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Abstract

Understanding gas-phase ion-molecule reactions is of profound importance to gain knowl-
edge about chemical processes taking place in the atmosphere and in space. Moreover,
gas-phase studies can help to elucidate the mechanisms of bond activation in cataly-
sis. Due to their high selectivity, reactions involving different conformational isomers of
organic molecules are particularly intriguing.

Recent progress in manipulating polar molecules using electrostatic fields has made
it possible to select and spatially separate different conformers and rotational states of
molecules in supersonic molecular beams. Combining this technology with a stationary
reaction target of trapped and Coulomb-crystallized ions allowed the study of conformer-
selected molecule-ion reaction dynamics and it was observed that reaction-rate constants
can strongly depend on molecular conformation.

Here, this concept was first applied to the proton-transfer reaction of the spatially
separated rotational ground states of para- and ortho-water with cold diazenylium ions.
A 23(9)% higher reactivity for the para nuclear-spin isomer was observed and attributed
to the smaller degree of rotational averaging of the ion-dipole long-range interaction
compared to the ortho-species.

To investigate the role of molecular conformation in more complex organic ion-
molecule reactions in the gas-phase, 1,3-dibromobutadiene (DBB) was identified as a
promising model system. Its gauche- and s-trans-conformers were successfully separated
in a molecular beam, verifying theoretical predictions. Subsequently, the reaction kinet-
ics of conformer-selectd gauche and s-trans DBB with Coulomb crystals of laser-cooled
Ca+ ions in an ion trap were investigated. It was found that the reaction rate constant
strongly depends on both the conformation of DBB as well as the electronic state of Ca+.
In the excited states of Ca+ (2P1/2 and 2D3/2), the rate constants are capture-limited
and enhanced for the gauche conformer due to its permanent dipole moment. With Ca+

in the ground state (2S1/2), the rate for s-trans DBB stays unchanged, while that for
gauche DBB is strongly suppressed, pointing to a strong conformational effect at the
level of the short-range ion-molecule potential energy surface.

Finally, as a prototypical [4 + 1+] polar cycloaddition, the reaction of DBB with
trapped and sympathetically cooled propene ions was explored. Both conformers of
DBB were found to exhibit capture-limited rate constants towards propene ions, which
implies the contribution of a stepwise and barrierless reaction pathway in parallel to
the canonical concerted mechanism. With these results, the present work marks the
first step towards a rigorous systematic investigation of conformational effects in polar
cycloadditions.
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1

Introduction

1.1 Controlled ion-molecule reactions in the gas phase

Chemical reactions are complex processes which involve the cooperation of many differ-
ent rotational and vibrational degrees of freedom of the reactants. Whether stable bonds
can be formed also depends on the way different functional groups of a molecule are
oriented relative to each other. Polyatomic molecules often exhibit different conforma-
tional isomers (conformers) which can be transformed into each other by rotation about
covalent bonds. Since these conformers are separated only by shallow energy barriers,
they typically interconvert easily by thermal motion, making it impossible to separate
and characterize them individually under standard conditions. However, in order to
understand reaction mechanisms and design new synthetic methods, it is required to
conceive experiments which disentangle the contributions of individual conformations of
a molecule on its chemical reactivity [1].

A bottom-up approach towards such a detailed understanding of chemical reactions
requires the preparation of the reactants in selected rovibrational states or conforma-
tions and to initiate the reaction in a controlled environment [1, 2, 3, 4]. Some recent
successes of this approach have relied on two experimental advances: the control of neu-
tral molecules in molecular beams [5, 6, 7] and the trapping and sympathetic cooling of
molecular ions in Coulomb crystals [8, 9].

Molecular beams created by supersonic expansion allow efficient cooling of molecular
rotation and vibration such that only a few quantum states remain populated. In addi-
tion, external electric or magnetic fields can then be employed to further decelerate the
beam or select individual quantum states [10, 11]. In particular, the use of inhomogeneous
electrostatic fields has enabled the spatial separation and selection of different molecu-
lar conformations or rotational states owing to their different electric dipole moments
[12, 10, 13, 14, 15].

Trapping and laser cooling of atomic ions to mK temperatures has made it possible to
create large, crystallized ion structures, called Coulomb crystals [16]. Remarkably, other
molecular ions, which themselves cannot be laser-cooled, can be sympathetically cooled
by trapping them together with an atomic Coulomb crystal. Cold samples of molecular
ions prepared in this way can then be reacted with neutral molecules from a molecular
beam source [17, 8, 9]. From this perspective, Coulomb crystals can be considered as

1



1.1. Controlled ion-molecule reactions in the gas phase

controlled reaction vessels in which reactant and product molecular ions are co-trapped
and sympathetically cooled.

In a first pioneering experiment, a conformer-selected molecular beam of 3-aminophenol
was reacted with trapped Ca+ ions [13]. It was demonstrated that the reaction rate of
the cis conformer of 3-aminophenol was enhanced by a factor of two compared to the
trans conformer. This difference results from the larger dipole moment of the cis con-
former that enables a larger scattering cross-section with the ionic reaction partner.
These results gave a first glimpse of the potential of controlled reaction experiments with
conformer-selected molecular beams. In this thesis, the concept of state- and conformer-
selected ion-molecule reactions was developed further and applied to different systems
which will be introduced briefly in the two subsequent sections.

1.1.1 Specific reactivity of para- and ortho-water

The water molecule H2O is of fundamental importance in nature and for life on earth.
Water contains two equivalent hydrogen atoms which can be exchanged by rotation about
its C2 symmetry axis. Each hydrogen carries a nuclear spin of 1/2 such that the total
nuclear spin of water takes values of I = 0 and I = 1, giving rise to the two nuclear
spin isomers para- and ortho-water, respectively (see Fig. 1.1). Since nuclear spin is
conserved in collisions and chemical reactions, these two isomers can largely be regarded
as independent chemical species [18, 19, 20].

An important consequence of the hydrogen nuclei being indistinguishable fermions
is that the symmetry of the water molecule must obey the generalized Pauli principle
[18]. This means that the total molecular wave function Ψ must be antisymmetric with
respect to exchange of the two hydrogens. Electronic (el), vibrational (vib), rotational
(rot) and nuclear spin (ns) parts of Ψ are decoupled due to their different energy scales
such that Ψ can be written as the product

Ψ = ΨelΨvibΨrotΨns. (1.1)

In the electronic and vibrational ground state of water, Ψel and Ψvib are symmetric [15].
To obey the Pauli principle, the symmetries of Ψrot and Ψns must be coupled: If Ψns is
symmetric (s), then Ψrot must be antisymmetric (a), and vice versa. For para-water with
I = 0, Ψns is the antisymmetric singlet state, imposing that Ψrot must be symmetric.
On the other hand, ortho-water is in a symmetric triplet spin configuration, such that
Ψrot must be antisymmetric.

I = 1 (s)
j = 1 (a)

I = 0 (a)
j = 0 (s)

C2 C2

, ,( + ) ( – )

Figure 1.1: Nuclear spin and rotational symmetry of the ground states of ortho-water
(left) and para-water (right).

2



Chapter 1. Introduction

The rotational states of water can be labelled as |jKaKcM〉, where j is the angular
momentum quantum number, Ka and Kc are pseudo quantum numbers denoting the
projections onto the a and c principal axes of inertia, and M is the projection onto a
space-fixed axis. SinceM is not important for the symmetry considerations, it is dropped
in the following discussion. To identify the symmetry of |jKaKc〉 under exchange of the
hydrogens, one determines how these states transform under a 180◦ rotation about the
C2-axis. The C2 rotation can be expressed as consecutive 180◦ rotations about the a and c
inertial axes of water [15]. Consequently, the state |jKaKc〉 acquires the sign (−1)Ka+Kc

under action of C2. Hence, |jKaKc〉 is symmetric (antisymmetric) if Ka + Kc is even
(odd). The generalized Pauli principle then demands that para-water only has rotational
states with even values of Ka +Kc and ortho-water only has rotational states with odd
Ka +Kc. In particular, the ground state of para-water is the absolute ground state |000〉
with j = 0 and the ground state of ortho-water is the first excited rotational state |101〉
[15] (Fig. 1.1).

This interplay between nuclear spin and rotational angular momentum leads to dif-
ferent physical properties of the para and ortho isomers of water, which were exploited
by Horke et al. [15] to spatially separate them in a molecular beam. In this experiment,
it was achieved to create nearly pure samples of either isomer. In chapter 3 of this thesis,
a similar nuclear-spin-selected molecular beam of para- and ortho-water was employed
for reaction experiments with trapped diazenylium ions (N2H+) [21]. The rotational
excitation of ortho-water was found to suppress its reaction rate constant with N2H+

compared to the non-rotating para-water.

1.1.2 Conformer-specific reactions

An exciting opportunity for experiments with conformer-selected reactants is organic
synthesis. Due to their high stereo- and regioselectivity, cycloadditions are of exceptional
importance for organic synthesis [22, 23]. A prominent cycloaddition is the Diels Alder
(DA) reaction [24, 25, 26] in which a diene reacts with a dieneophile to form a cyclohexene
derivative (see Fig. 1.2). Here, 4 π-electrons of the diene interact with 2 π-electrons of the
dieneophile, which is usually expressed using the notation [4+2]. During the DA reaction,
two new σ bonds and one π bond are formed via a synchronous concerted transition
state (TS), in which bond breaking and bond formation occur simultaneously. The DA
reaction thus allows the formation of large and stereochemically intricate molecules in
only a single step.

To explain the pericyclic reaction mechanism of the DA reaction, Woodward-Hoffmann
rules are usually invoked [27]. These impose that the mirror symmetry about the center
of the reactants must be conserved throughout the reaction. Only molecular orbitals
(MOs) of the same symmetry can thus form chemical bonds. This principle is sketched
in the correlation diagram shown in Fig. 1.2, where bond formation between the highest
occupied molecular orbital (HOMO) of the diene and the lowest unoccupied molecular
orbital (LUMO) is indicated. To enhance reactivity, the energy levels of the bonding MOs
must be matched. A common way to achieve this is by modifying the electron density
in the π-electron systems with electron-donating and electron-withdrawing substituents
on the diene and dienophile, respectively [23].

Fig. 1.3a shows possible reaction pathways for the neutral [4 + 2] cycloaddition. The

3



1.1. Controlled ion-molecule reactions in the gas phase

HOMO

HOMO

LUMO

LUMO

Energy

Diene DienophileProduct

Figure 1.2: MO correlation diagram for the neutral [4 + 2] cycloaddition. Nodal
planes of the reactant MOs are indicated by dashed lines. The central MO shows
the concerted transition state which has the same mirror symmetry as the reactant
MOs.

reaction via the concerted transition state TSc (purple arrow) has a low energy barrier
along the reaction coordinate because the TS is stabilized by Hückel aromaticity [26].
Alternative two-step pathways with zwitter-ion or diradical intermediates (I) have higher
energy barriers and are thus less favorable. Preference for the highly symmetric concerted
pathway explains why the DA reaction generally affords high stereo- and regioselectivity
of the cycloadduct. Another important consequence of this is that the reaction proceeds
exclusively from the s-cis conformer of the diene and not from the s-trans conformer,
which is unable to form the concerted TS. However, this simple model tends to break
down in cases where the reactants possess complex functional groups and the overall
symmetry is reduced. In these cases, an asynchronous or stepwise mechanism becomes
also possible and also allows the s-trans conformer to contribute to product formation
[28].

These considerations apply to neutral reaction partners. In case one of the reactants
is charged, however, the situation changes dramatically. Removal of one electron from
the dienophile leads to a [4 + 1+] polar cycloaddition [29], which is a highly activated
radical cation reaction (Fig. 1.3b). The lack of one electron prevents formation of an
aromatic transition state, thereby raising the energy barrier of the concerted pathway
considerably (TS·+c ). In turn, the ionic character of the dienophile makes the two-step
pathway energetically more favourable [30, 31, 32]. This would allow the trans-conformer
of the diene to participate in the formation of the cycloadduct at a comparable rate.

Based on this reasoning, crucial insight about the reaction mechanism of the polar
cycloaddition can be obtained by studying the individual chemical reactivities of the
cis and trans conformers of the diene. In order to be compatible with the conditions for
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TSc

TS1 TS2

I

a

b
Energy

TSc

TS1 TS2

Reaction coordinate

Energy

Reaction coordinate

I

Neutral

Polar

Figure 1.3: Comparison of proposed reaction mechanisms for the neutral (a) and
polar DA cycloaddition (b) of butadiene and ethene. The reaction mechanisms are
displayed in the left half while the right half shows corresponding schematic energy
curves along the reaction coordinate.

conformer separation in a molecular beam, a suitable diene was identified using high-level
quantum chemical screening1. The successful candidate, 2,3-dibromobutadiene (DBB),
exists in an apolar s-trans and a strongly polar gauche conformation which facilitates
their electrostatic separation (see chapter 5 and ref. [33]).

With DBB, the conformer-selective investigation of a complex organic cycloaddition
reaction in the gas phase became possible. After separating the gauche- and s-trans-
conformers of DBB in a molecular beam, they were reacted with trapped propene ions
to undergo a [4 + 1+] polar cycloaddition (see chapter 8). Probing the conformer-specific
reaction rate constants revealed that both the gauche as well as the s-trans conformer ex-
hibit capture-limited reaction rate constants of comparable magnitude towards propene
ions. This observation implies the absence of potential energy barriers induced by tran-
sition states. Moreover, as supported by ab-initio calculations, it shows that an efficient
stepwise reaction pathways exists for the s-trans conformer that is competitive with a
possibly concerted pathway for the gauche conformer.

1The screening was performed by the group of Prof. O. A. von Lilienfeld.
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1.2. Trapped ions

1.2 Trapped ions

1.2.1 Ion trap principle

Ion traps were first developed in mass spectrometry for mass selection and storage [34].
Today, they have also become a versatile tool for spectroscopy as well as quantum com-
putation [35, 36]. Recently, the trapping of large Coulomb crystals of laser-cooled atomic
ions has enabled sympathetic cooling and trapping of molecular ions, paving the way for
the investigation of cold chemical reactions between sympathetically cooled molecular
ions and neutral molecules [16, 17, 8].

Since a purely static electric potential cannot exhibit a local minimum to confine a
charged particle in all three dimensions, time-varying electric fields in the radio-frequency
(RF) domain have to be used for ion trapping. The most popular trap design for modern
experiments with trapped atomic ions are linear quadrupole ion traps (LQT) [35, 17]. The
schematic of the LQT used in this thesis is shown in Fig. 1.4a. It consists of four parallel
rods, each carrying three electrode segments. To create a harmonic potential along the z
symmetry axis, a static DC (direct current) voltage VDC is applied to the outer electrode
segments, the end-caps. In addition, sinusoidal RF voltages VRF(t) = V0 cos(ΩRFt), with
amplitude V0 and frequency ΩRF, are applied to all three segments of each rod. The
RF voltages have the same polarity on opposite rods (+VRF) and inverted polarity on
adjacent rods (−VRF). At the trap center, this generates the total electrostatic potential

Φ(x, y, z) = κ
VDC

2z2
0

(
2z2 − x2 − y2

)
+
V0

r2
0

(
x2 − y2

)
cos(ΩRFt), (1.2)

where 2z0 is the distance between the end caps, 2r0 is the diagonal distance between
rods and κ is a geometrical factor. The RF potential has the shape of a rotating saddle
inducing confinement along one axis and de-confinement along the other orthogonal axis.
If the rotation of the potential at frequency ΩRF is much faster than the response time
of an ion, it experiences a time-averaged restoring force which leads to stable trapping.

The equations of motion for an ion with charge q and mass m can be written in the
form of Matthieu equations (u ∈ {x, y, z})

ü(t) +
Ω2

RF

4
(au + 2qu cos(ΩRFt))u(t) = 0, (1.3)

with Mathieu parameters

ax = ay = −az
2

= −κ 4qVDC

mz2
0Ω2

RF

, (1.4)

qx = −qy =
4qV0

mr2
0Ω2

RF

, qz = 0. (1.5)

Along the z-axis, the ion oscillates in a harmonic potential with axial trap frequency
ωz =

√
azΩRF/2. Due to the oscillating trap voltages, the ion’s motion along the radial

x and y directions evolves on two timescales: there is a slow secular motion of the ion’s
average position and a fast micromotion, oscillating at the RF frequency ΩRF. The radial
secular trap frequency is

ωr =
ΩRF

2

√
ax +

q2
x

2
. (1.6)

6



Chapter 1. Introduction

To achieve stable trajectories along x and y, the parameters ax, qx have to be adjusted by
means of the voltages VDC, V0 and the ΩRF. Qualitatively, stable trapping is achieved if
ωr is much smaller than ΩRF, i.e. ωr � ΩRF. This condition reinstates the separation of
timescales between the slow secular motion and the fast micromotion. Stability diagrams
are usually invoked to find precise constraints on au and qu for ion trapping. The effective

Ca+

a

397 nm

866 nm

z

x
y

b

c

Ca2+

CaOH+

d

e

Figure 1.4: Ion trap overview. a, schematic of a LQT with four segmented electrode
rods. Ca+ ions are trapped at the center and cooled by laser beams at 397 nm and
866 nm. b, fluorescence images of small Ca+ Coulomb crystals where individual ions
are discernible. c, Large Ca+ crystal with approximately 500 ions. The indent on the
right is due to radiation pressure of the cooling laser. d and e show Ca+ Coulomb
crystals with sympathetically cooled Ca2+ and CaOH+ ions, respectively. The Ca2+

ions with smaller mass/charge ratio accumulate at the trap center, while the heavier
CaOH+ ions form a shell around the Ca+ core.
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1.2. Trapped ions

trapping potential for radial secular motion can be written as

Φeff(x, y) =
mω2

r

2
(x2 + y2) (1.7)

Interestingly, Φeff directly corresponds to the average kinetic energy of the micromotion.
Consequently, the further an ion is located away from the cylinder axis x = y = 0 of
the trap, where the RF component of the electrode potential Φ vanishes, the stronger
becomes its micromotion.

