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Abstract

Chemical reactions are profoundly impacted by the properties of the interacting
molecules, including their structure and quantum state. Crossed-beam setups have
been proven to be a great tool for the investigation of such fundamental interactions
occurring in bimolecular reactions under single-collision conditions. The information
gained from these studies depends strongly on the experimental control which can be
achieved over the reactants’ properties. In recent years, tremendous progress has been
made in that regard by manipulating molecules in supersonic beams with external
electric and magnetic fields. However, the experimental techniques used were mainly
limited to the control and manipulation of weak-field-seeking reactants.

This thesis presents the design, construction and characterisation of a novel crossed-
molecular-beam setup suited for investigating bimolecular reactions of controlled
strong-field-seeking molecules. The distinctive feature of the new setup is an elec-
trostatic deflector integrated into one of the molecular beams, which exploits the inter-
action of polar molecules with its strongly inhomogeneous electric field. This enables
the spatial separation of molecules in different rotational states as well as the selection
of specific molecular conformations. This allows in particular the study of bimolecular
reactions with isolated conformers, whose tendency to interconvert has provided strong
experimental challenges in the past. The co-reactants to the prepared molecules are
provided by a home-built discharge valve, which allows the generation of radicals and
metastable-rare-gas atoms. A time-of-flight mass spectrometer allows the detection
and identification of the reaction products as well as the determination of mass-specific
relative integral cross sections. Differential cross sections of specific reaction products
can be obtained by a mass-gated velocity-map-imaging detector.

The capabilities of the new setup are demonstrated with pioneering experiments of
state- and conformationally-resolved chemi-ionisation reactions. Studying the reac-
tive collisions of metastable neon atoms with rotational-state selected carbonyl sul-
fide (OCS) molecules revealed that the branching ratio between the reaction path-
ways resulting in the Penning ion (OCS™) or the dissociative-ionisation product S*
strongly depends on the initial rotational state of OCS. Also the investigation of the
conformationally-resolved chemi-ionisation reaction of metastable neon with trans- and
cis-hydroquinone showed a clear difference in the reactivity towards forming the Pen-
ning ion or the dissociative-ionisation products, which seems to be dependent on the
initial conformational- and rotational state of hydroquinone.

The novel crossed-molecular-beam setup presented here should be applicable for the
investigation of a broad range of different reactions of polyatomic molecules and by that
will provide a useful tool for unravelling the fundamental details of geometry-specific
effects in bimolecular reactions.
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Introduction

Imagine you nd yourself in the woods, witnessing the amazing hustle and bustle
of an ant colony. On a rst glance, the collective actions might look like chaos, but
after a short while it becomes apparent that everything follows clear and purposeful
rules. If you would try to unravel the mysteries of the ant colony, you could proceed
by observing the colony as a whole, trying to determine the overall principles which
dictate the collaborative actions. The downside of this method would be that it
is not sensitive to small important details, which might easily get lost or can not
be observed at all while studying the colony in its entirety. Alternatively, you
could focus on a single ant at a time and investigate the speci c interaction of this
individual with its peers. Both methods lead to valuable insights, which combined
give a more comprehensive picture of the overall processes. Trying to understand the
rules determining the e cient organisation of an ant colony is the scientic eld of
myrmecology [1].

Analogously, the matter surrounding us is build up out of atoms which combine to
form molecules. Comprehending the interactions of these particles is the work of
a chemist, who describes the recombination of atoms and molecules to form new
products as chemical reactions [2]. Studying such reactions in thermal assemblies
consisting of large numbers of atoms and molecules is an essential part of chemistry
and the typical work of a chemist as often depicted by media, which excessively
formulated and with a hint of irony consists out of mixing colourful liquids in
Erlenmeyer asks. Contrarily, looking at the interactions of isolated atoms and
molecules is one of the core branches of chemical physics [3]. Creating an environment

