADC(2))-Rechnungen.
Schlussendlich erwies sich der lonenradius des koordinierenden Alkaliions als der entscheidende
Faktor fir das spektroskopische Verhalten des para-Aminobenzoat-Chromophors. Um einen weiteren
Schritt in Richtung von Studien an isolierten Metallkomplexen in der Gasphase zu machen, wurden die
Erdalkali-para-aminobenzoat-Komplexe (bestehend aus dem zweiwertigen Kation und zwei para-
aminobenzoat-Anionen) mittels R2PI-Spektroskopie untersucht. Die hierbei gemessenen Spektren
stimmen sehr gut mit den Beobachtungen, wie sie bei den entsprechenden Alkali-Spezies gemacht
wurden, lGberein. Im Folgenden wurden diese Studien auf die Alkali-para-methoxybenzoate sowie auf
die Alkali-benzoate ausgedehnt. Fiir diese Spezies wurden R2PI-Spektren aufgenommen, die ebenfalls
sehr scharfe Resonanzen aufweisen. Im Gegensatz zu den Alkali-para-Aminobenzoat-lonenpaaren
weisen diese Spezies jedoch eine deutlich geringere (Photo)stabilitdit auf. Ein schwacherer
elektronenschiebender mesomerer Donoreffekt (+M-Effekt) des Substituenten in para-Stellung geht
mit einer verringerten Kation-Anion-Bindungsenergie und somit mit einer verringerten lonenpaar-
Stabilitat einher. Daher konnten fiir die letztgenannten Spezies lediglich einfarbige R2PI-Experimente

durchgefiihrt werden, die teilweise auf die jeweiligen lonenpaare mit kleineren Kationen beschrankt
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sind. Die beobachteten Verschiebungen vibronischer Uberginge konnten bisher nicht in vollem
Umfang verstanden werden. Trotzdem wurde deutlich, dass die spektralen Verschiebungen bei
Substitution des Kations fiir die Alkalibenzoat-Spezies am starksten ausgepragt sind. Dies ist womaoglich
auf das Fehlen eines Substituenten mit einem mesomeren Donoreffekt (+M-Effekt) in para-Position
zurlickzufihren.

Darliber hinaus konnte der neutrale OLED-relevante Komplex Tris(8-hydroxychinolinato)aluminium
(Algs) erfolgreich desorbiert, anschlieRend photoionisiert und im Flugzeitmassenspektrometer

nachgewiesen werden.

,Keton-Lésungsmittel-Waagen” in Bezug auf nicht-kovalente Wechselwirkungen

Das zweite Thema dieser Arbeit befasste sich mit der spektroskopischen Untersuchung von isolierten
aromatischen Molekiil-Lésungsmittel-Clustern im Hinblick auf nicht-kovalente Wechselwirkungen.
Diese Untersuchungen wurden im Rahmen des DFG-Schwerpunktprogramms SPP 1807 mit dem Titel
,Control of London dispersion in molecular chemistry” durchgefiihrt. Ein Hauptziel dabei ist die
Quantifizierung von nicht-kovalenten und insbesondere von Dispersions-Wechselwirkungen. Da
theoretische Methoden bei der Beschreibung subtiler Energieunterschiede oft an ihre Grenzen stoRen,
stellen spektroskopische Daten zu kleinen molekularen Clustern gleichzeitig geeignete
Referenzsysteme (,,benchmarks”) dar. Auf diese Weise kbnnen theoretische Methoden evaluiert und
weiterentwickelt werden. In der Vergangenheit wurden in der Arbeitsgruppe am Beispiel von
aromatischen Ether-Alkohol-Aggregaten bereits vertiefte Studien an sogenannten ,Solvatations-
Waagen” (,solvation balances”) durchgefiihrt. In der Folgezeit wurden diese Untersuchungen auf
,Keton-Losungsmittel-Waagen” ausgedehnt, welche zwei sehr dhnliche Carbonyl-Andockstellen fiir
ein Alkoholmolekil aufweisen. Bei diesen Systemen wird die Praferenz fiir eine spezifische strukturelle
Anordnung durch nicht-kovalente Wechselwirkungen mit benachbarten aromatischen Gruppen oder
Alkylgruppen bestimmt. In dem Zusammenhang wurden bereits mehrere Untersuchungen an
derartigen Systemen durchgefihrt (unter anderem im Rahmen des SPP), die sich bisher aber alle auf
die Analyse von Clustern im elektronischen Grundzustand beschrankten.