1.2.2 Laser cooling and Coulomb crystallization

When ions are loaded into the LQT by ionization of a thermal vapour of neutral atoms,
this produces hot ions in the trap with a short trap lifetime. To obtain control over the
ions and confine them more strongly to the center of the trap, laser cooling is employed.
Laser cooling has allowed the preparation of trapped ions in their motional quantum
ground states [37, 35] as well as the production of ultracold atomic clouds and quantum
gases of neutral atoms [38, 39].

The principle of laser cooling [38] is based on the momentum recoil an atom experi-
ences when it scatters a photon from a laser beam, i.e. radiation pressure. To slow down
an atom using a laser beam, one exploits the Doppler shift of the laser frequency seen by
a moving atom. Near an atomic transition, the scattering rate is greatly enhanced and
strongly depends on the detuning of the laser frequency relative to the atomic transition
frequency. When the laser frequency is tuned slightly to the red of the atomic transition,
the Doppler shift of an atom moving towards the laser reduces the detuning and increases
the scattering rate. If instead the atom is at rest or moves in the same direction as the
laser beam, the scattering rate stays small or decreases. This selectively decelerates an
atom when it moves towards the laser. To cool an atom in free-space, one thus needs two
counter-propagating laser beams to cool in forward and backward direction. In an ion
trap, however, the ion oscillates back and forth at the secular trap frequency ωu. Thus,
ions are forced to periodically move towards an incident laser beam that is aligned with
the trap axis. Consequently, ions are cooled in every half-cycle of the trap oscillation [40],
such that a single laser beam is sufficient for cooling. For simultaneous cooling along all
three trap axes, the laser beam needs to be aligned such that it has some overlap with all
of them. In addition, Coulomb repulsion between multiple ions in a trap perturbs their
harmonic motion and redistributes translational energy between the different axes, thus
facilitating the cooling.

Experiments in this thesis were conducted with Calcium (Ca) ions. A diagram of
the lowest electronic levels of Ca+ is shown in Fig. 1.5. Ca+ has one 2S1/2 electronic
ground state which is coupled to two 2P1/2 and 2P3/2 excited states via optical dipole
transitions in the ultraviolet (UV). These P states have further near-infrared (IR) optical
dipole transitions to lower lying 2D5/2 and 2D3/2 states [41]. For laser cooling of Ca+, a
closed system consisting of the optical transitions 2S1/2 → 2P1/2 at 397 nm and 2D3/2 →
2P1/2 at 866 nm was employed. The 2S1/2 → 2P1/2 transition has a large spontaneous
emission rate of Γ397 = 2π × 21 MHz and was used as the primary cooling transition.
To repump ions from the 2D3/2 back to the 2S1/2 state and into the cooling cycle, the
weaker 2D3/2 → 2P1/2 transition with Γ866 = 2π × 1.7 MHz had to be driven, too.
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866 nm

397 nm

2P3/2

2P1/2

2S1/2

2D5/2

2D3/2

Δ397

Γ866Γ397

Figure 1.5: Level diagram of Ca+ with cooling transition at 397 nm and repumping
transition at 866 nm.

Doppler laser cooling on the 2S1/2 → 2P1/2 transition allows a minimum temperature
of TD = ~Γ397/(2kB) ≈ 0.5 mK to be reached at a red detuning of ∆397 = −Γ397/2 of
the cooling laser [38]. Here, ~ is the reduced Planck constant and kB is the Boltzmann
constant. When a large number of trapped ions is cooled to such mK-temperatures they
start to arrange in spatially ordered structures, called “Coulomb crystals” due to their
quasi-crystalline appearance [16]. In a Coulomb crystal, the thermal kinetic energy of the
ions is much smaller than the Coulomb repulsion between them and the external trapping
potential. This leads to a localization of the ions, which can be expressed quantitatively
by the plasma coupling parameter [17, 8]

Γ =
q2

4πε0aWSkBT
(1.8)

which is the ratio of potential energy over kinetic energy. Here, the Wigner-Seitz radius
is aWS = (3/(4πρ))1/3 for an ion density ρ, ε0 is the dielectric permittivity, kB is the
Boltzmann constant and T is the temperature. Theoretical simulations have shown that
Coulomb crystallisation occurs for Γ ∼ 150 [42, 43, 44]. Fig. 1.4b shows experimental
images of Ca+ Coulomb crystals of varying size. They are obtained by imaging the
fluorescence of the Ca+ ions due to the 397 nm cooling laser onto a charge-coupled-
device (CCD) camera. Clearly, individual ions can be resolved. In Fig. 1.4c, a large
Coulomb crystal consisting of approximately 500 ions is shown, which is the typical size
used for reaction experiments.

Coulomb crystals are an important tool for precision spectroscopy as well as the
investigation of cold chemical reactions between trapped ions and neutral molecules [17,
8, 9]. The low ion temperatures achieved in Coulomb crystals allow good control over
the collision energy with other reactants, such as molecular beams. Moreover, Coulomb
crystals enable very long storage times in the ion trap, which is essential for the study of
chemical reactions taking place at the second or minute timescale. Another important
aspect is that Coulomb crystals of atomic ions can serve as a refrigerator for other
molecular ion species, which cannot be laser-cooled. When molecular ions are loaded
into the ion trap, collisions transfer their kinetic energy to the laser-cooled ions. This
results in their sympathetic cooling [45].
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1.2. Trapped ions

Figs. 1.4d and e show images of mixed species Coulomb crystals, which contain next
to Ca+ also non-fluorescing Ca2+ and CaOH+, respectively. Due to the dependence
ωr ∝ q/m of the radial secular trap frequency on the mass and charge of the ion, lighter
ions are more strongly confined than heavier ions. In an ion trap with mixed ion species,
Coulomb repulsion between the ions then enforces a spatial ordering of ions according
to their mass-to-charge ratio m/q. Lighter, or doubly charged ions experience a tighter
trap (large ωr) and thus accumulate at the center. Heavy ions, on the other hand, feel a
relaxed trap and are repelled to larger distances from the trap center.

This spatial ordering of ions according to their m/q ratio has consequences for mi-
cromotion heating and sympathetic cooling efficiency. Sympathetic cooling necessitates
collisions with the laser-cooled species. Hence, it is the most efficient if the laser-cooled
species and the sympathetically cooled species have equal mass [45]. If the laser-cooled
species has larger m/q, it will surround the other species such that cooling is improved
(Fig. 1.4d). By contrast, if the laser-cooled species has lower m/q, like in Fig. 1.4e,
the sympathetically cooled ions surround the laser-cooled ions and their displacement
from the trap axis increases. The reduced contact with the laser-cooled ions leads to
less efficient sympathetic cooling. Moreover, micromotion heating increases with radial
displacement and results in excess heating. Consequently, good sympathetic cooling ef-
ficiency, which is a prerequisite for control of the molecular ion, is best achieved using
heavy laser-cooled ions.
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Chapter 1. Introduction

1.3 Controlled molecular beams

Polyatomic molecules possess a wealth of rotational, vibrational and electronic degrees of
freedom. This makes it much harder to control them than atoms, and in general prevents
direct laser cooling. Nevertheless, experimental techniques to cool and control neutral
molecules have been developed using molecular beams obtained by supersonic expansion
into vacuum [5, 46, 11, 6]. These methods enable the versatile preparation of neutral
molecules in low-temperature states where only a few or even single quantum states are
populated. Inside the molecular beam, the low translational temperature inhibits colli-
sions between the molecules such that rovibrational states and molecular conformations
are preserved. By application of external electric or magnetic fields, molecular beams
can be further manipulated for deceleration or state selection [11, 6].

1.3.1 Supersonic expansion

The principle of supersonic expansion [47, 48] relies on the adiabatic expansion of a gas,
as it passes from a high-pressure reservoir through a nozzle into a high-vacuum cham-
ber. During this fast and adiabatic process, the gas molecules undergo rapid collisions
which efficiently convert their thermal internal energy into kinetic energy. The resulting
molecular beam then propagates at supersonic velocities and is composed of molecules
whose internal vibration and rotation are cooled so low that only a few quantum states
are populated.

The fast adiabatic expansion of the gas conserves the enthalpy, i.e.

H = U + pV +
1

2
Mv2 (1.9)

where U is the internal energy, composed of contributions from molecular translation,
vibration, rotation and electronic motion, p is the pressure, V is the volume, M is the
total mass and v is the mean velocity of the gas. Equating the enthalpy in the reservoir
(res) with that in the molecular beam, one finds that the kinetic energy of the beam is
[47]

1

2
Mv2

beam ≈ (Ures − Ubeam) + presVres, (1.10)

Consequently, the enthalpy of the reservoir is converted into kinetic energy of the expand-
ing beam. If all enthalpy is efficiently converted into kinetic energy, then Ubeam � Ures

and the molecules in the expansion are internally cooled. To improve the cooling ef-
ficiency, the gas molecules must transfer their translational, vibrational and rotational
energy into kinetic energy by inelastic collisions within the nozzle. This is facilitated
using a high gas pressure in the reservoir.

For perfect cooling efficiency, the maximum terminal velocity of the supersonic jet
can be calculated as [48]

vbeam ≈

√
2kBTres

m

γ

γ − 1
(1.11)

where kB is the Boltzmann constant, Tres is the reservoir temperature, m is the molecular
mass and γ = 1 + 2/f is the adiabatic coefficient of the gas with f degrees of freedom

11



1.3. Controlled molecular beams

(translation + vibration + rotation). This velocity exceeds the speed of sound in the
medium.

In a supersonic expansion of a gas mixture, where a small fraction of one species is
seeded into a carrier gas of another (percent level), the seed gas reaches the same velocity
as the carrier gas and is efficiently cooled by the carrier gas. Relative translational
motion is typically very efficiently cooled to ∼ 1 K. For rotation and vibration, the final
temperature depends on the rovibrational energy level spacing [47, 48]. The smaller
energy spacing of rotational compared to vibrational levels allows rotation to be cooled
more efficiently.

After the supersonic jet has exited the nozzle, skimmers placed in the beam path
help to select only the central part of the beam, which has the lowest translational
temperature. Subsequently, external fields are applied to further control the molecular
quantum states.

1.3.2 Electrostatic deflection

A molecule with electric dipole moment µe in an external electric field E is subject to
the Stark effect [49]

HStark = −µe · E, (1.12)

which is the projection of the dipole moment onto the electric field vector. The strength of
the associated Stark energy shift depends on both the orientation of the molecule relative
to the electric field and the orientation of the dipole moment relative to the molecule’s
symmetry axes, i.e. the principal axes of inertia. Consequently, HStark couples different
molecular rotational states. For a polyatomic molecule, the rotational Hamiltonian reads

Hrot = h
(
Aj2

a +Bj2
b + Cj2

c

)
(1.13)

where A = h/(8π2Ia), B = h/(8π2Ib) and C = h/(8π2Ic) are rotational constants with
Ia, Ib and Ic being the moments of inertia of the molecule along the principal axes a, b
and c, respectively. The operators jk (k = a, b, c) are the components of the molecular
rotational angular momentum j along the principal axes. The geometry and principal
axes of DBB are depicted in Fig. 1.6.

For a symmetric top molecule with A = B 6= C, Hrot is diagonal in the rotational
state basis |jKM〉 where j ∈ N0 is the rotational angular momentum quantum number
and K and M are the quantum numbers of the angular momentum projections onto the
molecule-fixed c-axis and the lab-fixed field-axis, respectively (K,M ∈ {−j,−j+1, ..., j}).
The field-free rotational energy is then EJKM = h

[
Bj(j + 1) + (C −B)K2

]
. A special

case is a linear molecule for which C → ∞ and thus K = 0. For asymmetric top
molecules with A > B > C (Ia < Ib < Ic), Hrot is not diagonal in the |jKM〉 basis.
Instead, it must be diagonalized numerically. To classify the eigenvalues of Hrot, the
rotational states are labelled |jKaKcM〉. Here, Ka and Kc are pseudo quantum numbers
giving the projections of j onto the molecular a and c axes, respectively [10, 50]. They
take values j ≤ Ka +Kc ≤ j + 1.

The full Hamiltonian Htot = Hrot + HStark must be diagonalized numerically for
any given field strength E , which was done using the software package CMISTARK
[49]. This yields the eigenvalues EjKaKcM

(E), which are called the Stark energies. If a
molecule moves through an inhomogeneous electric field with slowly varying field strength
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Br Br

Br

Br

a

b
c

μe

a

b
c

gauche-DBB s-trans-DBB

Figure 1.6: Sketch of the geometries of gauche-DBB (left) and s-trans-DBB (right)
with inertial coordinate system and dipole moment. Note that in reality, gauche-
DBB is not exactly planar as drawn here. S-trans-DBB is inversion-symmetric and
therefore has no permanent dipole moment.

E(r) (position vector r), it adiabatically remains in an eigenstate |jKaKcM〉 of Htot [6]
such that its energy is given by the Stark energy EjKaKcM

(E). The spatial variation of
EjKaKcM

then results in the force

mr̈ = FStark = −∇EjKaKcM
(E(r)) = µeff(E)∇E(r) (1.14)

with effective dipole moment

µeff(E) = − d

dE
EjKaKcM

(E) (1.15)

If the field gradient is entirely along the y-axis, this results in an acceleration

ÿ =
µeff(E)

m

∂E
∂y

(1.16)

that deflects the molecules along the y-axis with a strength proportional to the ratio of
effective dipole moment over mass. Since the acceleration depends on both the electric
dipole moment µe and the rotational state jKaKc , this allows the spatial separation of
molecules according to their dipole moment or their rotational state [10].

Rotational states can be grouped into two categories according to the sign of their
Stark energy shift or effective dipole moment. States for which the energy decreases with
applied electric field (µeff > 0) are called high-field seekers (HFS) and states whose energy
increases with applied field (µeff < 0) are low-field seekers (LFS). In an electric field
gradient, HFS experience a force FStark towards spatial regions of strong field while LFS
are attracted to field minima. Consequently, HFS and LFS are deflected into different
directions. It is noted that at sufficiently strong field, where HStark overwhelms the
energy spacing between rotational eigenstates of Hrot, all states eventually become high-
field seeking [6].
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1.4. Kinetics of ion-molecule reactions

1.4 Kinetics of ion-molecule reactions

1.4.1 Rate equations

Consider the general bimolecular reaction

A + B→ C + D (1.17)

from reactants A, B to products C, D. The kinetics of this reaction [51] with rate constant
k can be expressed in the form of differential equations for the densities nX of each species
X ∈ {A,B,C,D},

ṅA = ṅB = −k nAnB (1.18)
ṅC = ṅD = +k nAnB (1.19)

The rate equations of such a bimolecular reaction cannot be integrated analytically.
However, the experimental conditions are typically such that the density of one reactant
is much larger than the other, i.e. nB � nA. For example, in the reaction of trapped
ions A with neutral molecules B from a molecular beam, the density of B is continuously
replenished such that nB remains constant over time. One can then define a pseudo-first-
order rate constant k̃ = knB which simplifies equation (1.18) to the unimolecular rate
law

ṅA = −k̃ nA (1.20)

which has the simple solution
nA(t) = nA(0)e−k̃t (1.21)

of an exponential decay at rate k̃. Inserting this into (1.19) then yields the time-dependent
product density

nC(t) = nC(0) + k̃

∫ t

0
nA(t′)dt′ = nC(0) + nA(0)

(
1− e−k̃t

)
(1.22)

Usually, the initial product density is zero, i.e. nC(0) = 0. Product formation hence
follows an exponentially saturating curve with same rate constant k̃ as for the reactant
decay, reflecting that the total number of reactants and products is conserved. Experi-
mentally, measuring the depletion of reactant A and fitting it with the pseudo-first-order
model (1.21) determines the value of k̃. In addition, knowing the density of species B
then allows one to compute the bimolecular rate constant k = k̃/nB.

A slight variation of reaction (1.17) is obtained for multiple product channels, i.e.

A + B → C1 + D1 + . . . (1.23)
→ C2 + D2 + . . . (1.24)

. . .

with products Ci,Di, . . . in each channel i = 1, 2, . . . ,m, withm being the total number of
channels. Each channel has an associated rate ki. Then, the total reaction rate constant
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is ktot = k1+. . .+km. Assuming again pseudo-first-order kinetics with rates k̃tot = ktotnB

and k̃i = kinB, one finds

nA(t) = nA(0)e−k̃tott (1.25)

nCi(t) = nA(0)
ki
ktot

(
1− e−k̃tott

)
(1.26)

This shows that in the limit of long reaction time, the fractional yield of each product,

nCi(t)

nA(0)
→ ki

ktot
for t→∞ (1.27)

converges to the branching ratio ki/ktot.