The introduction is partly based on the publication: L. Ploenes, P. Stra-ak, H. Gao, J. Kip-
per and S. Willitsch, A novel crossed-molecular-beam experiment for investigating reactions of state-
and conformationally selected strong- eld-seeking moleculedMolecular Physics, 119, 17-18, €1965234
(2021), https://doi.org/10.1080/00268976.2021.1965234.
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in which such investigations are possible is a challenging task, as already the air
around us consists out of numerous, fast moving particles. Therefore, the lab of a
chemical physicist does usually not contain many asks and fume hoods, but large
vacuum setups which utilise physical methods such as electric and magnetic elds
to isolate, control and detect single atoms and molecules. Continuously improving
and rethinking these setups is a crucial task as it opens new possibilities towards
studying the details of chemical reactions under single-collision conditions. Such
a new setup, a novel crossed-molecular-beam apparatus specially designed for the
investigation of conformational e ects on chemical reactions, is described in this thesis.

The kinetics and dynamics of a chemical reaction strongly depend on the properties
of the reactant molecules including their collision energy, internal quantum states,
geometries as well as alignment and orientation. In the last decades, signicant
progress has been achieved in unravelling the details of bimolecular reactions under
single-collision conditions [4, 5], notably by the development and continuous im-
provement of crossed-molecular-beam (CMB) experiments [6 19]. The information
to be gained from such studies substantially depends on the ability to control and
prepare the reactants. While in conventional molecular-beam setups the molecules are
internally cooled to rotational and translational temperatures of typically a few Kelvin
in supersonic gas expansions, they usually still populate a range of di erent quantum
states and, in the case of complex species, even di erent molecular conformations.
Reaction cross sections obtained in this way are thus averages over a range of quantum
states and molecular con gurations obscuring the precise in uence of these degrees of
freedom on chemical reactivity.

Signi cant progress in the control of the reactant molecules was recently achieved by
utilising external electric or magnetic elds in molecular-beam experiments. Selection
of individual rotational states has been achieved using electrostatic-multipole fo-
cusers [20 27]. The implementation of Stark [28 30] and Zeeman decelerators [31 35]
in crossed-beam setups enabled the measurement of state-to-state scattering cross
sections with unprecedented collision-energy resolution [36 40].  Moreover, the
development of merged-beam experiments lead to an increased understanding of
chemi-ionisation reactions of excited rare gas atoms with state-selected and even
oriented atoms and molecules at very low collision energies [41 48].

All of these studies exploited the focusing e ects obtained by the interaction of an
inhomogeneous external eld with the electric or magnetic dipole moment of molecules
in weak- eld seeking quantum states, i.e. states whose energy increases with increasing
eld strength, and focused on di- or small polyatomic systems. Of additional interest

in chemistry are also larger polyatomic molecules featuring di erent stereocisomers.
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Due to the coupling between their closely spaced rotational levels, these molecules
are usually exclusively strong- eld-seeking at experimentally relevant eld strengths.
Such strong- eld-seekers are not amenable to the techniques described above because
the laws of electrodynamics do not allow a maximum for static elds in free space and
hence no transverse stability along the beam axis can be achieved [49 51].

For the manipulation of strong- eld-seeking molecules in a beam, alternating-gradient
focusers were developed which enabled the successful control of diatomic and small
polyatomic molecules such as CO, YbF, CaF, NHand OH [52 57], but also allowed

for state selection and deceleration of larger species like benzonitrile [58,59] and even
spatial separation of conformers of molecules like 3-aminophenol [60,61]. Alterna-
tively, the selection of strong- eld seeking states was achieved by microwave lens
systems [62 65], while laser-based optical techniques were successfully applied for the
de ection and deceleration of neutral, strong- eld-seeking molecules [66 69].

A very versatile approach is the technique of electrostatic de ection which allows the
separation of weak- and strong- eld seeking molecules by exploiting the interaction of
their e ective dipole moments with static inhomogeneous elds [70 73]. This technique
enabled not only the selection of individual rotational states in small systems [74 77],
but also the spatial separation of individual conformers of more complex species like
di erent aromatic compounds [60,78,79], 2,3-dibromo-1,3-butadiene [80], methyl vinyl
ketone [81] and dipeptides [32].