In dem Kontext wurden hier Untersuchungen an Chromon-Methanol-Clustern durchgefiihrt. Die
Struktur von Chromon weist zwei sehr dhnliche freie Elektronenpaare am Carbonylsauerstoff als
Andockstellen auf, womit die entsprechenden Alkohol-Komplexe entweder tiber 1,2- oder 1,3-dhnliche
CH---O-Kontakte stabilisiert werden. Da Chromon nach elektronischer Anregung tiber einen besonders
schnellen und effizienten Interkombinationsprozess (ISC) in die Triplet-Mannigfaltigkeit Gbergeht,
konnten erstmalig spektroskopische Untersuchungen an einem neutralen Cluster in seinem

niedrigsten angeregten Triplett-Zustand (Ti) durchgefiihrt werden. Obschon (insbesondere die
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groReren) Chromon-Methanol-Aggregate nach ISC in die Triplet-Mannigfaltigkeit zur Fragmentation,
das heiRt zur Abspaltung von Losungsmittelmolekiilen (,evaporative cooling”) neigen, konnte hier
gezeigt werden, dass die UV/IR/UV-Technik zur Untersuchung neutraler Cluster in einem elektronisch
angeregten Triplett-Zustand eingesetzt werden kann. Dabei kann es sein, dass die Experimente durch
den ,evaporative cooling“-Prozess unterstiitzt werden. Da dieser niedrigste Triplett-Zustand
Grundzustandscharakter aufweist, konnten aufwendige theoretische Methoden, wie SAPT (symmetry-
adapted perturbation theory) und DLPNO-CCSD(T)/LED (local energy decomposition domain-based
local pair natural orbital coupled-cluster method), zur Zerlegung der Gesamtenergie in einzelne
Energiebeitrdge angewandt werden. Umfangreiche theoretische Analysen wurden von meinen
Kollegen Patrick Strebert und Marcel Meta durchgefiihrt. Die IR/R2PI-Experimente, in Kombination mit
den berechneten harmonischen Frequenzen, bestdtigen die Koexistenz beider konkurrierender
Isomere im Molekularstrahl, wobei das energetisch bevorzugte Motiv mit einem 1,2-dhnlichen CH-:-O-
Kontakt einen gréReren Beitrag zu haben scheint. Ahnliche strukturelle Anordnungen und
Isomerenpopulationen wurden nach elektronischer Anregung und anschlieRendem ISC beobachtet.
Interessanterweise enthiillten die Geometrieoptimierungen im angeregten T;-Zustand jedoch einen
Verlust der Planaritat (,puckering”) des 4-Pyron-Rings, wobei die Spindichte hauptsachlich auf dem
»gepuckerten” C-Atom lokalisiert ist. Dieser strukturelle Effekt fihrt zu einem vergréRerten
energetischen Abstand zwischen den beiden Minimumstrukturen. Die Zerlegung in einzelne
Energiebeitrdage ergab schlielich, dass dieser energetische Effekt (VergroRerung von AE) nicht durch
Dispersionskrafte, sondern in erster Linie durch elektrostatische und induktive Wechselwirkungen
verursacht wird.