1.4.2 Ion-molecule collisions

Gas-phase reactions between neutral molecules often involve an energy barrier separating
the reactants from the products. Such an energy barrier E0 gives rise to an Arrhenius law
[51], i.e. an exponential dependence k ∝ e−E0/(kBT ) of the rate constant k on temperature
T . In case of an Arrhenius law, the reaction needs to be activated by thermal energy,
leading to a decrease of the rate constant with a reduction in temperature. For reactions
between ions and neutral molecules, on the contrary, a different relationship between
temperature and reaction rate constant has often been observed [52]. Due to the absence
of an energy barrier, ion-molecule reaction rate constants either show no pronounced
temperature dependence or even an inverse temperature dependence, where the rate
constant increases with a lowering of the temperature. Explaining these effects was crucial
for the understanding of chemical processes in the interstellar medium, in particular the
formation of polyatomic molecules under such harsh conditions [53, 54, 55].

To theoretically describe rate constants for ion-molecule reactions without energy
barriers, capture models have successfully been employed [56, 57, 52]. Due to the absence
of a barrier, it is assumed that the reaction rate is entirely determined by the long-range
interaction potential between the charge of the ion and the dipole moment of the neutral
molecule. This long-range potential has the form [52]

Vint(R, β) = − q2α

4πε0

1

2R4
− qµe

4πε0

cosβ

R2
, (1.28)

where q is the ion charge, α is the isotropic polarizability volume of the neutral, µe the
permanent electric dipole moment of the neutral and µ = m1m2/(m1+m2) is the reduced
mass of the collision partners with individual masses m1, m2. The ion-molecule distance
is denoted R and the orientation angle of the molecular dipole relative to the ion-molecule
axis is denoted β. The two terms in equation (1.28) are the charge–induced-dipole and
the charge–permanent-dipole interactions, respectively. While the former interaction
is isotropic, the latter depends on the orientation of the molecule’s permanent electric
dipole moment relative to the Coulomb electric field of the ionic charge. This orientation
dependence makes a quantum mechanical treatment of molecular rotation necessary for
an accurate description of reactions with polar molecules [52].

A sketch of the scattering geometry is displayed in Fig. 1.7a. The molecule approaches
the ion with relative collision velocity vc. Initially, the molecular trajectory is offset from
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Figure 1.7: Illustration of reactive scattering between a neutral molecule and an
ion. a, sketch of the scattering geometry. b, three different classical scattering
trajectories with different impact parameters: b < bmax (blue, solid line), b = bmax

(green, dashed line), b > bmax (orange, dotted line). The collision leads to a reaction
only for b < bmax. c, sketch of the effective potential energy Veff(R) for the three
cases of b. A centrifugal barrier builds up with increasing value of b. Only reactions
where the collision energy exceeds the centrifugal barrier lead to a reaction.

a head-on collision trajectory by the impact parameter b and then bends due to the
interaction with the ion. The impact parameter and collision velocity define the classical
angular momentum L = µvcb of the collision partners. This angular momentum gives
rise to an effective potential

Veff(R, β) =
L2

2µR2
+ Vint(R, β), (1.29)

where the first term represents the build-up of a centrifugal energy barrier with increasing
value of L. The principal assumption of capture models is that any collision for which
the collision energy Ec = µv2

c/2 exceeds the centrifugal barrier leads to a reaction with
unit probability. Collisions with Ec below the centrifugal barrier are non-reactive (see
Fig. 1.7b and c). This results in a maximum impact parameter bmax, or equivalently a
maximum angular momentum Lmax(Ec), defined by the condition Veff(R) ≤ Ec for any
R. The capture cross-section is then given by

σ = πb2max =
πL2

max

2µEc
(1.30)

and the reaction rate constant is k = σvc. For apolar molecules (µe = 0), this leads to
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the Langevin rate constant [52]

kL = 2π

√
αq2

4πε0µ
(1.31)

which is independent of the collision energy. For polar molecules (µe 6= 0), the charge–
permanent-dipole interaction in general requires a quantum mechanical treatment of the
molecular rotation. However, in the high-temperature limit, an approximate correction
to kL has been derived [52, 58] (“infinite order sudden approximation”), which reads

k′L = kL +
µeq

4πε0

√
π

2µkBT
. (1.32)

Here, the rate contribution from the permanent dipole moment decreases with increasing
temperature T .

1.4.3 Adiabatic capture theory

To extend the capture model to a quantum mechanical description of molecular rotation,
Clary and co-workers developed a rotationally-adiabatic capture (AC) model [56, 58].
In this model, the couplings between different rotational states induced by the charge–
permanent-dipole interaction are treated quantum mechanically, similar to the calcula-
tion of the Stark energy shift in section 1.3.2. The relative translational motion between
the collision partners is however still computed classically.

The Hamiltonian of the collision problem reads [58]

H =
p2
R

2µ
+Hrot + Vint(R, β) +

~2 (J − j)2

2µR2
=
p2
R

2µ
+ Veff (1.33)

The four terms are: the radial kinetic energy with radial momentum pR, the field-free
rotational Hamiltonian of the neutral molecule (equation (1.13)), the ion-molecule in-
teraction potential (equation (1.28)), and the centrifugal correction with total angular
momentum J of the collision partners and rotational angular momentum j of the neu-
tral molecule. The asymptotic (initial) states of the scattering problem at R → ∞ are
denoted |Ec, J, jKaKcΩ〉 and correspond to a given collision energy Ec = p2

R/(2µ), a total
angular momentum J , and a field-free rotational state |jKaKcΩ〉 of the neutral molecule.
Here, Ω denotes the projection of j onto the ion-molecule axis. The internal state of the
ion is neglected in this treatment.

Within AC theory, the effective ion-molecule interaction Veff is diagonalized in the
|J, jKaKcΩ〉 basis for any fixed value of R. This yields rotationally-adiabatic and cen-
trifugally corrected potential energy curves VJ,jKaKcΩ(R), i.e. the eigenvalues of Veff with
asymptotic field-free rotational energy subtracted. The states |J, jKaKcΩ〉 asymptotically
correspond to the field-free rotational quantum states.

Given these potential energy curves, AC theory assigns unit reaction probability
to any collision with J < Jmax, for which the centrifugal energy barrier lies below
the collision energy Ec. For each rotational state |jKaKcΩ〉, the corresponding value
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Jmax(Ec, jKaKc ,Ω) is determined numerically. This gives a state-specific reaction cross-
section [58]

σ(Ec, jKaKc) =
π~2

2µEc

1

2j + 1

j∑
Ω=−j

[Jmax(Ec, jKaKc ,Ω) + 1]2 . (1.34)

which is averaged over all orientations of the molecule relative to the ion’s electric field.
The state-specific rate constant is then

k(Ec, jKaKc) = vcσ(Ec, jKaKc)

=
π~2√
2Ecµ3

1

2j + 1

j∑
Ω=−j

[Jmax(Ec, jKaKc ,Ω) + 1]2 . (1.35)

When the molecule exhibits a thermal distribution of rotational states, averaged rate
constants can be calculated using

k(Ec, Trot) =
∑

j,Ka,Kc

p(Trot, jKaKc) k(Ec, jKaKc). (1.36)

Here, p(Trot, jKaKc) is the thermal population of the asymptotic rotational state |jKaKc〉
at the rotational temperature Trot, i.e.

p(Trot, jKaKc) = Q−1(2j + 1)gnse
−EjKaKc

/(kBTrot), (1.37)

with nuclear-spin symmetry factor gns, field-free rotational energies EjKaKc
(eigenvalues

of Hrot) and rotational partition function

Q =
∑

j,Ka,Kc

(2j + 1)gnse
−EjKaKc

/(kBTrot). (1.38)

The nuclear spin symmetry factor is important for molecules with equivalent indis-
tinguishable nuclei. For water, with two equivalent hydrogen atoms giving rise to para
and ortho nuclear spin isomers, the nuclear spin degeneracy factor is

gns,H2O =

{
1, Ka +Kc even (para)
3, Ka +Kc odd (ortho)

(1.39)

For DBB, the situation is more complicated. It has four hydrogen atoms and two
bromine atoms that carry nuclear spin. Bromine exists in the form of two stable isotopes,
79Br and 81Br, with a natural abundance ratio of about 1:1, each having a nuclear spin
of 3/2 [59]. Both gauche and s-trans conformers exhibit a C2 symmetry axis only if the
two bromine atoms are identical isotopes, otherwise all nuclei are distinguishable and
gns = 1. If the Br-atoms are identical, there are three pairs of identical indistinguishable
nuclei: two pairs of H-atoms and the two Br-atoms. A pair of identical spins with nuclear
spin i leads to (2i + 1)(i + 1) symmetric states and (2i + 1)i antisymmetric states [18].
The numbers of symmetric and antisymmetric states for each group of equivalent nuclei
(H(1), H(2) and Br) in DBB are shown in table 1.1. To evaluate the number of symmetric
and antisymmetric states for the total nuclear spin wavefunction Ψns = ΨH(1)ΨH(2)ΨBr,
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one needs to form all possible combinations of the subgroups H(1), H(2) and Br. One thus
arrives at a total of 136 symmetric and 120 antisymmetric nuclear spin states of DBB,
which are given in the last line of table 1.1. These numbers are similar in magnitude
due to the relatively large number of nuclei. To obey the Pauli principle, nuclear spin
states must be paired with rotational states of opposite symmetry such that the overall
molecular symmetry is antisymmetric.

For s-trans-DBB, the C2 axis corresponds to the c inertial axis (see Fig. 1.6). Under
a C2 transformation, the state jKaKc changes its sign by (−1)Kc such that

gns,s−trans−DBB =

{
256 + 120, Kc even
256 + 136, Kc odd

(1.40)

For gauche-DBB the C2 axis is the b inertial axis (see Fig. 1.6) such that the state jKaKc

transforms under C2 with sign (−1)Ka+Kc , like in water. Consequently,

gns,gauche−DBB =

{
256 + 120, Ka +Kc even
256 + 136, Ka +Kc odd

(1.41)

In equations (1.40) and (1.41), a value 256 was added to account for the asymmetric form
of DBB with two distinguishable Br isotopes, which occurs 50% of the time. The values
of gns above only apply to the symmetric vibrational ground state of DBB. In an antisym-
metric excited vibrational state, nuclear spin and rotational states of the same symmetry
would have to be paired instead. Since the values of gns for symmetric/antisymmetric
rotational states only differ by a few percent, gns ≈ 1 was approximated in all calculations
for DBB. This reflects the fact that nuclear spin statistics only have a pronounced effect
at low values of total nuclear spin, like for H2O.

Table 1.1: Nuclear spin statistics of DBB.

atom i sym. states anti-sym. states total

H(1) 1
2 3 1 4

H(2) 1
2 3 1 4

Br 3
2 10 6 16

DBB 136 120 256
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1.5 Thesis outline

In this chapter, the basic theoretical concepts needed for the understanding of this thesis
were summarized. The remainder of this thesis is structured as follows:

Chapter 2 gives an overview of the experimental setup, including the ion trap and the
molecular beam apparatus, as well as their characterization.

Chapter 3 reports measurements of the chemical kinetics between rotational-state-
selected water molecules and trapped diazenylium ions. The measurements show
that rotationally excited ortho-water has a lower rate constant than para-water in
the absolute rotational ground state.

Chapter 4 presents a new experimental setup to generate coherent vacuum ultravio-
let radiation at 118 nm. This light source was later used for soft single-photon
ionization of organic molecules, in particular DBB and propene.

Chapter 5 demonstrates the spatial separation of the two gauche and s-trans conform-
ers of DBB in a molecular beam.

Chapter 6 reports measurements of the reaction kinetics between conformer-selected
DBB and trapped Ca+ ions. It is found that the reaction rates are capture-limited
for Ca+ in its excited states. In the electronic ground state of Ca+, however, an
inhibition of the reaction with gauche-DBB is observed.

Chapter 7 describes the loading and sympathetic cooling of propene ions into a Ca+

Coulomb crystal. Two methods are compared: VUV photoionization and charge
transfer reaction with Ca2+ ions.

Chapter 8 reports measurements of the reaction kinetics of conformer-selected DBB
with propene ions. In this [4 + 1+] polar cycloaddition, both conformers are found
to exhibit capture-limited rate constants, which indicates efficient step-wise and
concerted reaction mechanisms.

Chapter 9 gives an outlook on potential future work with the experimental setup and
concludes this thesis.
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Experimental Methods

This chapter gives an overview of the experimental setup used for reaction rate measure-
ments of a conformer- or rotational-state-selected molecular beam with trapped ions.1

Details on important experimental techniques and procedures are described, including
loading of the ion trap, operation of the time-of-flight mass spectrometer (TOF-MS) and
the molecular beam apparatus including electrostatic deflector. Selected characterisation
and calibration measurements are presented.

2.1 Overview of the experimental setup

A schematic of the experimental setup [60] is shown in Fig. 2.1a. The setup combines a
molecular beam apparatus [10] with a linear quadrupole ion trap (LQT) [17]. The LQT
is radially coupled to a time-of-flight mass spectrometer (TOF-MS) [61] for quantitative
analysis of ions extracted from the molecular beam after ionization or from the ion trap.
In particular this enables a measurement of all reactant or product ions during an ion-
molecule reaction [62, 63, 64, 65].

In the molecular beam apparatus, a dense and internally cold molecular beam is gen-
erated by pulsed supersonic expansion from a high-pressure reservoir through a cantilever
piezo valve (MassSpecpecD ACPV2, 150 µm nozzle diameter) [66] into the source vacuum
chamber. The molecular beam then passes through a series of skimmers to collimate the
beam and select only its central part which is translationally cold. Afterwards, the beam
passes through an electrostatic deflector2 with a strong vertical electric field gradient to
spatially deflect the molecules according to their effective dipole moments. After another
skimmer, the molecular beam traverses a differential pumping tube and enters the main
ultra-high vacuum (UHV) trap chamber of the experiment. This chamber hosts the LQT
as well as the TOF-MS. The molecular beam is directed at the center of the LQT, located
at a distance of about 90 cm from the valve. By vertically tilting the entire molecular
beam apparatus relative to the main experiment chamber using an external tilt stage,
the vertical deflection coordinate y at which the molecular beam passes through the ion

1The experimental apparatus was designed and built by D. Rösch as part of his Ph.D. thesis [60]
with assistance of H. Gao.

2The molecular beam apparatus including electrostatic deflector was designed and built in the group
of Prof. Dr. J. Küpper at the University of Hamburg.
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2.1. Overview of the experimental setup

trap can be adjusted. This allows different regions of the spatially dispersed molecular
beam to be overlapped with the ion trap center, to perform reaction experiments with
selected rotational states or conformers of the molecular beam and the trapped ions.

The LQT is operated using DC and RF electric fields as described in section 2.3. To
load Calcium ions (Ca+) into the LQT, an atomic beam of neutral Ca from a resistively
heated Ca oven (Alvatec) is ionized using pulses from a focused femtosecond (fs) laser.
For laser cooling of the trapped Ca+ ions, two frequency-stabilised diode lasers at the
2S1/2 → 2P1/2 cooling transition (397 nm) and the 2D3/2 → 2P1/2 repumping transition
(866 nm) of Ca+ are directed at the trap. They are aligned along the symmetry axis of
the LQT. The fluorescence of the resulting Ca+ Coulomb crystals at 397 nm is imaged
onto an electron-multiplier charge-coupled device (EMCCD) camera (Andor Luca), using
a microscope with magnification of about 13. A leak valve (VACGEN LVM series) is
installed on the trap chamber which allows one to introduce gas into the trap chamber
in a controlled way. This was used to initiate chemical reactions with trapped ions or to
generate molecular ions in the trap by photoionization.

To analyze the ions in the LQT or ions directly generated from the molecular beam
using photoionization, they can be ejected into a TOF-MS that is radially coupled to
the LQT in the direction of gravity. The TOF-MS consists of five electrodes as shown in
Fig. 2.1b. A micro-channel plate (MCP) detector (Photonis APD 2 APTOF) operating

866 nm

397 nmIonization
laser

Ca oven

MCP

Pre-amplifier

Deflector

CCD
camera

Flter

Imaging
objective

vertical tilt stage

Leak valve

Piezo valve

to oscilloscope
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TOF-MS
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z
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y
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y

Figure 2.1: Overview of the experimental setup. a, schematic setup including
molecular beam apparatus, LQT and TOF-MS. b, details of the TOF-MS.

22



Chapter 2. Experimental Methods

at a typical voltage of 2.1 to 2.3 kV was placed at the end of the flight tube. The
TOF-MS LQT can be operated in different modes [61]. In low-resolution mode, a single
high-voltage pulse is applied to the repeller electrode E1 and all other electrodes are
grounded. This enables the measurement of TOF mass spectra over a wide mass range.
Alternatively, a second high-voltage pulse can be applied to the extractor electrodes E3
and E4 after a short (< 1 µs) delay relative to the first pulse. This enables high mass
resolution (m/∆m ≈ 700) in a narrow selected mass range [61]. The distance from LQT
center to the MCP is 64.8 cm and the length of the flight tube is about 60 cm. The MCP
signals were amplified using a pre-amplifier (home-built or FEMTO HPCA amplifiers)
and acquired on an oscilloscope (LeCroy Wavesurfer 64 MXs).

A pulse generator (Quantum Composer 9520 series) was used to synchronise the pho-
toionization laser pulses, the high-voltage pulses applied to the TOF-MS, the molecular
beam pulses and the data acquisition.