This method of electrostatic de ection was successfully applied in our laboratory [83]
to the study of ionic reactive collisions of conformationally selected 3-aminophenol
molecules with trapped Ca ions [84,85] and di erent nuclear-spin isomers of water
with N,H* ions [86], revealing a strong dependence of the reactivity of molecules
in di erent conformational or rotational states. Most recently, the same setup was
used to investigate the cycloaddition reaction ofjauche and s-trans-2,3-dibromo-1,3-
butadiene with sympathetically cooled propene ions [87], which showed that attractive
long-range ion-molecule interactions resulted in an almost twofold larger rate constant
for the gauchecompared to thes-trans-conformer.

This thesis reports an extension of this approach to the investigation of reactions in
which all reactants are neutral and report the development of a novel crossed-molecular-
beam setup featuring an electrostatic de ector. In contrast to previously reported
crossed-molecular-beam setups, which are summarised in multiple reviews [10,12 19],
the new setup allows the preparation of strong- eld seeking molecules in di erent
rotational states and especially in dierent molecular conformations prior to the
reaction. This enables the investigation of the dynamics and kinetics of a wide variety
of reactions of state- and conformer-selected strong- eld-seeking species with neutral
reaction partners and allows for the characterisation of rotational and stereochemical
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e ects in a single-collision environment. The capabilities of the new setup will
be demonstrated with two proof-of-principle experiments on the chemi-ionisation
reaction of metastable neon atoms with rotational-state selected carbonyl sul de
(OCS) molecules and in a second reaction of metastable neon with conformer-selected
hydroquinone.

The content of this dissertation is structured as followsChapter 2 provides essen-
tial theoretical background regarding the investigation of neutral bimolecular reactions
under single-collision conditions in the gas-phase. The experimental setup of the novel
crossed-molecular-beam is described @hapter 3 together with relevant background
information of the used experimental techniques as well as a thorough characterisa-
tion of key technical components.Chapter 4 focuses on electrostatic de ection. It
starts with a theoretical description of molecules in external electric elds, which is
followed by an overview of reported experimental realisations and how Monte-Carlo
simulations are used to reproduce the trajectories of de ected molecules. The end of
the chapter contains two experimental demonstrations on how the principle of electro-
static de ection can be used for the separation of rotational states and conformers on
the example of OCS and hydroquinone, respectivelZhapter 5 reports measurements
on the rotational-state resolved chemi-ionisation reaction of metastable neon with OCS
using the new crossed-molecular-beam setup. The capability of the new setup to in-
vestigate also conformational e ects in bimolecular reactions is demonstrated on the
chemi-ionisation reaction of metastable neon with spatially separateidans- and cis-
hydroquinone in Chapter 6. The dissertation is concluded byChapter 7, which
provides a summary of the most important aspects, contains an outlook for potential
future experiments and discusses possible technical upgrades for the new setup.



Atomic and molecular collisions in the
gas phase

The purpose of the new crossed-molecular-beam setup is to probe the details of reac-
tions in the gas-phase under single-collision conditions. This chapter aims to describe
the relevant theoretical background necessary to understand the experiments performed
in the context of this thesis. A detailed description of the theory of molecular collisions

in the gas phase can be found e.g. in references [4] and [5]. Here only a reproducing
summary of the most important aspects are given.

2.1 Elastic, inelastic and reactive collisions

Scattering events in the gas-phase are commonly divided into three categories. In
an elastic collision , the total translational kinetic energy of the colliding particles re-
mains constant throughout the collision event, while the kinetic energy of the individual
collisions partners may change. Contrary, in amelastic collision the total kinetic
energy is not conserved, but energy is converted leading to e.g. electronical, vibrational
or rotational (de)excitation of at least one of the collision participants. Areactive
collision describes a process in which the particles after the collision are chemically
distinct from the initial reactants, usually involving the formation and breaking of
chemical bonds. Because the total kinetic energy is not conserved, the reactive scatter-
ing is just a special form of an inelastic scattering, but is usually classi ed individually
due to its unique feature of resulting in chemical change [4, 5].