Neben den Studien zu Chromon-Methanol wurde auch die Aggregation der geschiitzten Aminosaure
AcTyr(Me)OMe mit Methanol untersucht. Cluster aus einer Aminosdure oder einem kleinen Peptids
und einem Losungsmittelmolekiil sind ebenfalls geeignete Modellsysteme, um das sensitive
Zusammenspiel nicht-kovalenter Wechselwirkungen zu untersuchen. AuBerdem bieten diese Systeme
die Moglichkeit potenzielle strukturelle Umlagerungen von Peptidstrukturen bei schrittweiser
Mikrosolvatation zu untersuchen. Da die polaren N- und C-Terminii in geschiitzten Aminosauren wie
AcTyr(Me)OMe verkappt sind, eignen sich diese Modellsysteme ideal fir die Untersuchung von
Peptidrickgrat-Solvatationen. Konkret kann ein Losungsmittelmolekiil (wie Wasser oder ein Alkohol)
nur mit den NH- und CO-Gruppen des Rickgrats oder mit dem n-System des geschitzten Tyrosin (Tyr)-
Rests wechselwirken. Flir das AcTyr(Me)OMe-Methanol-Aggregat deuten die IR/R2PI-Spektren im NH-
und OH-Streckschwingungsbereich auf die Bildung eines einzigen Isomers im Molekularstrahl hin.
Schlussendlich wird eine Struktur vorgeschlagen, bei der das Methanolmolekiil sowohl an die NH-
Gruppe als auch an die C=0-Gruppe des Esters koordiniert ist. Somit fungiert die OH-Gruppe des

Methanols gleichzeitig als Wasserstoffbriicken-Donor (an die C=0-Gruppe) und -Akzeptor (an die N-H-

247



Zusammenfassung und Ausblick

Gruppe), wobei die urspriinglich gestreckte Riickgratkonformation (B.) von AcTyr(Me)OMe erhalten
bleibt.

Untersuchungen von Metall-Peptid-Wechselwirkungen

Im letzten Teil dieser Arbeit wurden strukturelle Untersuchungen am kationischen Aggregat aus
einwertigem Aluminium (Al*) und der geschiitzten Aminosaure AcTrpOMe durchgefiihrt. In der Natur
koordinieren eine Vielzahl von Proteinen Metallatome und bilden dabei sogenannte Metalloproteine,
wobei die biomolekulare Funktion eines solchen Komplexes oft entscheidend von seiner Struktur
abhangig ist. Die Rolle von Al* in der Natur ist natirlich fraglich, jedoch konnte dessen geringe Stabilitat
(im Vergleich mit beispielsweise Alkalikationen) in Verbindung mit der relativ hohen Reaktivitat des
Indol-Chromophors von Tryptophan zu besonderen strukturellen Effekten fiihren. In der Tat hat die
Konformerensuche unter anderem eine auRergewohnliche Geometrie ergeben, bei der das Al*-lon in
die NH-Bindung des Trp-Rests insertiert und gleichzeitig an beide Carbonylgruppen des Rickgrats
gebunden ist. Dabei ist hervorzuheben, dass dieses Strukturmotiv (nach DFT-D3 und DLPNO-CCSD(T))
sogar eine der energetisch glinstigsten Geometrien darstellt. Laut theoretischer Berechnungen wird
bei der Bildung dieser Spezies ein energiereicher Ubergangszustand durchlaufen, womit diese
yinsertierte” Struktur wohl nicht in einem Isomerisierungsprozess im kalten Molekularstrahl gebildet
werden kann. Dennoch ist eine derartige strukturelle Anderung unter den harschen
Plasmabedingungen der verwendeten kombinierten Thermo-Laserablationsquelle denkbar. Dariber
hinaus stimmen die fir diese Geometrie vorhergesagten harmonischen Schwingungsfrequenzen
prinzipiell mit dem experimentellen [R+UV-Spektrum, welches von den ehemaligen
Gruppenmitgliedern Dr. Philip Bialach und Dr. Markus Becherer gemessen wurde, Uberein. Das
Experiment zeigt auch, dass ein weiteres Isomer im Molekularstrahl vorhanden sein muss. Hier wurde
ein strukturelles Motiv zugeordnet, bei dem das Al*-lon an beide C=0-Gruppen des Riickgrats
gebunden ist. Um zu klaren, ob das diskutierte unerwartete strukturelle Motiv mit einer Insertion des
Metallkations in die indolische NH-Bindung nur im Fall von Aggregaten mit Al* vorkommt, wurden die
DFT-Studien auf eine Reihe von Clustern mit anderen einwertigen Metallionen (Li*, Na*, K*, Rb*, Cs*,
Mg*, Ti*, Zn*, Ag*, Ga*) ausgedehnt. Diese Rechnungen haben gezeigt, dass eine solche , insertierte”