To achieve high vacuum, the source chamber is evacuated using two turbomolecular
pumps to maintain a pressure of ∼ 10−6 mbar with continuous operation of the piezo
valve. In the trap chamber, several turbomolecular pumps as well as non-evaporative
getters (NEG) and a titanium sublimation pump are used to reach a base pressure of
∼ 2 × 10−10 mbar. During operation of the molecular beam, the pressure increases to
∼ 5× 10−9 mbar.

2.2 Laser system

The experiment relies on a number of laser sources for laser-cooling of Ca+ and various
photoionization schemes.

Diode lasers For laser cooling and repumping of Ca+, two continuous-wave grating-
stabilized diode lasers at 397 nm (Toptica) and 866 nm (home-built), respectively, are
used. They are frequency-stabilized using a wavemeter (High Finesse WSU 30) and a
computer controlled feedback loop. The wavemeter is calibrated automatically using an
external HeNe laser. In locked mode, the residual frequency fluctuations amount to about
5 MHz for the 397 nm laser and 10 MHz for the 866 nm laser. The two laser output beams
are coupled into single-mode optical fibers and delivered to the optical breadboard of the
main experiment. There, both laser beams are collimated and combined on a dichroic
mirror before they are sent through the symmetry axis of the LQT, focused to 1/e2 beam
waists of 0.4 mm for the 397 nm beam and 0.2 mm for the 866 nm beam. The optical
powers are adjusted using variable neutral density filters to 1 mW at 397 nm and 0.5 mW
at 866 nm.

Pulsed Nd:YAG laser A pulsed and frequency-tripled Nd:YAG laser (Quantel Bril-
liant) at 355 nm was employed for multi-photon ionisation of Ca and and generation of
vacuum-ultraviolet radiation at 118 nm by non-resonant third-harmonic generation in a
Xe:Ar mixture (see chapter 4). The laser has a pulse duration of 5 ns at a repetition rate
of 10 Hz and a maximum pulse energy of 30 mJ.
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2.3. Ion trap with integrated time-of-flight mass spectrometer

Pulsed dye laser For resonance-enhanced multi-photon ionization (REMPI) of water,
a pulsed and tunable dye laser (Radiant Dyes, Coumarin-307) was used. The dye laser
was pumped by a frequency-tripled Nd:YAG laser (INNOLAS Spitlight, 355 nm, repeti-
tion rate 10 Hz, pulse length 10 ns). After a frequency doubling stage, tunable laser light
at 248 nm was obtained. The laser pulses with a pulse energy of 1.5 mJ were focused
into the molecular beam using a lens with focal length of 300 mm.

Femtosecond laser A mode-locked Ti:Sapphire femtosecond (fs) laser (CPA 2110,
Clark-MXR, Inc.) at a wavelength of 775 nm provided laser pulses with duration of
150 fs at and pulse energy of up to 1 mJ. The repetition rate was varied between 20 Hz
and 100 Hz depending on the application. The fs laser was used for ionization of Ca and
the molecular beam, e.g. to measure molecular beam density profiles. When focused to a
beam diameter of 30–50 µm at the sample, peak intensities on the order of 1014 W/cm2

were reached. This allowed strong-field multi-photon ionization [67].

2.3 Ion trap with integrated time-of-flight mass spectrometer

2.3.1 Trap setup

A photograph of the LQT used in the experiments is shown in Fig. 2.2. The photograph
shows the different trap electrodes and the applied RF and DC voltages are indicated
according to the scheme presented in section 1.2. The LQT was operated at a peak-
to-peak RF voltage of 2V0 = 800 V and a RF frequency of ΩRF = 2π × 3.304 MHz.
DC voltages of about 5 V were applied to the end caps. A commercial high-voltage RF
generator (Stahl-Electronics HF-DR 3.5-900 FL) was used. The photograph also shows
an alignment fiber mounted on a translation stage, which can be moved to the center of
the ion trap in order to align laser beams by maximizing the light scattered to the camera.
Moreover, the repeller electrode E1 for the TOF-MS is shown (compare Fig. 2.1b). It is
a nickel mesh (Precision Eforming) with 90% transmission that is positioned between the
upper trap electrode rods. A second equivalent mesh electrode (E2) is located between
the lower trap electrode rods. E1 and E2 are called top and bottom mesh, respectively.

2.3.2 Coulomb crystal loading procedure

To load a Ca+ Coulomb crystal of standard size (∼ 1000 ions) into the ion trap, the
following procedure was used. Neutral Ca vapour from the oven was ionized using pulses
from the fs laser focused to a diameter of ≈ 30 µm and the resulting Ca+ ions were
subsequently laser cooled. To avoid excessive double ionization of Ca+ to Ca2+, the
fs laser focus was moved slightly away from the ion trap center. The 397 nm cooling
laser was tuned to a red detuning of ∆397 ≈ −2Γ397 = −42 MHz (≈ 20 fm) from the
2S1/2 →2 P1/2 transition. The resonance condition ∆397 = 0 is marked by the point where
a Coulomb crystal “melts” due to the vanishing laser cooling efficiency on resonance and
laser-induced heating for blue detuning ∆397 > 0 [68]. After a defined crystal size was
achieved, as observed on the camera, the Ca oven heating as well as the fs laser were
switched off. The resulting crystal was cleaned by slowly ramping down the trap RF
voltage to 36% of its initial value, and back. This removed impurity ions with mass
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Figure 2.2: Photograph of the LQT. Electrodes and applied voltages are indi-
cated.

larger than 40 u that resulted from reactive collisions of Ca+ with residual background
gases of the vacuum chamber (e.g. H2O, O2, N2, H2 or previously leaked gas). A cleaned
Ca+ crystal is shown in Fig. 1.4c. The constant size and composition of the ion Coulomb
crystals was verified by TOF-MS.

For sympathetic cooling of molecular ions, the corresponding neutral gas is leaked
into the trap chamber using the leak valve and ionized for a defined period of time via
either fs laser pulses (see section 3 for N+

2 ) or VUV radiation (see section 7 for C3H+
6 ).

2.3.3 Ion micromotion

The velocities of Coulomb-crystallized ions in RF traps are usually dominated by their
micromotion, i.e., their fast motion driven by the RF fields [17]. The contribution of their
secular motion can be neglected because of laser and sympathetic cooling. The spread of
micromotion velocities across the crystal thus defines the velocity spread δv of the entire
ion ensemble. This affects the collision velocity distribution of reactive collisions with
the molecular beam (cf. chapter 3). The micromotion velocities scale with the radial
position of the ions in the trap [69]. They are zero for ions located in the trap centre
and maximal for the outermost ions of the crystal. For ions lighter than Ca+, which
accumulate at the trap center, the radial extension r can directly be determined from
the edges of the non-fluorescing central region of the crystal images taken during the
measurements. For N2H+ ions loaded in a Ca+ crystal see inset in Fig. 3.1 of chapter 3.
Using the analytical expressions of the ion trajectories in a quadrupole trap [69], the root-
mean-square velocity for the outermost ions in the present N2H+ crystals at r = 200 µm
was estimated to be vrms = 163 m/s. The corresponding micromotion energy was found
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2.3. Ion trap with integrated time-of-flight mass spectrometer

to be Ekin = kB × 47 K.

2.3.4 Time-of-flight mass-spectrometer

The TOF-MS used in this work has been described in detail in refs. [61, 60].

Principle of TOF-MS The geometry of the TOF-MS is depicted in Fig. 2.1b. Ions
are generated at the center of the ion trap using photoionization and a high voltage pulse
applied to repeller electrode E1 accelerates them towards the MCP. The other electrodes
E2 – E5 are grounded. When the ions arrive at the field-free flight tube at E5, they
have acquired a kinetic energy that equals the potential energy drop qU0 between their
initial position and the entrance of the flight tube. The ion charge q = ze is an integer
multiple (z ∈ N) of the elementary charge e. Hence, the velocity of an ion with mass m
and charge q is given by

v =

√
2qU0

m
(2.1)

Thus, the time of flight (TOF) t required to traverse the flight tube of length ` is given
by

t =
`

v
=

√
m

z

`√
2eU0

(2.2)

It is proportional to the square-root of the mass/charge ratio m/z. Consequently, the
measured TOF can be mapped onto m/z. In practice, the ion peaks appear at the
arrival times t′ = t + t0 with an arbitrary offset t0, e.g. due to the time of initial
acceleration from the ion trap to the flight tube entrance. Calibration of m/z can be
done by fitting the m/z values of known ion peaks to their respective arrival times t′

using the relationship m/z = a(t′ − t0)2. The fit parameters are the slope a = 2eU0/`
2

and the time offset t0. This fit requires knowledge of the m/z values of at least two
ion peaks in the measurement. Convenient ion species for TOF-MS calibration are Ca+,
Ca2+ for TOF-MS of Coulomb crystals or the carrier and seed gases for molecular beams.

TOF-MS with ions from molecular beam For measurement of molecular beam
profiles and deflection profile measurements the ions were generated by photoionization
at the center of the ion trap. To enable a better ion selection in the TOF-MS, a voltage
of 500 V was applied to the four end caps of the trap. For extraction of the ionized
species, a permanent voltage of 4.0 kV was applied to the repeller electrode.

TOF-MS of trapped ions Two different modes of operation were used for the TOF-
MS. For the determination of mass spectra of the reaction products in a wide mass range,
a low-resolution mode was used to extract ions into the TOF-MS. First, the RF trapping
fields were switched off within one RF cycle. After a delay of 0.1 µs, a 1 µs long pulse of
4.0 kV was applied to the repeller electrode E1, while all other electrodes were grounded.
Fast high-voltage switches (Behlke HTS 61-01-HB-C, rise time 70 ns) were used to apply
high-voltage pulses to the TOF-MS electrodes.

In order to measure high-resolution TOF mass spectra, additional 1 µs long high-
voltage pulses of 4.0 kV and 3.2 kV, were applied to the extractor electrodes E3 and
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E4, respectively [61]. These were delayed by 0.45 µs relative to the pulse on E1. For a
narrow mass range, this focuses ions of different initial positions onto the MCP detector
such that they arrive at the same time. In this way, the mass resolution was selectively
enhanced for the Ca+ and C4H+

n species in the measurements presented in chapters 6
and 8.

2.3.5 Molecular dynamics simulations of Coulomb crystal TOF-MS

In an ion Coulomb crystal, ions spatially arrange according to their mass/charge ratio
(cf. section 1.2.2). While light ions accumulate at the centre, heavy ions form rings
around the lighter ions (Fig. 2.3a). The heavier the species, the further away from the
crystal centre the ions localise thus forming an onion-like arrangement of ions around the
core [17]. In the present reaction experiments (cf. chapter 6 and 8), the core is formed
by the laser-cooled Ca+ ions.

The shell-like ion arrangements strongly affect the ion dynamics during ejection into
the TOF-MS flight tube and lead to a dispersion of the ion-velocities depending on their
initial position in the ring. The extended ion packets impinging on the detector give
rise to bimodal distributions in the TOF spectrum with peaks at two distinct arrival
times [61]. The widths of the bimodal TOF signals strongly depend on the amount of
lighter ions in the original Coulomb crystals which determine the diameter of the shells
of heavier ions.

This effect has to be taken into account when analyzing TOF mass spectra of mixed
species Coulomb crystals. In order to predict and accurately assign the signals appearing
in the mass spectra measured in chapters 6 and 8, molecular dynamics (MD) simulations
of mixed species Coulomb crystals ejected into the TOF-MS were performed using the
software SIMION [70].3 In the simulations, ion trajectories of a Coulomb crystal being
ejected into the TOF-MS were calculated and the arrival times at the detector were
extracted to determine the mass spectra.

To illustrate the effect of Coulomb crystal size on the shape of the TOF-MS signal,
Coulomb crystals composed of two ion species were simulated. The mass of the first
species was set to 40 u (Ca+) and the mass of the other to 92 u. In the MD simulation,
the number of ions with mass 92 u was fixed to 100 and the number of ions of mass 40
u was varied between 100 and 500. Simulated TOF mass spectra of these crystals are
presented in Fig. 2.3b. While the lighter species produces a single TOF peak, the heavier
ions show a bimodal distribution the width of which increases with increasing number of
light ions.

2.3.6 Calibration of the TOF-MS sensitivity

To calibrate the absolute sensitivity of the TOF-MS, the TOF-MS signals generated
by Coulomb crystals of a well-defined ion number were measured [71]. Fig. 2.4a shows
fluorescence images of Ca+ ion strings with a number of two to five ions. Counting the
number of ions in each image was facilitated by integrating the fluorescence in the images
along the vertical axis. The corresponding plots are shown below each of the fluorescence
images with the red line indicating a moving average over 11 pixels. Fig. 2.4b shows

3L. Xu performed the SIMION simulation and kindly provided the data.

27



2.3. Ion trap with integrated time-of-flight mass spectrometer

the correlation between the counted ion number and the total integrated fluorescence
counts for a selection of 28 Coulomb crystal images with up to 9 ions. Fitting the data
with a linear function gives a slope of 0.58(4) counts per ion. This relation enabled
the determination of the number of ions given the integrated fluorescence of any Ca+

Coulomb crystal. For a larger set of Coulomb crystals, both fluorescence images as well
as TOF-MS data was acquired. Fig. 2.4c shows the integrated Ca+ TOF-MS signal as
a function of ion number (determined from fluorescence counts). In this measurement, a
FEMTO HPCA pre-amplifier with a gain of 103 V/A was used. Fitting these data with
a linear function gives a TOF-MS sensivity of 0.133(12) Vns/ion, where the uncertainty
also includes the uncertainty in the relation between ion number and fluorescence counts.

40 u

92 u

a b

Figure 2.3: Influence of Coulomb-crystal size on ion time-of-flight. a, Sim-
ulated Coulomb crystal consisting of ions with mass of 40 u (blue) and mass 92 u
(red). b, Simulated TOF mass spectra for Coulomb crystals consisting of a variable
number (100, 300, 500) of ions with mass 40 u and 100 ions of mass 92 u. With in-
creasing number of lighter ions, the width of the bimodal time-of-flight distribution
for the ions with mass 92 u increases. TOF traces for the species at mass 92 u are
vertically offset for clarity.
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Figure 2.4: Calibration of the TOF-MS sensitivity. a, Fluorescence images of
Ca+ Coulomb crystals with 2 to 5 ions (top to bottom). Below each image, the fluo-
rescence integrated along the vertical axis is shown. The red line is a moving average.
b, integrated Ca+ fluorescence counts as a function ion number with linear fit (red
line). c, integrated Ca+ TOF-MS signal as a function of ion number (determined
from measured fluorescence counts using the fit in b) with linear fit (red line).
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2.4. Controlled molecular beam apparatus

2.4 Controlled molecular beam apparatus

2.4.1 Experimental setup

Photographs of the cantilever piezo valve and the electrostatic deflector, including skim-
mers, are shown in Figs. 2.5a and b, respectively. The electrostatic deflector consists of a
pair of 15.4 cm long electrodes separated by 1.4 mm [72]. COMSOL Simulations [73] of
the electric field strength E and vertical gradient ∂E/∂y for a deflector voltage of 15 kV
applied to the deflector rod electrode and 0 kV to the trough electrode are displayed in
Figs. 2.5c and d, respectively. The cross marks the position of the molecular beam prop-
agation axis. Due to symmetry the orthogonal gradient ∂E/∂x vanishes there. These
simulated deflector fields are used for the calculation of molecular trajectories through
the entire beam apparatus [6], by numerically integrating the differential equation (1.14)
(see below).

Alignment of the molecular beam apparatus is achieved with the vacuum system
under air. A laser beam is sent from reverse through the skimmers and allows the valve
to be positioned in its center. Concentric rings around the laser beam are observed when
the alignment is optimal. The valve is mounted on a three-dimensional translation stage

15 kV

0 kV

15 kV

0 kV

a

c d

b

Figure 2.5: Molecular beam apparatus. a, Photograph of the piezo valve. b,
Photograph of the electrostatic deflector and skimmers placed before and after the
deflector. c, d, Simulated field strength and vertical gradient in the electrostatic
deflector, respectively.
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to optimize the alignment of the molecular beam relative to the skimmer apertures.
Longitudinal translation of the valve is also used to measure the beam velocity (see
below).

2.4.2 Monte-Carlo trajectory simulations for electrostatic deflection of wa-
ter

Effective dipole moments and Stark energies of the individual rotational states of water
were calculated using the CMIstark software package [49]. Figures 2.6a and c show
simulated Stark energies and effective dipole moments, respectively, for the ground states
of both isomers. All Stark components are high-field seeking with negative Stark shifts.
The |jKaKc |M |〉 = |1011〉 state has the largest dipole moment resulting in the largest
deflection in an electric field gradient, while |1010〉 shows the smallest Stark shift. Here,
M denotes the quantum number of the space-fixed projection of ~j. This results in
a separation of the ortho-water |M | = 0, 1 states under electrostatic deflection. The
value of the dipole moment of para-water in the |0000〉 state is in between those of ortho-
water. Additionally, calculations of the Stark energies and dipole moments for the excited
rotational states |110〉 and |111〉 are presented in Figures 2.6b and d. Their contribution
to the measured deflection profiles is discussed in Appendix A.1.