In principle, all three collision processes can be probed with the crossed-molecular-
beam setup described here. As the experimental results described in Chapters 5 and 6
belong to reactive collisions, this chapter also focuses primarily on this category.
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2.2 Kinematics of gas-phase collisions

Every collision process must obey the physical laws of energy and linear momentum
conservation, which couple the nal velocities of the reaction products to the initial
velocities of the reactants [4,5]. This section describes the scattering kinematics of
two particles A and B with massean, g and velocitiesvy g colliding with a scattering

angle
The total kinetic energy Ey, of both particles is given by
1 2 1 2
Ekin = Ekina + Eking = >MaVa + 5MeVg: (2.1)

The behaviour of all particles during a collision process is most intuitively described in
the centre-of-mass (COM) frame, in which the collision is seen from the viewpoint of
an observer moving with the system's centre of mass. Its velocitgoy follows from
the conservation of momentum and is given by

m +m
Ycom = AVAM BVB; (2.2)

where M is the sum of the individual particle masses [4]. The velocities of the colliding
particles in the COM-framet, g are then de ned as

Ha = Vi Ycom and g = W Ycowm - (23)

From the properties of the COM-system follows that the two particles collide head-on
with a relative velocity v, which is the same in the COM- and laboratory frame of
reference and is given by

Mel = VA ¥g = ta  tg! (2.4)

These de nitions allow to express the total kinetic energy of the system in the COM-
frame Eyincom , Which can be expressed as [4]

1 1
Exincom = EMVéOM + émred'Vré; (2.5)

with m.eq the reduced mass de ned as

(2.6)

The rst term in Equation (2.5) describes the kinetic energy of the moving centre
of mass, which has to be conserved throughout the collision and hence can not be
transferred into internal degrees of freedom of the products [4,5]. The second term is
associated with the relative motion of both particles towards each other and is available
for internal excitation or to overcome energetic barriers of the reaction. It is therefore
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also called thecollision energy . For a given set of reactants the experimental collision
energy can only be changed by tuning the velocity of the reactants or by adjusting the
scattering angle. In the setup described here, the collision angle of the two interacting
beamsis xedto = 90. For this special case, the collision enerdy., can be written
purely as function of the particle velocities as given by

1 1 1
Ecolo0 = émred'Vré = émred(VA2 + Vé 2VaVg COS(=2)) = émred(vi + Vé): (2.7)

Besides the collision energy and the internal energy of the reactaiig; .. (electronic,
vibrational and rotational excitation), also the change in reaction energy Er has
to be considered in the total energy balance of the reaction [5]. For an exothermic
reaction ( Er < 0), the energy of the products is less than the combined energy of
the reactants. The di erence in energy is released and is available during the reaction
process to contribute to the nal translational and internal energy of the reaction
products. Contrary, for an endothermic reaction ( Eg > 0), energy is consumed by
the formation of the products which is then not available during the collision process.
The total available energyE,, of a single reaction event is then given by [4]

Eav = Ecol + Eintreac Er: (2-8)

The available energy directly impacts the kinetics of the reaction products as is demon-
strated in the following on a few concrete examples. First, a bimolecular collision lead-
ing to two reaction products C and D is considered. Assuming that all the available
energy is converted to translational motion of the nal products, their post-collisional
velocities are purely de ned by the laws of conserved energy and linear momentum. In
the COM-frame, the total linear momentum is zero, i.e. for the linear momentum of
the reactants and products it has to be valid that

Mata + Mgty = McYc + Mptp = 0: (29)

And the law of conserved energy dictates that

1 1
Ea = émcué + EmDﬂS: (2.10)

Combining Equations (2.9) and (2.10) yields for the speed of product C (analogously

for D) S

2rnDEavl
Mc(Mc + Mp)

Uc = (211)