Geometrie lediglich in Kombination mit Al* oder Ti* bevorzugt gebildet wird.
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Ausblick

Im Hinblick auf zukiinftige Molekularstrahlstudien kann festgehalten werden, dass im Rahmen dieser
Arbeit vielversprechende Ergebnisse erzielt wurden, insbesondere was Experimente mit der
Laserdesorptionsquelle angeht. Die ersten spektroskopischen Untersuchungen mit dem
Laserdesorptionsaufbau konnen durchaus als experimenteller Durchbruch im Arbeitskreis von Prof.
Gerhards angesehen werden. Die ausgedehnten Experimente an Alkali-para-aminobenzoat-
lonenpaaren ergaben eindeutige spektrale Effekte, die als Ansporn fiir weitere Untersuchungen an
diesen Systemen sowie an verwandten Analyten dienen kdnnen. Zum Beispiel kénnten die IR/UV-
Experimente auf den CO-Streckschwingungsbereich ausgedehnt werden, da fiir diesen Spektralbereich
ausgepragte spektrale Verschiebungen bei der Substitution des Alkaliions zu erwarten sind. Darliber
hinaus konnte die (Mikro-)Solvatation der Alkali-para-Aminobenzoate analysiert werden, indem
beispielsweise deren Hydratcluster spektroskopiert werden, um (mdgliche) Trennungsmechanismen
zwischen Kation und Anion bei Anlagerung von Wassermolekiilen aufzuklaren. AuRerdem kénnen auch
Untersuchungen an den Derivaten Alkali-ortho- sowie Alkali-meta-aminobenzoat von Interesse sein.

Gleichzeitig enthillen diese Messungen aber auch technische Grenzen, die zeigen welche weiteren
experimentellen Anpassungen sinnvoll sein kénnten. Insbesondere die R2PI- und IR/R2PI-Experimente
an Molekilen mit hoherem Molekulargewicht haben sich als problematisch erwiesen. Diese
Beschrankung konnte auf eine unzureichende Schwingungsabkihlung dieser groRen Molekile
zuriickzufiihren sein, die eine Vielzahl von niederfrequenten Moden aufweisen. Daher ware es
durchaus sinnvoll alternative Pulsdiisentypen einzusetzen, die fiir die Verwendung hoherer
Hintergrunddriicke und kiirzerer Offnungszeiten ausgelegt sind (zum Beispiel Piezoventile), um auf die
Weise besonders kalte Expansionsbedingungen zu erreichen. Es ist jedoch auch hervorzuheben, dass
die erfolgreiche Desorption, die anschlieRende Photoionisierung und der Nachweis eines groReren
Metallkomplexes das hohe Potenzial fiir zukiinftige Untersuchungen an neutralen Metallkomplexen in
der Gasphase mittels Laserdesorption darlegen. Die anderen in dieser Arbeit behandelten Themen
zeigen, dass weitere Studien an Aggregaten in elektronisch angeregten Triplett-Zustdnden greifbar
sind und dass Cluster, die monovalente Aluminiumionen enthalten, von besonderem Interesse fir die

zuklnftige Forschung sein konnten.
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