The state-specific deflection profiles of the molecular beam traveling through the
entire setup including deflector have been simulated using a home-made software package
based on CMIfly [6]. The trajectory simulations were carried out with 106 water molecules

a b

c d

Figure 2.6: Stark shift calculation for water. Calculated stark energy shifts
(a) and effective dipole moments (c) for the ground rotational states of ortho-
(|jKaKc |M |〉 = |1010〉, |1011〉) and para- (|0000〉) water as a function of the electric-
field strength. b, d Stark shifts and effective dipole moments, respectively, for the
higher excited rotational states |1100〉, |1101〉 and |1110〉, |1111〉.
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per quantum state. Their initial positions were uniformly sampled across the nozzle cross
section. Their initial velocities were sampled from a normal distribution with a mean
longitudinal velocity of 575 m/s and standard deviations of 10 m/s in the transverse
directions and 69 m/s in the longitudinal direction. An ortho:para ratio of 3:1 was
imposed on the molecular beam set by the nuclear-spin statistics. For each quantum
state, simulated deflection profiles were obtained from histograms of the coordinates of
the molecules upon arrival in the reaction region. Thermally averaged deflection profiles
nσ,T (y) (σ ∈ {o, p}) for each spin isomer at rotational temperature T were calculated from
the deflection profiles of the individual quantum states njKaKcM (y) using the expression

nσ,T (y) =
gσ
Qσ

∑
j,Ka,Kc

j∑
|M |=0

gMgσ,KaKce
−EjKaKc/kBT njKaKcM (y), (2.3)

with the rotational partition function

Qσ =
∑

j,Ka,Kc

j∑
|M |=0

gMgσ,KaKce
−EjKaKc/kBT . (2.4)

Here, kB denotes the Boltzmann constant and EjKaKc are the field-free rotational ener-
gies. The degeneracy factor gM takes values gM = 1 for M = 0 and gM = 2 for |M | > 0.
The nuclear-spin symmetry factors gσ,KaKc are defined by

go,KaKc =

{
1 Ka +Kc odd
0 Ka +Kc even

(2.5)

for the ortho- and

gp,KaKc =

{
0 Ka +Kc odd
1 Ka +Kc even

(2.6)

for the para-isomer. The nuclear-spin degeneracy factors are gp = 1/4 and go = 3/4.
The total thermal deflection profile was calculated from the sum of the deflection profiles
of the ortho- and para-isomers,

ntot,T(y) = npara,T (y) + northo,T (y). (2.7)

Results of the state-specific deflection profiles obtained from the Monte Carlo simu-
lation are shown in Fig. 2.7. There, the beam profile at 0 kV (no deflection) is shown
together with the deflection profiles of the rotational ground states of para- and ortho-
water at a deflector voltage of 15 kV. In accordance with the calculated Stark energy
curves (Fig. 2.6), the ortho ground state 101 contains a strongly deflected |M | = 1 com-
ponent and a weakly deflected M = 0 component. The para water ground state 000

shows intermediate deflection.
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15 kV

Figure 2.7: Monte Carlo simulation of the deflection profile of water. The
grey curve shows the undeflected beam profile at a deflector voltage of 0 kV. De-
flection profiles for a deflector voltage of 15 kV are shown for the para ground state
|0000〉 (red) and the ortho ground states |1010〉 (dark blue) and |1011〉 (light blue).
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2.4. Controlled molecular beam apparatus

2.4.3 Molecular beam of water

2.4.3.1 Beam velocity

The molecular beam was generated from water vapour at room temperature and seeded
in argon carrier gas at 3 bar. The gas mixture was pulsed through the cantilever piezo
valve at a repetition rate of 200 Hz and an electric pulse width of 30 µs.

The velocity of the molecular beam was determined by probing its time-resolved
density profile in the ion-trap region at different longitudinal positions of the gas valve
(Fig. 2.8a). The delay of the molecular beam center for each valve position was deter-
mined from a Gaussian fit to the beam profiles. By fitting the linear relation between
valve position and the delay of the beam center (Fig. 2.8b), the velocity of the molecu-
lar beam was determined to be vbeam = 575(50) m/s. This beam velocity was used for
adiabatic-capture rate calculations and Monte Carlo trajectory simulations.

The velocity spread δvbeam = 65(36) m/s of the beam was determined from the half-
width-at-half-maximum δt (HWHM) of the temporal profiles of the gas pulses, which was
assumed to be limited by the longitudinal velocity distribution of the molecules. The
distance of the molecular beam propagation is ` = 0.9 m from the nozzle to the ion trap.
The time-of-flight for velocity v is thus given by t = `/v. For a given velocity spread δv,
this results in a temporal spread of

δt =
`

v
− `

v + δv
≈ `δv

v2
(2.8)

Consequently, one can calculate the velocity spread from the HWHM δt using δv =
v2δt/`.
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Figure 2.8: Measurement of the beam velocity. a, longitudinal beam profile
measurement obtained by scanning the delay between valve pulse and fs laser pulse.
This uses the argon signal. The longitudinal position of the valve is varied as in-
dicated in the legend. b, plot of the valve position against the delay for which the
peak molecular beam signal was observed. The line is a linear fit which gives the
beam velocity.
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2.4.3.2 REMPI spectroscopy of water

To determine the rotational state populations of water in the molecular beam, state-
selective (2+1)-resonance-enhanced multiphoton-ionization (REMPI) via the C̃ elec-
tronic state of water was employed [74]. In (2+1)-REMPI, the H2O molecules are excited
to a selected intermediate rovibronic state via two-photon absorption (Fig. 2.9a). From
there, the absorption of a third photon leads to ionization. Since the two-photon reso-
nance must be met, REMPI allows sensitive rotational-state resolved ionization.

In order to determine the rotational temperature of the undeflected water beam, a
(2+1) REMPI spectrum was recorded by monitoring the ion signal detected at mass-
to-charge ratio m/z = 18 u in the TOF-MS as a function of the UV laser wavelength
(Fig. 2.9b). The experimental spectrum was compared to a simulation using the soft-
ware package PGOPHER [75]. Best agreement was found by assuming a rotational
temperature of 7 K in line with previous studies [74, 15]. Two dominant transitions were
identified, the |jKaKc〉 = |220〉 ← |101〉 transition of ortho-water at 80724 cm−1 and the
|221〉 ← |000〉 transition of para-water at 80747 cm−1. j,Ka,Kc denote the rotational
quantum numbers of an asymmetric top. The experimental intensities of the lines, i.e.,
the areas A underneath the peaks, were determined from fits of a sum of two Lorentz
functions to the spectral features.

The relative line strengths So and Sp of the two transitions for ortho- and para-
water, respectively, were estimated from the relevant peak areas Ao and Ap. Assuming
that both nuclear-spin isomers were cooled down to their relevant ground states and that
the ortho:para ratio of 3:1 prevalent in the water vapour prior to expansion was conserved

Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)Wavenumber (cm-1)

C~

A~

Ionization

ν

ν

ν

a b

Figure 2.9: REMPI spectroscopy of water. a, schematic of (2+1) REMPI. b,
measured (2+1) REMPI spectrum (data points) of a beam of water seeded in argon
at a backing pressure of 3 bar and a simulation of the spectrum (line) at a rotational
temperature of 7 K. Uncertainties correspond to one standard error.
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2.4. Controlled molecular beam apparatus

in the molecular beam, it holds that

3 =
AoSp

ApSo
. (2.9)

With So = 1, Sp = 1.51(1) was obtained.
In the deflected water molecular beam (cf. chapter 3), REMPI spectroscopy was used

to determine the populations po and pp of the ortho and para isomers, respectively. From
the fitted peak areas Aσ of the REMPI spectrum at a given deflection coordinate, the
population of the isomer σ ∈ {o, p} was calculated using

pσ =
Aσ/Sσ

Ap/Sp +Ao/So
. (2.10)

2.4.3.3 Composition of the molecular beam

Mass spectra of the molecular beam recorded after fs-laser ionization indicate the presence
of water clusters in the supersonic expansion (Fig. 2.10). To minimize the amount of
clusters formed by condensation of water molecules within the expansion region of the
molecular beam, argon carrier gas has been chosen. For the heavier carrier gas krypton
with a slower beam velocity, much stronger formation of water clusters was observed.
For comparison, Fig. 2.11 shows a TOF-MS of a molecular beam of krypton seeded with
water. Due to the low-velocity expansion, very strong cluster signals of water (H2O)nH+

with n up to 16 are observed. Only peaks up to n = 8 are indicated in the figure.
The fs laser is able to ionize these clusters through strong-field ionization and break

them into fragments including H2O+. The signal of these H2O+ cluster-fragment ions
contributes to the m/z = 18 u signal of the water monomer ions in the mass spectra.
This additional signal needs to be taken into account when evaluating the measured
deflection profiles of water. Fig. 2.12 shows that cluster fragments with mass m/z > 18 u
experience no significant deflection at a deflector voltage of 15 kV. It is therefore assumed
that the detectable water clusters present in the molecular beam are largely undeflected
and that the signal recorded at large deflection coordinates for m/z = 18 u is solely
due to the water monomer. Thus, to avoid interference from reactions of the N2H+ ions
with the clusters, the reaction rate measurements of chapter 3 were conducted at beam
positions outside the region of deflection coordinates where undeflected water clusters
would contribute to the rate measurements. These beam positions are labelled I–III in
Fig. 2.12.
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Figure 2.10: TOF-MS of a molecular beam of water seeded in argon.. This
spectrum was measured at a deflector voltage of 15 kV and at deflection coordinate
y = 0.6 mm. Weak signals of water clusters (H2O)+

n with n up to 4 are observed.
The remaining peaks are mostly due to Ar isotopes and residual gases.
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Figure 2.11: TOF-MS of a molecular beam of water seeded in krypton.
Cluster signals for both H2O as well as Kr are observed. The cluster signal appears
to decay exponentially with the cluster size. The signal of the parent ion H2O+ is
suppressed.
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I

II

III

Figure 2.12: Experimental deflection profiles of the water beam measured
by fs-laser ionization. Beam profiles of the parent water ion H2O+ were measured
as function of the vertical deflection coordinate at deflector voltages of 0 kV (blue
squares and 15 kV (purple circles). Deflection profiles of the water cluster as de-
tected by their fragment ions (H2O)H+ and (H2O)2H+ are also shown (grey and red
triangles, respectively). These were produced from their parent clusters by fs-laser
ionization and dissociation. No significant deflection is observed for these clusters.
The vertical lines labelled I, II and III specify the positions at which the reaction rate
measurements of chapter 3 were performed. Error bars correspond to one standard
error.
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2.4.3.4 Beam density

The time-averaged density of water molecules in the molecular beam, nMB,avg, relates to
the density of molecules in one gas pulse, nMB,pulse, via

nMB,avg = nMB,pulsefrepτpulse, (2.11)

where frep = 200 Hz is the repetition rate of the gas valve and τpulse = 487µs is the
FWHM of the temporal width of the molecular beam pulse in the reaction region.

To estimate nMB,pulse, the fs-laser ionization signal IMB of H2O from the molecular
beam was compared with the signal IBG obtained from ionization of water in the back-
ground gas of the trap chamber. In this measurement, the water beam was deflected at a
deflector voltage of 15 kV and the deflection coordinate was set to y = 4.5 mm (position
II), to avoid interference from water clusters. Assuming that the ionization volumes VMB
and VBG were equal (the diameter of the molecular beam of 4 mm was larger than the
laser-focus diameter of ≈ 50 µm), nMB,pulse was estimated according to

nMB,pulse = nBG
IMB

IBG

VMB

VBG︸ ︷︷ ︸
≈1

= nBG
IMB

IBG
(2.12)

Here, the density of water molecules in the background gas, nBG, was estimated from a
comparison of the measured pseudo-first-order rate constant of the reaction of background
water with N2H+ ions with a literature value for the second-order rate constant at 300 K:

nBG = k′BG/klit,300K, (2.13)

with klit,300K = 2.6(4) × 10−9 cm3s−1 taken from [76]. The value of the time-averaged
beam density thus obtained is nMB,avg = 3.0(5) × 105 cm−3. This value is in line with
previous results [15] after adjustment for the different repetition rates of the experiments.
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2.4. Controlled molecular beam apparatus

2.4.4 Molecular beam of DBB

The molecular beam was generated from DBB vapor at room temperature seeded in neon
carrier gas at 5 bar. The repetition rate was set to 10 Hz for deflection profile measure-
ments, matching the repetition rate of the YAG laser. For reaction rate measurements,
it was set to 200 Hz to shorten the data acquisition time. A gas pulse duration of 250 µs
was measured at the LQT.

For deflection experiments, a voltage of 13 kV was applied between the two deflector
electrodes to generate the required vertical electric field gradient [46, 6, 72, 21]. By
comparison of the measured deflection profiles with Monte-Carlo simulations [46, 13, 21],
a rotational temperature of 1.0 K could be estimated.

2.4.4.1 Beam velocity

The beam velocity measurement for DBB in neon was conducted in the same way as the
beam velocity measurement for water in argon (cf. section 2.4.3.1). The longitudinal
beam profiles of DBB for different valve positions are shown in Fig. 2.13a. To determine
the peak delays, Gaussian functions were fitted to the peaks. The resulting linear relation
between the valve positions and peak delays is plotted in Fig. 2.13b. The linear fit yields
a beam velocity of v = 843 m/s with a velocity spread of δv = 58 m/s determined from
the temporal spread of the longitudinal beam profiles.
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Figure 2.13: Determination of the molecular beam velocity. a)Beam profile
measurements for different longitudinal positions of the piezo valve. The solid lines
are Gaussian fits to the data. b) Linear fit through the maxima of the gaussian fits
giving the beam velocity of 843(58) ms−1.

2.4.4.2 Beam density

Knowledge of the DBB density in the molecular beam was necessary to convert the
measured pseudo-first order rate constants in chapters 8 and 6 into bimolecular rate
constants. Following refs. [67, 77], the DBB density was determined from a measurement
of the ion yield as a function of the laser intensity for fs laser pulse ionization. The
absolute ion yield was calibrated using the method of section section 2.3.6.
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For this measurement, a voltage of 13 kV was applied to the deflector and the
molecular-beam apparatus was set to a deflection coordinate of y = 0 mm. The molec-
ular beam was ionised by multi-photon ionisation using laser pulses with a duration of
150 fs at 775 nm and the total, calibrated ion yield (cf. section 2.3.6) was measured
as a function of the laser-pulse intensity (Fig. 2.14). In the saturated regime, the ion
yield was found to scale logarithmically with laser intensity I > 3.3× 1014 W/cm2. This
behaviour is expected for multi-photon ionisation [67] and allows the extraction of the
molecular-beam peak density npeak from the slope of the line [77]

m :=
dS

d ln I/I0
= 2πασ2

rdnpeak (2.14)

where S is the ion count, I is the laser intensity, I0 is the saturation intensity of the
relevant molecular species, α = 0.57 is the detection efficiency, σr = 7.5 µm is the e−1/2

radius of the laser beam and d = 2.5 mm is the diameter of the molecular beam. The
values m = 39(2) and I0 = 2.56(5) × 1014 W/cm2 were determined from a linear fit of
S as a function of ln(I) (Fig. 2.14). Using (2.14), a DBB density of npeak = 7.8(7) ×
107 cm−3 was obtained. The uncertainty also includes the propagated error of the TOF-
MS calibration. Since the molecular beam was pulsed with a repetition rate frep = 200 Hz
and a pulse width τpulse = 250 µs at the LQT, the relevant average density for the reaction
experiments was calculated to be navg = npeakfrepτpulse = 3.9(4)× 106 cm−3.
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Figure 2.14: Calibration of the DBB beam density. The ion yield from fs-
laser photoionisation was measured as a function of the laser intensity. At large
intensities > 3.3× 1014 W/cm2 (blue squares), the ion yield was well represented by
a logarithmic dependence on the laser intensity (red line).
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3

Different reactivities of para- and
ortho-water towards diazenylium ions

Water is one of the most fundamental molecules in chemistry, biology and astrophysics.
It exists as two distinct nuclear-spin isomers, para- and ortho-water, which do not in-
terconvert in isolated molecules. The experimental challenges in preparing pure samples
of the two isomers have thus far precluded a characterization of their individual chem-
ical behaviour. Capitalizing on recent advances in the electrostatic deflection of polar
molecules, we separate the ground states of para- and ortho-water in a molecular beam
to show that the two isomers exhibit different reactivities in a prototypical reaction with
trapped diazenylium ions. Based on ab initio calculations and a modelling of the reaction
kinetics using rotationally adiabatic capture theory, we rationalize this finding in terms
of different rotational averaging of ion-dipole interactions during the reaction.

The content of this chapter has been published in [21]1.

3.1 Introduction

Water, H2O, is one of the key molecules in nature, it acts as the fundamental solvent
in biological systems and is one of the major molecular constituents of the universe.
It exists in two forms, para(p)- and ortho(o)-water, which are distinguished by their
values of the quantum number of the total nuclear spin I, where I = 0 and 1 for p-
and o-H2O, respectively (see section 1.1.1). Interconversion of the nuclear-spin isomers
is forbidden in isolated molecules and nuclear-spin symmetry is usually conserved in
collisions, by electromagnetic radiation and even in chemical reactions [18, 19, 20]. How-
ever, nuclear-spin-symmetry interconversion has been observed in a variety of polyatomic
molecules and has been rationalized to occur via doorway states with a mixed nuclear-spin
character [19, 78, 79]. For water in the vapour and condensed phases, the para/ortho-
interconversion rates reported in the literature vary widely and remain a controversial
topic [80, 81, 82].