As parts of the available energy can also be used to break bonds and internally excite the
products, the velocity of Equation (2.11) describes merely the maximum recoil velocity
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the product can have after the collision. If the product gets internally excited during
an inelastic scattering, less energy will be transferred into its translational motion.
Because the internal energy levels of the products are quantised, also the reduction in
kinetic energy and nal velocities are quantised accordingly. The products can scatter
towards all directions as long as the linear momentum is conserved, i.e. both collision
products have to leave the interaction region in opposite directions. The kinematics of a
bimolecular collision can be best summarised inMewton diagram , which visualises
the velocity vectors of all particles before and after the collision event. In such a Newton
diagram, energetically possible recoil velocities of a product are represented by Newton
spheres. The more energy is transferred away from translational motion, e.g. by exciting
the collision products, the smaller the resulting Newton spheres. Figure 2.1 gives
exemplary two-dimensional Newton diagrams for an elastic and inelastic scattering
process (Fig. 2.1a) and for an endo- and exothermic reactive collision (Fig. 2.1b).

Figure 2.1 (a) Two-dimensional Newton diagram for an elastic and inelastic scattering
process of two colliding particles resulting in the same chemical species. The kinematics
of an inelastic scattering is indicated for an internally excited product A by dashed
circles. (b) Deviations for an exo- and endothermic reactive collision (dashed circles)
from the kinetics of an elastic scattering process (solid circle). Symbols are explained
in the text.

For the special case of an addition reaction for which the collision of the reactants
(A,B) leads to the formation of only one stable product (C), the law of conserved linear
momentum can be written as

Mata + Metg = Mcte = 0: (212)
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It is obvious that product C has no net recoil velocity and hence has to travel with the
system's centre of mass. This means that all energy which becomes available during
the collision event E,,) leads to internal excitation of the formed complex. None of
this energy can be transferred into translational kinetic energy as is possible when
multiple reaction products are formed.

For the case that the collision results in more than 3 simultaneously formed reaction
products, the conservation of energy and linear momentum are not enough to
unambiguously de ne the recoil velocities of the products. The change in velocity and
momentum of one particle can be counterbalanced by the other two particles resulting
in in nite di erent scattering possibilities.

2.3 Cross sections, impact parameter and rate con-
stant

The last section described the kinetic processes of two particles undergoing a collision in
the gas phase. The probability of a collision between two approaching particles can be
described by the collision cross section, which is most intuitive for two non-interacting
hard spheres as schematically shown in Figure 2.2a. Two such spheres with diameters
da and dg only collide with each other when their relative separation is less than the
arithmetic average of their individual diameters @ag = (da + dg)=2), i.e. sphere A
only collides with sphere B when its centre lies within theollision cross section
given by [5]
dy+ dg *
2

= dig = (2.13)
The collision cross section for all possible scattering angles is also known as the
integral cross section (ICS) of a scattering process. The probability that a
scattered particle leaves the interaction region along the solid angleis given by the

di erential cross section (DCS) de ned as

— d c.
= 5= (2.14)

Molecules and atoms do not behave like hard spheres but their interaction is governed
by attractive and repulsive forces, which can lead to collision events even if their sep-
aration is larger than their physical dimensions. The perpendicular separation of two
moving particles is described by thempact parameter b which is given by the min-
imum separation between the intial trajectories of two particles [4,5], as schematically
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shown in Figure 2.2b.

Figure 2.2 (a) Schematic representation of the collision cross section of hard spheres
moving with a relative velocity perpendicular to the image plane. A collision only
occurs when the separation of the particles is smaller than their average diameter. (b)
Sketch of collision geometry of two particles on trajectories separated by the impact
parameterb and a total distancer [4,5].

The probability of the two particles reacting with each other depends on the impact
parameter and is described by the opacity function P(b). Theeaction cross section
. of two particles can then be determined by integrating the opacity function over all
angles and up to the maximum impact parameteln,,« for which the value of the opacity
function vanishes. | is then given by [4, 5]