Apart from their total nuclear spin, para- and ortho-water also differ in other impor-
tant respects. Because the generalized Pauli principle dictates that the total molecular

1H. Gao assisted with the experiments presented in this chapter.
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wavefunction has to be antisymmetric under the permutation of the two hydrogen nuclei
in the molecule [18], (ortho-) para-water is associated with (anti)symmetric rotational
functions in the electronic-vibrational ground state of the molecule. Thus, nuclear-spin
and rotational symmetry are intimately linked [15]. As a consequence, the ground state
of para-water is the absolute rotational ground state |jKaKc〉 = |000〉, whereas the ground
state of ortho-water is the first excited rotational state |jKaKc〉 = |101〉. Here, j de-
notes the quantum number of the rotational angular momentum and Ka and Kc are the
quantum numbers of the projection of the rotational angular momentum on the a and c
principal axes of inertia of the molecule, respectively.

Considering the different properties of its two nuclear-spin isomers and the eminent
importance of water in a variety of chemical contexts, it begs the question whether para-
and ortho-water also show different chemical behaviour. In a wider context, this problem
ties into ongoing efforts to understand how different molecular degrees of freedom (trans-
lation, nuclear spin, rotation, vibration, electronic motion) and the interplay between
them influence chemical reactivity. Despite the significant amount of studies focusing on
vibrational effects in chemical reactions [83, 84, 85], the roles of nuclear spin and molec-
ular rotation have scarcely been explored experimentally. This is mainly due to the fact
that rotational energy transfer is likely to happen in any collision rendering it difficult
to prepare molecules in specific rotational levels [86, 6] so that only comparatively few
rotational-state resolved studies have been reported so far [87, 88, 89]. A similar scarcity
of data exists with regard to studies involving individual nuclear-spin isomers [90] which
are in general difficult to separate and to prepare individually [15, 91].

Recent progress in manipulating polar molecules using electrostatic fields has made
it possible to select and spatially separate different conformers and rotational states of
molecules in supersonic molecular beams [6]. By combining this technology with a sta-
tionary reaction target of Coulomb-crystallized ions in a linear quadrupole ion trap (LQT)
[17, 9], we have recently studied conformer-selected molecule-ion reaction dynamics and
observed that reaction-rate constants can strongly depend on molecular conformation
[13, 72]. Here, we extend this method to the separation of different nuclear-spin isomers
using their different rotational properties in order to study ion-molecule reactions with
control over the rotational and nuclear-spin state of the neutral reaction partner, a field
on which only scarce experimental data are available so far. Our approach is partic-
ularly suited for polyatomic neutrals for which rigorous rotational state preparation is
difficult to achieve solely by supersonic cooling [88]. As an example, we investigate the
proton-transfer reaction of water with ionic diazenylium (N2H+),

H2O + N2H+ → N2 + H3O+, (3.1)

an important molecule in astrochemistry which has been observed in the interstellar
medium [92]. Its detection has proven crucial to trace molecular nitrogen in pre-stellar
clouds to understand the early stages of star formation [93, 94].

We find that the para-species reacts 23(9)% faster than the ortho-isomer. Based on
ab initio calculations and a modelling of the reaction kinetics using rotationally adiabatic
capture theory, we rationalize this finding in terms of different rotational averaging of
ion-dipole interactions during the reaction.
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3.2 Results

3.2.1 Experimental approach

The two ground states of para- and ortho-water show distinct responses to an electric
field, i.e., different Stark-energy shifts and correspondingly different effective space-fixed
dipole moments (see section 2.4.2 and [15]). This enables their spatial separation by the
electric field gradient of the electrostatic deflector [15, 6].

The experimental setup is schematically depicted in Figure 3.1. It consists of a
molecular-beammachine equipped with the electrostatic deflector connected to an ultrahigh-
vacuum chamber housing an ion trap [72, 61]. A beam of internally cold molecules was
formed in a pulsed supersonic expansion of water seeded in argon carrier gas. The molec-
ular beam was collimated by two skimmers before entering the electrostatic deflector. A
voltage of 15 kV was applied across the deflector electrodes in order to generate a vertical
electric field gradient for the spatial separation of the two nuclear-spin isomers. After
passing another skimmer, the beam was directed towards the LQT. The trap was loaded
with Coulomb crystals of laser-cooled Ca+ ions [17, 13] as well as sympathetically cooled
N2H+ reactant ions (image inset in Figure 3.1). By vertically tilting the molecular beam
apparatus relative to the LQT, different regions of the deflected molecular beam were
overlapped with the Coulomb crystals [72]. The tilting angle of the molecular beam ap-
paratus defined a deflection coordinate y for molecules arriving at the trap centre. After
exposure to the molecular beam for a variable time period, the Coulomb crystals were
ejected into a high-resolution time-of-flight mass spectrometer (TOF-MS) [61] for the
mass and quantitative analysis of their constituents.

3.2.2 Isomer populations in the deflected water beam

In order to probe its composition in terms of quantum states and to characterize the
spatial separation of the two nuclear-spin isomers, density profiles of the molecular beam
were measured. A pulsed ultraviolet laser beam was used to generate water ions by (2+1)
resonance-enhanced multi-photon ionization (REMPI) via selected rotational levels of the
C̃ electronic state [74] (see section 2.4.3.2). The ions were subsequently ejected into the
TOF-MS. This technique enabled the selective detection of the ground states of either
para- or ortho-water and the determination of the individual density profiles of the two
isomers in the beam. From a REMPI spectrum of an undeflected water beam, it was
confirmed that the supersonic expansion was composed predominantly of the jKaKc = 000

and 101 rotational states of H2O, i.e., the ground states of p- and o-H2O, respectively
(see section 2.4.3.2). A possible minor contribution from the 110 state did not interfere
with the present experiments (see section 2.4.2 and appendix A.1).

Figure 3.2a shows deflection profiles of para- (red diamonds) and ortho- (blue squares)
water obtained from the ion signal at mass-to-charge ratio m/z = 18 u recorded as a
function of the deflection coordinate y at a deflector voltage of 15 kV. The purple circles
represent the sum of the para- and ortho-profiles. The different projections of the angular
momentum of the ground state of ortho-water onto the space-fixed direction of the electric
field leads to two components, M = 0 and |M | = 1, which exhibit a weak and strong
Stark shift, respectively. These correlate with the two peaks of the o-H2O deflection
profile at low and high deflection coordinates, respectively. Contrarily, the para-isomer
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only has one angular-momentum projection component M = 0 with an intermediate
Stark shift such that its deflection profile shows a single peak situated in between the
two peaks of the ortho-form. In this way, a partial spatial separation of the two isomers
was achieved and the o/p-ratio was well defined at each deflection coordinate [15]. The
solid and broken lines show corresponding theoretical deflection profiles derived from
Monte Carlo trajectory simulations (see section 2.4.2).

In addition, a femtosecond (fs) laser was employed to probe molecules reaching the
trap centre by strong-field ionization irrespective of the species or the internal quantum
state [95]. Subsequent ion ejection into the TOF-MS enabled the determination of the
combined relative density of para- and ortho-water molecules in the beam as a function
of the deflection coordinate. The acquired beam profiles for deflector voltages of 0 and
15 kV are presented in Figure 3.2b as yellow triangles and purple circles, respectively.
At 15 kV, experiment and simulation (dashed grey line) agree well at large deflection
coordinates, but differ significantly around y = 0. In this region, the mass spectra
indicate the presence of clusters formed in the supersonic expansion. A fs laser pulse can
break these clusters resulting in water ions detected together with the water-monomer
signal at m/z = 18 u in the TOF-MS. Our data also show that these clusters are not
deflected and do not contaminate the beam at deflection coordinates larger than 2 mm
(see section 2.4.3.3). This picture is corroborated by the reproduction of the experimental
beam profile by a weighted superposition (black solid line) of simulations of the deflected
water beam at 15 kV and an undeflected beam at 0 kV (grey solid line).
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Figure 3.1: Schematic of the experimental setup. A pulsed molecular beam
of water molecules seeded in argon emanates from a room-temperature reservoir
through a pulsed gas nozzle and passes an electrostatic deflector. The inhomogeneous
electric field inside the deflector (shown in the inset below) spatially separates para-
and ortho-water molecules due to their different effective dipole moments. After the
deflector, the beam is directed at an ion trap containing a Coulomb crystal of Ca+

and sympathetically cooled N2H+ reactant ions (inset image). The products and
kinetics of reactive collisions between N2H+ and H2O are probed using a time-of-
flight mass spectrometer (TOF-MS) [61].

46



Chapter 3. Different reactivities of para- and ortho-water towards diazenylium ions

Probing the specific reactivities of the two isomers requires the preparation of samples
with well defined para/ortho-ratios. Based on the deflection profiles and the simulations
in Figure 3.2a, three deflection coordinates with varying relative populations of para-
or ortho-water were chosen. At each of these positions labelled I, II and III in Figure
3.2b, REMPI spectra were recorded from which the populations of para- and ortho-
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Figure 3.2: Molecular-beam deflection profiles of the ground states of
para and ortho-water. a Experimental isomer-specific density profiles of o- (blue
squares) and p-H2O (red diamonds) in the deflected molecular beam (deflector volt-
age 15 kV) measured by (2+1) REMPI together with the total deflection profile
(sum of the ortho- and para-signals, purple circles). The lines represent Monte-Carlo
trajectory simulations of the deflection profiles. The contributions from ortho- and
para-water are indicated by the blue and red shaded areas, respectively. b Total wa-
ter deflection profile measured by femtosecond-laser ionization for deflector voltages
of 0 kV (yellow triangles) and 15 kV (purple circles). The three vertical lines marked
I, II and III indicate the deflection coordinates at which reaction rates were measured.
The red/blue symbols represent the relative populations of the isomers normalized
to the total signal at positions I, II and III as determined from the REMPI spectra
shown in c. c REMPI spectra of H2O measured at the three positions I, II, III (pur-
ple circles). The two peaks observed at 80724 cm−1 and 80747 cm−1 correspond to
transitions from the ground states of ortho- and para-water, respectively. The peaks
are fitted with a sum of two Lorentzians (solid black line) with contributions from
ortho- and para-isomers depicted as blue and red shaded areas, respectively. Error
bars correspond to one standard error of at least three independent measurements.
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water were determined (Figure 3.2c). From fits of the intensities of the lines in the
spectra, the relative populations of the two isomers were obtained (see section 2.4.3.2).
The populations of para- (ortho-) water thus obtained were 39(1)% (61(1)%), 62(2)%
(38(2)%) and 0% (100%) at positions I, II and III. We note that at position III, the
beam consists of pure ortho-water within the measurement uncertainties and therefore
enables a direct measurement of the reaction rate constant of ortho-water.

3.2.3 Reaction-rate measurements

With the molecular beam prepared with well-known ratios of the two isomers at different
deflection coordinates, measurements of the rate of reaction (3.1) were performed. First,
a Coulomb crystal of about 1000 Ca+ ions was loaded into the LQT. Then, nitrogen gas
was leaked into the vacuum chamber at a partial pressure of 4.0×10−9 mbar and N+

2 ions
were generated by fs-laser ionization. After the formation of N+

2 ions in the trap, H2 gas
(partial pressure 2× 10−9 mbar) was leaked into the vacuum chamber for 30 s to quanti-
tatively convert N+

2 into N2H+ via the reaction N+
2 + H2 → N2H+ + H. The thus formed

N2H+ ions were sympathetically cooled into the Coulomb crystal and accumulated at
its centre (inset in Figure 3.1). Subsequently, the molecular beam apparatus was set to
a specific deflection coordinate and the deflector was turned on at a voltage of 15 kV
to direct the molecular beam at the Coulomb crystal and engage the reaction. After a
variable period of exposure to the molecular beam, the reduction of the number of N2H+

reactant ions was probed by ejecting the Coulomb crystal into the TOF-MS [61] (Figure
3.3). In addition, the formation of H3O+ as the ionic reaction product was verified using
the TOF-MS. At each of the three deflection coordinates I–III, five independent sets of
data were taken, each consisting of one reaction measurement with a deflected molecular
beam (deflector voltage 15 kV) and a subsequent measurement of the rate of reaction of
N2H+ with the background gas in the vacuum chamber. The background measurement
was performed by setting the deflector voltage to 0 kV while keeping the deflection co-
ordinate constant, thus pointing the molecular beam away from the centre of the LQT.
For each data set, the N2H+ ion signal N(t) was recorded as a function of reaction time
t in three consecutive measurements.

Since the number of water molecules is continuously replenished through the molecu-
lar beam, the rate constants could be determined within the framework of a pseudo-first-
order kinetics treatment (cf. section 1.4.1). Hence, the data were analyzed according to
an integrated pseudo-first-order rate law

ln

(
N(t)

N(0)

)
= −k′t (3.2)

with the pseudo-first-order rate constant k′ determined from a least-squares fit. For
every data set, the pseudo-first-order rate constants of the reactions with background
gas were directly subtracted from the total rate constants to give the rate constants for
the reactions of the diazenylium ions with water from the molecular beam.

Combining the determinations of the total reaction-rate constants, of the relative
populations of o- and p-H2O at positions I, II and III, and of the combined density
profile of the deflected beam, the individual reaction-rate constants ko and kp of ortho-
and para-water, respectively, were deduced. For each of the three deflection coordinates
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yi (i ∈ {I, II, III}), the total first-order rate constant k′tot,i is given by

k′tot,i = ñi
(
po,i k

′
o + pp,i k

′
p

)
, (3.3)

where po,i and pp,i are the populations of ortho- and para-water extracted from the
REMPI measurements, respectively, and ñi are the relative densities of the water beam
at positions yi. ñi is obtained from the beam profile I(y) measured with the fs laser
at 15 kV (Figure 3.2b) via ñi = I(yi)/I(yII) with position II taken as reference point.
All parameters defining the set of equations (3.3) are summarized in Table 3.1. Once k′o
and k′p were known, the relative difference of the reaction rates of the two isomers was
calculated as r = 2(k′p − k′o)/(k′p + k′o).

The system of equations (3.3) was solved by a least-squares optimization, minimising

Time t (s)

Figure 3.3: Reaction-rate measurements at the deflection coordinates I–III
indicated in Figure 3.2b. The data are normalized to the ion signal at time t = 0.
The lines represent fits to the data according to an integrated pseudo-first-order rate
law. The black triangles show an example of a measurement of the reaction rate
with background gas at position II for comparison. Error bars correspond to one
standard error of four independent measurements.

Pseudo 1st oder rates Populations Normalized ion signal
Region i k′i [s−1] po,i : pp,i Ii
I 3.13(5) · 10−3 0.61(1) : 0.39(1) 0.87(4)
II 1.63(4) · 10−3 0.38(2) : 0.62(2) 0.44(1)
III 0.95(5) · 10−3 1 : 0 0.30(2)

Table 3.1: Summary of measured data. Total pseudo-first-order reaction-rate
constants k′i, nuclear-spin isomer populations pσ and normalized ion signal Ii at the
three positions i = I, II and III.
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the cost function

S(k′o, k
′
p) =

∑
i

[
k′tot,i − ñi(po,i k′o + (1− po,i) k′p)

]2
. (3.4)

From the least-squares fit to the experimental data, the pseudo-first-order rate constants
were determined to be k′o = 1.4(1) × 10−3 s−1 and k′p = 1.8(1) × 10−3 s−1 yielding a
relative difference r = 23(9)% between the reactivities of the para- and ortho-isomers
(see Table 3.2).

Absolute bimolecular reaction-rate constants ko/p were calculated using the relation
ko/p = k′o/p/nH2O,II, where the total time-averaged beam density at the reference position
II, nH2O,II = 3.0(5)× 105 cm−3, was estimated according to the procedures described in
section 2.4.3.4. Using this information, the absolute bimolecular reaction rates obtained
from this experiment are ko = 4.8(9) × 10−9 cm3s−1 for ortho-water and kp = 6(1) ×
10−9 cm3s−1 for para-water, respectively.
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3.3 Discussion

To understand the reason for the different reactivities of para- and ortho-water in the
present case, ab initio calculations of the energy profile of the reaction were performed.2

In order to test whether the reaction H2O+N2H+ → H3O+ +N2 is barrierless, electronic
structure calculations were carried out using the Gaussian 09 suite of codes [97]. It was
assumed for this purpose that the O-H+ distance approximates the reaction coordinate.
This distance was constrained while optimizing all other internal coordinates at the
CCSD/aug-cc-pVTZ level of theory. The resulting electronic energies for the optimized
structures along the O-H+ coordinate are shown in Fig. 3.4. Over the full range of O-
H+ distances from 100 to 260 pm, the energy continuously decreases from the reactants
towards the products (from right to left in Fig. 3.4). No transition state could be located.

As can be seen in Figure 3.5a, the reaction was found to be barrierless and to proceed
via the formation of an intermediate complex in which one hydrogen atom is shared be-
tween the nitrogen and water moieties. The energy of the products was found to be about
2 eV lower than the one of the reactants. This situation suggests that the kinetics can be
modelled within the framework of a rotationally adiabatic quantum capture theory for
barrierless ion-molecule reactions [56, 58] (cf. section 1.4.3). According to this approach,
the reaction rates are entirely dominated by the properties of the long-range interaction
potential of the reactants and centrifugal effects. All collisions up to a maximum total
angular momentum Jmax for which the relative kinetic energy exceeds the height of the
centrifugal barrier lead to a successful reactive encounter.

For the present case, the relevant terms in the long-range interaction potential are the
charge-induced dipole and charge-permanent dipole interactions. Molecular parameters
for water used in this calculation are given in Table A.1. Adiabatic-capture rate constants
kAC were calculated using equation (1.35) for the ground states of the two nuclear-spin

Δ
E
 (

e
V

)

d(O-H+) (Å)

Figure 3.4: Electronic structure calculations. Optimized structures along the
reaction coordinate (O − H+ distance) of the proton transfer between N2H+ and
H2O at the CCSD/aug-cc-pVTZ level of theory. The energy is relative to that of
the reactants. Blue spheres represent nitrogen atoms, red spheres oxygen atoms and
white spheres hydrogen atoms.

2The quantum chemical calculations were performed by U. Rivero [96].
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isomers. The mean collision velocity was assumed to be the molecular beam velocity v =
575 m/s (see section 2.4.3.1). In addition, the velocity distribution of the H2O molecules
in the molecular beam (see section 2.4.3.1) as well as the micromotion velocities of the
N2H+ ions in the Coulomb crystals (see section 2.3.3) lead to a spread of the collision
energy. The total uncertainty of the experimental collision velocity was calculated to be

δv =
√
v2

rms + δv2
beam = 175 m/s. (3.5)

Here, the longitudinal velocity spread of the molecular beam δvbeam = 65 m/s as well
as the root-mean-squared ion micromotion velocity of vrms = 163 m/s were used. This
spread δv of the collision velocity v was used to calculate the uncertainties of the theo-
retical rate constants δkAC = [kAC(v + δv) − kAC(v − δv)]/2. The calculated rates kAC

o/p
and their relative difference r are listed in table 3.2 and compared with the experimental
values.

In the current experiments, both nuclear-spin isomers were cooled down to their
relevant rotational ground states. The anisotropic nature of the ion-dipole interaction
implies that it is sensitive to the rotational quantum state of the neutral molecule. Figures
3.5b and c show rotationally adiabatic, centrifugally corrected interaction potentials for
collisions of N2H+ with o- and p-H2O, respectively, as a function of the total angular
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Figure 3.5: Theoretical predictions from ab initio calculations and adiabatic
capture theory. a Potential-energy profile along the reaction coordinate for the
proton transfer reaction between N2H+ and H2O at the CCSD/aug-cc-pVTZ level of
theory. The relative energies with respect to the reactants as well as the structures
of the stationary points are shown. Blue, red and white spheres represent nitrogen,
oxygen and hydrogen atoms. b, c Rotationally adiabatic, centrifugally corrected
long-range interaction potentials for the reaction of the ground states of o- (b) and
p- (c) H2O with N2H+ for different values of the total angular momentum quantum
number J . In b, the dashed (solid) lines correspond to the |Ω| = 0(1) components of
the ortho-ground state. The grey-shaded areas show an estimate of the uncertainty
in the experimental collision energy Ecol indicated by the black horizontal line.
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momentum quantum number J . For the case of vanishing total angular momentum
(J = 0), one can see that the potential energy curves for the ortho-species are less steep
than the one of the para-isomer, reflecting the stronger rotational averaging of the ion-
dipole interaction in the ground state of o-H2O. For the |jKaKc |Ω|〉 = |0000〉 ground state
of the para-species one obtains a maximum collisional angular-momentum Jmax = 166
at the experimental collision energy Ecol = 0.019 eV. Here, Ω is the quantum number
of the projection of ~j on the distance vector between the ion and the neutral molecule
in a body-fixed coordinate system describing the collision [56, 58]. This value can be
compared to Jmax = 151 and Jmax = 146 for the |1000〉 and |1011〉 states of the ortho-
isomer, respectively.

The quantum capture model predicts a reaction-rate constant of kAC
p = 5(1) ×

10−9 cm3s−1 for para-water compared to kAC
o = 4.0(9) × 10−9 cm3s−1 for ortho-water

(see table 3.2). The value for the ortho-species was obtained by summing over the con-
tributions of all Ω components to the reaction cross section assuming that the original
preparation ofM states of o−H2O in the deflector was scrambled during the transit of the
molecules through the RF fields in the ion trap. In a classical interpretation of this result,
the higher maximum angular momentum obtained for the para-isomer implies a larger
impact parameter and, therefore, a higher reaction rate. The theoretical predictions
agree with the measured values within their experimental uncertainties. The relative dif-
ference of the theoretical reaction-rate constants was calculated to be r = 24(5)% which
can be compared with the experimental value of r = 23(9)%. The errors in the calculated
rate constants arise from the uncertainty in the collision energy due to the experimental
velocity distribution of the molecular beam and the micromotion of the ions in the large
Coulomb crystals [17].

k′[s−1] k[cm3s−1] kAC [cm3s−1]
o-H2O 1.4(1) · 10−3 4.8(9) · 10−9 4.0(6) · 10−9

p-H2O 1.8(1) · 10−3 6(1) · 10−9 5(1) · 10−9

Rel. difference r 23(9)% 24(5)%

Table 3.2: Comparison of experimental and calculated rate constants. Ex-
perimental pseudo-first-order and second-order rate constants k′ and k, respectively,
and theoretical adiabatic capture-rate constants kAC for the reaction of N2H+ with
o- and p-H2O.
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3.4 Conclusion

In conclusion, we have studied chemical reactions of the spatially separated ground states
of para- and ortho-water with trapped diazenylium ions. We found a 23(9)% higher reac-
tivity for the para nuclear-spin isomer which we attribute to the smaller degree of rota-
tional averaging of the ion-dipole long-range interaction compared to the ortho-species.
The observed difference in reactivities is thus a rotational effect which is induced by
the nuclear-spin symmetry via the generalized Pauli principle. The present results high-
light the interplay between nuclear-spin and rotational symmetry and its ramifications
on chemical reactivity. They also provide an illustration of the effects of exchange sym-
metry on chemical processes which may be put in context with, e.g., its manifestations
in the dynamics of ultracold collisions [98]. Measurements such as the ones presented
here fill a gap in experimental investigations of ion-neutral reactions with control over
the quantum states of the reactants. Indeed, to our knowledge the present study is the
first in which rotationally state-selected polyatomic neutral molecules have been reacted
with ions. The methods employed here are applicable to studies of a broad range of ion-
neutral processes. They enable a quantitative understanding of how different molecular
quantum states and, as demonstrated in our earlier study [13], molecular conformations,
influence chemical reactivity.
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4

Generation of vacuum-ultraviolet
radiation

4.1 Introduction

Photoionization of molecules is an important tool for mass-spectrometry [99, 100, 101],
the preparation of molecular cations in ion traps [17] as well as for high-resolution spec-
troscopy [102]. One common approach is multi-photon ionization, where a molecule
simultaneously absorbs multiple photons to overcome its ionization energy [103]. This
technique makes use of commercial high-power pulsed lasers in the ultraviolet to near-
infrared wavelength range. Due to the short laser pulse lengths on the ns to fs timescale,
extremely large peak intensities can be reached in the laser focus, which enable signifi-
cant ionization probabilities. One drawback of this method is, however, that these large
optical intensities can also cause the dissociation of covalent bonds and thus lead to frag-
mentation of the molecules. This effect is particularly undesirable for mass-spectrometry
as well as the preparation of molecular cations in ion traps. Consequently, these appli-
cations require “soft” ionization using excitation by single high-energy photons. Single-
photon ionization is possible already at low optical intensities and thus avoids molecular
fragmentation caused by multi-photon ionization [104, 105, 106, 100].

The ionization potentials of most organic molecules are below ∼ 10 eV [107]. This
corresponds to a photon wavelength of about 120 nm in vacuum, which falls into the
vacuum ultraviolet (VUV) optical spectrum. Due to its ionizing power, absorption in
air as well as standard optical glasses and crystals is high in the VUV and precludes the
availability of commercial laser sources. Instead, light in this wavelength range must be
guided in vacuum and can be generated by nonlinear optical frequency conversion in gases
[108]. In this thesis, non-resonant third-harmonic generation (THG) in a xenon/argon
mixture was employed to produce coherent radiation at 118 nm from a pulsed UV laser
at 355 nm [109, 110, 104].
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4.2 Theoretical background

Atomic gases exhibit a small third-order nonlinear susceptibility which can be exploited
for four-wave mixing (FWM) at sufficiently large optical powers (for an overview, see
[108]). FWM couples four optical waves and can be used to mix three input (pump)
photons into one output (signal) photon. If one uses a single pump laser at frequency ν1,
FWM generates a signal field at the third harmonic frequency ν3 = 3ν1 by combination
of three pump photons (see Fig. 4.1a). Alternatively, one can use two pump lasers with
different frequencies to generate a signal at the sums or differences of their frequencies.
This enables a tunable frequency of the generated signal field by tuning the frequency
of one input field. In addition one can then exploit atomic resonances to enhance the
conversion efficiency [108, 100]. However, since two input laser sources are required,
the setup becomes more complicated. Consequently, for our purpose of VUV ionization,
third-harmonic generation using a single UV pump laser is sufficient.

The combination of three pump photons into one signal photon is subject to both
energy and momentum conservation. Energy conservation is simply given by the con-
straint hν3 = 3hν1 on the photon frequencies. Momentum conservation requires that
the wave vectors ~k1 of the pump photons add up to the wave vector ~k3 of the signal
photon (see Fig. 4.1b). The wave vector norms are ki = |~ki| = 2πni/λi where ni = n(νi)
is the refractive index of the gas at the optical frequency νi. The experimental proce-
dure of matching the sum of the pump wave-vectors to the signal wave-vector is called
phase-matching and the phase mismatch is defined as

∆k = k3 − 3k1 = 2π

(
n3

λ3
− 3n1

λ1

)
=

2π

λ3
(n3 − n1). (4.1)

Consequently, the phase mismatch ∆k is proportional to the difference n3 − n1 between
the refractive indices of the gas at the VUV and UV frequencies. Proper phase matching
is important to achieve constructive interference of the VUV photons emitted by all
atoms in the focus of the UV pump laser.

Figs. 4.1b,c and d show cases of different phase mismatch ∆k < 0, ∆k = 0 and
∆k > 0, respectively. It is clear, that a phase match in terms of the wave-vectors is
only possible if ∆k ≤ 0. The phase-matching condition ∆k = 0 is only optimal for a
plane wave pump laser. In practice, the pump laser is strongly focused to a beam waist
wp. This enhances the optical intensity and thus the efficiency of the nonlinear process.
In this geometry, in which the length of the focus, given by the confocal parameter
b = k1w

2
p, is much shorter than the length of the gas cell, the phase-matching efficiency

can qualitatively be evaluated in terms of the geometrical factor [109, 111, 108]

F =

{
(π∆kb)2e∆kb ∆k < 0

0 ∆k ≥ 0
(4.2)

Consequently, optimal phase matching requires that ∆k < 0 or n3 < n1 in the nonlinear
medium. The maximum of F is achieved at ∆kb ≈ −2 [109, 111, 108].

In order to adjust the phase mismatch ∆k to its optimal value −2/b for a given UV
focus, the refractive index difference n3 − n1 needs to be modified. In the configuration
λ1 = 355 nm and λ3 = 118 nm, xenon gas already provides the correct sign n3 − n1 < 0
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for phase matching due to a nearby optical resonance [110]. To fine-tune the refractive
indices, one typically adds a second gas with n3−n1 > 0. At λ3 = 118 nm, a combination
of xenon and argon is a common choice [112, 105, 106, 113, 114, 115]. The precise Xe:Ar
mixing ratio depends on the confocal parameter and the precise pump frequency, but
empirical ratios of Xe:Ar ≈ 1:10 are common.

The total output power of the third harmonic is given by [108]

P3 ∝ ρ2|χ(3)|2P 3
1F (4.3)

Here, ρ is the density of the atomic gas, χ(3) is its nonlinear (third-order) susceptibility
and P1 is the pump-power. Clearly, P3 depends quadratically on the atomic density and
on the third power of the optical pump power. Hence, large densities and large pump
powers are needed to improve the UV-to-VUV conversion efficiency P3/P1.

a THG cell

UV pump UV pump

VUV signal

b c d

Figure 4.1: Generation of VUV by THG. a, schematic atomic level scheme of
THG in which three UV photons with frequency ν1 produce one VUV photon of
frequency ν3 = 3ν1. This involves exciting the atom from the ground state to a
virtual excited state (dashed line) and subsequent decay accompanied by emission of
a VUV photon. b–d, different cases of phase-mismatch between the pump and signal
photons. b, negative mismatch ∆k < 0 is required for efficient THG in a focused
beam. c, zero mismatch ∆k = 0 is required in a collimated plane-wave geometry. d,
positive mismatch ∆k > 0 disallows THG.
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4.3 Experimental setup

The experimental setup1 for VUV generation and delivery of the VUV light to the exper-
iment is depicted in Fig. 4.2a. The UV pump laser at λ1 = 355 nm is a frequency-tripled
Nd:YAG laser (Quantel Brilliant, pulse length 5 ns) with a repetition rate of 10 Hz and
pulse energy adjustable up to 30 mJ. Using an anti-reflection coated UV-grade fused sil-
ica lens (Thorlabs, f = 250 mm), the beam is focused into the VUV cell from a diameter
of 4 mm to a calculated waist of wp = 15 µm.

The 30 cm long VUV cell is filled with a Xe:Ar gas mixture for optimization of the
phase-matching, the total gas pressure is monitored on a pressure gauge. A slow flow
of gas through the cell can be set up to improve stability of the VUV generation. VUV
light is generated in the focus of the UV laser beam by THG and co-propagates with
the UV light towards a magnesium fluoride lens (MgF2, UV-grade, Thorlabs LA6008,
f = 200 mm), which has an optical transmission of about 0.5 at 118 nm [116]. The beams
hit the lens off-center and under a small angle of ∼ 2◦. Due to the different indices of
refraction of MgF2 at 355 nm and 118 nm, this deflects and separates the VUV from the
UV beam in the subsequent beam line [105, 114, 115]. For alignment of the beam paths,
the lens is mounted on a manual translation stage that can be actuated from the outside.
For in-vacuum lubrication of the translation stage, APIEZON N vacuum grease is used,
which is silicone free and does not creep onto the lens surface. By clamping the MgF2
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Figure 4.2: Experimental setup for VUV generation. a, Sketch of the experi-
mental setup. b, Sledge mount for the MgF2 lens. c, Pinhole of 3 mm diameter with
MACOR cover. d, LiF window. e, VUV detector manufactured from two copper
electrodes with MACOR spacers.

1Initial design by H. Gao.
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lens using VITON O-rings, it also serves as a vacuum window between the VUV cell
filled with the Xe:Ar mixture, and the subsequent VUV beam line held under vacuum
(pressure < 10−5 mbar). In various places, MACOR covers are installed to protect the
borders of the lens, the VITON O-rings, as well as metal surfaces from the intense UV
radiation at 355 nm (Fig. 4.2b). Evacuation of the VUV cell and the beam line is done
using oil-free membrane and turbo pumps, respectively, to avoid contamination of the
optics due to VUV-induced decomposition of hydrocarbons.

In the beam line after the MgF2 lens, the collimated UV beam is blocked using
a MACOR covered pinhole with aperture diameter of 3 mm. The VUV beam passes
through the pinhole (Fig. 4.2c) and enters the main experiment vacuum chamber after
transmission through a metal-sealed lithium fluoride (LiF) window (Fig. 4.2d). LiF is
chosen here because of its wider optical transmission in the VUV down to ∼ 105 nm [116].
In order to facilitate exchange of the LiF window in case of damage or contamination, a
gate valve is flanged between the LiF window and the main experiment chamber. The
CF tube between the LiF window and the gate valve can be connected to a turbo pump
by opening an all-metal angle valve for evacuation.

In the main experiment chamber, the VUV beam gets weakly focused to a waist of
about 100 µm at the position of the ion trap, which is located at a distance of 82 cm from
the MgF2 lens. Afterwards, it impinges on an in-vacuum VUV detector constructed from
two copper electrodes held by a MACOR spacer (Fig. 4.2e). A bias voltage of 1 kV is
applied across the two electrodes and the VUV induced photocurrent is measured across
a 50 Ohm resistance on an oscilloscope.

Alignment of the VUV beam line is aided by a home-made ray-tracing simulation
of the UV and VUV beam paths (Fig. 4.3). In Figs. 4.3a and b, rays of VUV and UV
light are traced from the Xe:Ar cell through the VUV beam line for different transverse
displacements of the MgF2 lens. The UV focus in the Xe:Ar cell is located 125 mm in
front of the MgF2 lens. The propagation axis of the incident UV light is tilted by 2◦

relative to the axis connecting the MgF2 lens and the ion trap and hits the MgF2 lens off-
center. Due to the different indices of refraction in the UV and VUV (n(118 nm) = 1.68,
(n(355 nm) = 1.39 [117]), the MgF2 lens acts like a prism and deflects the UV and
VUV beams under different angles. Precise adjustment of the transverse lens position
∆x using the translation stage allows either the VUV light to be transmitted to the
ion trap (Fig. 4.3a) or instead the UV light (Fig. 4.3b). Moreover, the VUV light gets
re-focused after passing through the lens, while the UV light remains slightly divergent,
preventing damage to the pinhole where it is blocked. At the pinhole, the beam centers
have a transverse displacement of about 6 mm in Fig. 4.3a.