Z 2 Z Bmax Z Bmax
r= P(bbdbd=2 P (b) b db: (2.15)
0 0 0

The probability of particles to react and hence the reaction cross section depends
strongly on the velocity of the interacting particles. Therefore, to calculate the thermal
rate constantsk(T) from the reactive cross sections of individuals reactions, the velocity
distribution f (v) of the particles at a given thermal temperaturd has to be considered.
The thermal rate constant can then be determined by integrating the velocity-speci c
reaction cross section (v) and the velocity distribution over all possible velocities of
the sampled particles Z,

k(T) = vi(v) ((v)dv: (2.16)
0

2.4 Potential energy and centrifugal barrier

The interaction of atoms and molecules is described by thgdotential energy V (¥),
which depends on the distance and orientation of the interacting molecules. Once
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the potential energy is known, the forced acting on the particles are de ned by
the gradient of the potential energy. For a potential energy purely depending on the
molecular distance vector, this relationship is given by

F(¥f) = FV(#): (2.17)

The forces determine the subsequent motion of the particles and therefore fully de ne
the dynamics of the reaction [4,5]. The potential energy of the interaction is therefore
essential in understanding collision processes. The potential energy of two neutral
species in the gas phase can be divided in a long-range attractive part and a short-
range repulsive component. One exemplary interaction potential, which combines these
two components, is the Lennard-Jones potentidl ;(r) introduced in 1924 as

Vo= 2T 2 (2.18)
where is the well depth andr, the particle separation at the potential energy minimum
[88]. The Lennard-Jones potential describes a chemical reaction proceeding without a
barrier.
The orbital angular momentum introduces a barrier to the potential energy as kinetic
energy has to be transferred to change the orbital motion of the particles [4,5]. This
barrier is refereed to as thecentrifugal barrier . The orbital angular momentum L
of two particles with relative velocity ¥ is given by

JLJ= [Miegt  Mel]= MregVrell SIN( ); (2.19)

with  the angle betweenv, and the distance vectort of the particles [4,5]. At long
range the termr sin( ) becomes approximately equal to the impact parametérand the
orbital angular momentum simplies to jL] mqgVieb: The height of the centrifugal
barrier Ecent is de ned by the rotational kinetic energy of the system and the total
e ective potential energy V, (r) then becomes [4, 5]

b

L* mmdvfe' : (2.20)

Ve ()= V() + Eeen = V(D + 5= V() +

red

The centrifugal barrier increases for systems of heavy particles on trajectories with
a large relative velocity and large impact parameters. Classically, only for collision
energies larger than the centrifugal barrier a successful reaction can occur [4,5]. For a
speci ¢ system interacting with a certain collision energy, the value of the maximum
impact parameter by, decides if a collision leads to a successful reaction event. For
two particles on trajectories separated by an impact parameter larger thal,., the
collision energy is not su cient to overcome the centrifugal barrier. For the simpli ed
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hard-sphere model, the opacity function is zerd(b > byhax) = 0) [5]. Contrary, if the
particle trajectories are separated less thah,.x, the collision energy will exceed the
centrifugal barrier allowing a successful reactiorP(b < bax) = 1) [5]. For direct head-
on collisions p= 0), the orbital angular momentum of the system vanishes and leads
to no centrifugal barrier. The e ective potential energy is then purely described by the
interaction potential. These three cases are schematically illustrated in Figure 2.3.

Figure 2.3 (a) Schematic illustration of classical scattering trajectories with di erent
impact parametersb for the hard-sphere model. Blue: head-on collision with =
0 (L = 0), red: reactive scattering withb < by, green: non-reactive scattering
with b > bnha. (b) E ective potential energy based on the Lennard-Jones potential
(Ve (b=0)= V_;(r)). The centrifugal barrier increases with larger impact parameters.
Only trajectories for which the collision energye .o exceeds the height of the centrifugal
barrier can lead to a successful reaction [4,5].

2.5 The excitation function

The reactive cross section depends on the collision energy. This dependency is described
by the excitation function r(Eco) [4,5]. So far only a barrierless interaction as,
e.g. described by the Lennard-Jones potential, was considered. If the reaction proceeds
via an energetic barrier of heighEg for an head-on collisionjLj= 0) and an equilibrium
distancerg, a successful reaction can only occur when the collision energy exceeds the
total energetic barrier of the reaction

Ecol (EO + Ecent) > 0 (2-21)
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