Initial alignment of the VUV beam line is achieved by sending a 397 nm cw laser beam
backwards through the system from the ion trap to the VUV cell. For this purpose, the
VUV detector can be moved out of the way. During this alignment at 397 nm, the MgF2

lens is shifted to the configuration shown in Fig. 4.3b that allows the 355 nm beam
(at low power) to be transmitted through the pinhole. After this coarse alignment, the
MgF2 lens is fully centered (∆x = 0) and the power in the 355 nm beam is raised to
enable THG. Slowly moving the translation stage then allows one to find to the position
∆x = 3.8 mm of Fig. 4.3a, where the 355 nm beam is blocked while the VUV passes
through the pinhole and reaches the VUV detector. After this coarse alignment using the
translation stage, fine alignment of the VUV beam is achieved using an xy-translation
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4.3. Experimental setup

stage that laterally moves the UVFS lens in front of the VUV cell. At any stage, care
must be taken that the UV beam does not pass through the pinhole at full power to
avoid damaging the LiF window.
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Figure 4.3: Ray tracing simulation of UV and VUV. a, MgF2 lens position
to allow VUV transmission to the ion trap. UV light is blocked at the pinhole. b,
Further displacement of the MgF2 lens allows the UV light to be transmitted through
the pinhole. This setting is used for pre-alignment. The red star marks the position
of the ion trap.
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4.4 Characterization

4.4.1 Phase-matching

The first step towards finding good working parameters for VUV generation was the
optimization of phase matching. For this purpose, the composition of the Xe:Ar gas
mixture in the VUV cell was varied. The different curves of Fig. 4.4a show the VUV
detector signal at different Xe partial pressures of 11, 20, 30 and 40 mbar. Ar gas was
gradually added to the VUV cell to change the Xe:Ar mixing ratio. The total Xe+Ar
pressure is given on the horizontal axis. Example VUV detector traces for different total
pressures at a Xe partial pressure of 30 mbar are shown in Fig. 4.4b. In each curve of
Fig. 4.4a, the VUV signal first rises with increasing total pressure, reaches a peak and
then drops sharply. The optimal Xe:Ar ratio at which the peak VUV signal occurs is
found to be about 1:11, independent of the total Xe+Ar pressure. This ratio for optimal
phase-matching is consistent with other experiments [113, 114, 115]. In terms of the
total Xe+Ar pressure, the peak VUV yield at optimum phase-matching is largest for
intermediate pressures of 250 and 370 mbar, and decreases again for larger pressure,
potentially due to absorption within the gas or additional nonlinear effects [108].

To interpret the individual curves of Fig. 4.4a, it is noted that the total Xe+Ar
pressure on the x-axis directly relates to the phase mismatch ∆k. In the gas mixture,
the total refractive index n of the gas is the sum of the refractive indices of its components
Xe and Ar, i.e. n = n(Xe) +n(Ar). The refractive index of each component is proportional
to its partial pressure, i.e. n(Xe) ∝ p(Xe) and n(Ar) ∝ p(Ar). At λ3 = 118 nm, Xe gas has
a negative refractive index difference n(Xe)

3 − n(Xe)
1 < 0, while for Ar n(Ar)

3 − n(Ar)
1 > 0

[110]. Consequently, adding Ar to the Xe gas tunes the value of the phase mismatch
∆k ∝ n3 − n1 from negative to positive values. In each curve, the location of the
peak corresponds to the optimum phase-matching condition ∆k = −2/b and ∆k = 0
is reached after the sharp drop in VUV signal at higher total pressures. The shapes of
the individual curves and their asymmetry about the peak resemble the phase-matching
efficiency function F from equation (4.2).

4.4.2 Efficiency

With optimum phase-matching conditions identified, the VUV conversion efficiency and
its dependence on the UV pump power were characterized. Measurements of the VUV
signal as a function of the UV pulse energy E1 are shown in Fig. 4.5a. Individual VUV
detector traces are displayed in Fig. 4.5b. From equation 4.3, a cubic dependence of the
VUV pulse energy E3 ∝ E3

1 on the pump laser pulse energy E1 is expected. Consequently,
the data were fitted using the function y = aE3

1 +b with scaling parameter a and detector
offset b. The fit is plotted as the red line in Fig. 4.5a and agrees well with the data points,
confirming the cubic relationship between pump and signal powers.

An estimate of the UV-to-VUV conversion efficiency was calculated in the following
way [115]. Incident VUV light on the VUV detector generates a photocurrent I that is
measured across a 50 Ohm resistance on an oscilloscope, resulting in the detector traces
shown in Fig .4.4b with peak voltage of about 1 V. The detection efficiency of the copper
photocathode is estimated to be ηdet = 10−2 [118] and the total VUV transmission from
the Xe:Ar cell to the detector is approximately given by ηtr = 0.52 = 0.25. From the
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Figure 4.4: Phase matching. a, VUV signal as a function of the total Xe + Ar
pressure at fixed Xe pressures. This varies the Xe:Ar mixing ratio and tunes the
phase mismatch. b, Selected VUV signal traces at Xe pressure equal to 30 mbar.
The traces are vertically offset for clarity.

measured peak photocurrent I = 1V/50Ω and laser pulse length τ = 5 ns, the VUV
energy per pulse is calculated to be

E3 =
I

ηdetηtr

hν3

e
τ ≈ 0.4 µJ (4.4)

Here, e is the elementary charge and h is the Planck constant. This corresponds to a
VUV photon number of about E3/(hν3) ≈ 3×1011 per pulse. With a UV pump power of
E1 = 30 mJ, this gives a conversion efficiency of E3/E1 ≈ 1× 10−5, which is comparable
with the values achieved in other works [113, 115].
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clarity.
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Chapter 4. Generation of vacuum-ultraviolet radiation

4.4.3 Stability

An important requirement for application of the generated VUV light in experiments
is to achieve continuous stable operation. This depends on a number of parameters.
Optical transmission between the Xe:Ar cell and the main experiment chamber has to
be maintained over extended periods of time without degradation of the optics. Possible
causes of damage to the MgF2 lens and the LiF window are: Too strongly focused
UV pump light can directly damage the optics. The optic material can degrade due
to color-center-formation [119] if the material quality is not of VUV grade. Finally,
contamination of the vacuum with trace amounts of oil coming from the vacuum pumps
or other hydrocarbons can lead to VUV-induced decomposition and deposition of opaque
layers on the optical surfaces [120].

In Fig. 4.6, the VUV detector signal is measured as a function of the total time of
operation. The blue circles show the measured VUV signal during an early stage of the
experiment, when a rotary vane pump was used to evacuate the VUV beam line. A rapid
exponential decrease of the VUV signal is observed within 10 minutes. The origin of this
decay was identified as pump oil contamination of the vacuum. Upon irradiation with
VUV, this led to a local surface degradation of the LiF window (shown in the inset) which
gradually reduced the optical transmission and was impossible to clean using standard
solvents.

As a solution, a turbo pump backed by a membrane pump was installed for evacuation
of the VUV beam line. Moreover, silicone grease that had initially been used to lubricate
the translation stage for the MgF2 lens was replaced by Apiezon N grease, which is not
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Figure 4.6: VUV signal stability. Normalised VUV detector signal as a function
of the exposure time to VUV. The blue circles correspond to the situation where the
VUV beam line was evacuated using an oil pump. The inset image applies to this case
and shows vitrified hydrocarbon contamination on the LiF window, which caused the
drop in VUV signal. The other curves correspond to using an oil-free pump with gas
flow through the Xe:Ar cell (green triangles) or no flow (orange squares).
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prone to creeping along surfaces and has a very low vapour pressure of 6 × 10−10 mbar
at room temperature. With these changes the VUV signal was found to be more stable
(orange squares in Fig. 4.6). However, the life time was still limited to about 30 minutes.
This is due to depletion of Xe and Ar by multi-photon ionization in the UV and VUV
focus [121].

In order to achieve long-term stability, a constant flow of the Xe:Ar gas mixture
through the VUV cell had to be implemented (green data points in Fig. 4.6). For this
purpose, the VUV cell was connected to a gas bottle with the Xe:Ar mixture on one side
and a membrane vacuum pump on the other side. Needle valves in both lines allowed
the control of a slow flow through the cell, while keeping the cell pressure level at the
optimum value for maximum THG efficiency. With this improvement, the generated
VUV power delivered to the main experiment was stable for hours of operation.

An additional measure to secure long-term stability was the integration of a mechan-
ical shutter into the UV laser beam path. This shutter was remotely controlled from
the experiment control software using a microcontroller (Arduino) and was opened only
when VUV is needed for the experiment. This minimized the overall exposure of the
setup to UV and VUV radiation.

4.4.4 VUV-induced ionization

A final characterization step was to test VUV-induced photoionization of molecular sam-
ples. The ionization potentials (IP) of selected molecules used in this work are given in
table 4.1, all below the photon energy 10.5 eV of the generated VUV.

Fig. 4.7 contains three TOF-MS traces obtained by VUV ionization. To measure
these spectra, the TOF-MS pulse was synchronized with the Nd:YAG laser pulse via
a pulse generator. The lowest trace in blue color shows the signal when propene is
leaked into the main experiment chamber using a leak valve at a partial pressure of
∼ 10−9 mbar. A single peak belonging to the parent C3H+

6 ion is observed without any
fragment ions or clusters. When propene was ionized from a molecular beam (5% in
neon, 3 bar, pulse width 200 µs), a series of smaller peaks appear at longer time of flight
/ larger mass next to the parent ion signal (orange curve). These peaks can be attributed
to protonated propene clusters (C3H6)nH+ with n = 2, . . . , 6. Characteristic for these
cluster signals is that their intensity peaks at n = 4. Similar peaked distributions of
cluster ion signals were observed for molecular beams of methanol and ethanol ionized
by VUV [113]. If instead the same molecular beam was ionized using fs laser pulses at
775 nm (see Fig. 4.8a) the distribution of observed cluster peaks changed dramatically.
In this case, almost no parent ion was observed and the dominant peak was due to the
protonated monomer (Fig. 4.8b). The signal strength of larger clusters then decreased

Table 4.1: Ionization potentials of selected molecules.

Name sum formula IP (eV) ref.
Propene C3H6 9.69 [107]
Acetone C3H6O 9.68 [107]
Cyclohexane C6H12 9.81 [107]
2,3-dibromobutadiene (DBB) C4H4Br2 9.12 (calc.) [96]
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Figure 4.7: TOF-MS traces using VUV photoionization. All traces are nor-
malized and vertically offset for clarity. Bottom: propene leaked to the chamber.
Middle: propene from a molecular beam, showing series of clusters signals. Top:
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Figure 4.8: TOF-MS of propene using fs laser pulse ionization. a, Overview
of the mass spectrum. The series of peaks is due to propene clusters (C3H6)nH+

with n = 1, . . . 7 visible here. In total, clusters up to a mass of 700 u were observed.
b, Magnified view around the dominant peak. The strongest peak at 43 u is due to
the (C3H6)H+ protonated monomer while the parent ion peak at 42 u is suppressed.
Different side peaks to the left and right correspond to subtraction and addition of
up to two C-atoms from the monomer, respectively.
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exponentially with the number n of monomers. In addition a range of fragment peaks
were observed (Fig. 4.8b). These effects can be explained by the fundamentally different
mechanisms of single-photon and multi-photon ionization. While VUV selectively ionizes
the parent molecule, high-intensity multi-photon ionization predominantly affects the
weakly-bound clusters and leads to fragmentation.

Finally, the green trace of Fig. 4.7 shows VUV-ionization of 2,3-dibromobuta-1,3-
diene (DBB) from a molecular beam (∼ 0.1% in neon, 3 bar, pulse width 200 µs). In
this spectrum only the parent ion peak at 212 u is observed. Clusters or fragment ion
peaks are absent in the data, in contrast to multi-photon ionization using fs laser pulses
(see chapter 5). For DBB, cluster formation might be suppressed in part due to its low
vapour pressure, resulting in a lower beam density compared to propene. In the case of
water, the amount of clusters present in the molecular beam was also found to depend
on the carrier gas (see chapter 2). In other measurements (see appendix Fig. A.2), VUV
was successfully used to ionize acetone leaked into the TOF-MS chamber as well as
cyclohexane from a molecular beam, both without visible fragmentation.

4.5 Conclusion

In this chapter, an experimental setup to produce VUV radiation at 118 nm by non-
resonant third harmonic generation in a phase-matched Xe:Ar gas mixture has been pre-
sented. Under typical conditions, a UV-to-VUV conversion efficiency of 10−5 is achieved.
The apparatus delivers VUV pulses with stable power and sufficient intensity for soft pho-
toionization in the TOF-MS. The generated radiation allows ionization of molecules with
ionization energy < 10.5 eV. This capability has been demonstrated for propene, dibro-
mobutadiene, acetone and cyclohexane. In comparison to multi-photon ionization using
fs laser pulses, single-photon ionization in the VUV produces significantly less fragment
ions [104, 122, 105, 99]. Consequently, the VUV source is an important tool for the
mass spectrometric characterization of molecular beams. In this work, the generated
VUV light was used to ionize DBB in a molecular beam without fragmentation. This
allowed the characterization of the electrostatic deflection of the two DBB conformers
(see chapter 5). In addition, the VUV light was used to ionize propene molecules leaked
into the experiment chamber and load them into the ion trap (see chapter 7). They were
subsequently used as ionic reactants for reaction experiments with a conformer-controlled
molecular beam of DBB (see chapter 8).
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5

Separation of the conformers of
2,3-dibromobuta-1,3-diene

The Diels-Alder cycloaddition, in which a diene reacts with a dienophile to form a cyclic
compound, counts among the most important tools in organic synthesis. Achieving a
precise understanding of its mechanistic details on the quantum level requires new ex-
perimental and theoretical methods. Here, we present an experimental apparatus that
separates the different diene conformers in a molecular beam. This enables the inves-
tigation of their individual cycloaddition reaction kinetics and dynamics under single-
collision conditions in the gas phase. A low- and high-level quantum-chemistry-based
screening of more than one hundred dienes identified 2,3-dibromobutadiene (DBB) as
an optimal candidate for efficient separation of its gauche and s-trans conformers by
electrostatic deflection. A preparation method for DBB was developed which enabled
the generation of dense molecular beams of this compound. The theoretical predictions
of the molecular properties of DBB were validated by the successful separation of the
gauche and s-trans conformers of DBB in the molecular beam. A marked difference in
photofragment ion yields of the two conformers upon femtosecond-laser pulse ionization
was observed, pointing at a pronounced conformer-specific fragmentation dynamics of
ionized DBB. Our work sets the stage for a rigorous examination of mechanistic models
of cycloaddition reactions under controlled conditions in the gas phase.

The content of this chapter has been published in [33].

5.1 Introduction

Besides polar and radical reactions, pericyclic processes are one of the three fundamental
reaction types that form the basis of synthetic organic chemistry. Given their great sig-
nificance in organic synthesis, rigorously defined mechanistic pathways are an important
resource for reaction developers. The Diels-Alder cycloaddition [24], in which a diene
and a dienophile react to form a cyclic product, is a practical and widely used peri-
cyclic reaction in organic synthesis. While the broad strokes of its mechanism are well
understood, the detailed reaction manifold for any given substrate is often extensively
discussed [26, 123, 28, 124, 125, 126]. Given its mechanistic subtleties and its importance,

67



5.1. Introduction

the Diels-Alder reaction has served as a test-bed for establishing new types of mechanis-
tic analysis [127]. In case of the “canonical” concerted pathway, which involves a cyclic
transition state and is widely discussed in the literature [26, 123, 28, 124, 125, 126], only
the s-cis conformer of the diene reacts to form the cyclic product – while in a stepwise
mechanism also the s-trans conformer can contribute to the reaction. Stepwise pathways
become particularly important for ionic variants of the reaction, i.e., polar cycloadditions,
for which traditional concepts for rationalizing the mechanism such as the conservation
of orbital symmetry break down [32, 28, 128, 126]. Thus, an experimental investigation
of the mechanistic impact of individual rotamers is clearly warranted. This, however,
requires a way to probe the reactivities of the individual conformers of a specific diene,
a difficult task under standard liquid-phase reaction conditions.

In recent years, molecular beams have become an important tool for the investigation
of gas-phase chemical reaction dynamics under highly controlled conditions[6, 9]. In par-
ticular, the use of inhomogeneous electric fields has enabled the electrostatic deflection
and thus spatial separation of different molecular conformers and isomers according to
their different electric dipole moments[12, 10, 14, 13, 21]. The combination of such a
“controlled” molecular beam with a stationary reaction target of sympathetically cooled
molecular ions in an ion trap forms a powerful tool for studies of the kinetics and dy-
namics of ion-molecule reactions [13, 72, 9, 21]. Recently, this approach has enabled
the measurement of individual chemical reactivities of the cis and trans conformers of
3-aminophenol with trapped Ca+ ions [13, 72] and of the two nuclear-spin isomers of
water [15] toward trapped diazenylium ions (N2H+) in a proton-transfer reaction [21].
Consequently, molecular beams in conjunction with ion traps offer a direct and precise
way to measure conformer-specific rate constants and thus to investigate the reaction
mechanism of polar cycloadditions. The key challenge is the identification of suitable
model systems amenable to a characterisation under these specific experimental con-
ditions. In the present context, this means that (i) both reactants, the diene and the
dienophile, need to be volatile enough to enable their preparation in the gas phase, (ii) the
energy difference between the s-cis and s-trans conformers of the diene needs to be small
enough so that both can be populated in the cold environment of a supersonic molecular
beam, and (iii) the difference of their permanent dipole moments in the molecular frame
needs to be large enough to enable their efficient electrostatic separation [13, 6].

The selection of an optimal model system is, therefore, a multi-dimensional optimiza-
tion problem. Traditionally, the choice would be guided by chemical and physical insight.
Nowadays, numerical simulations of reactions can provide meaningful atomistic insights
to support experimental efforts [129]. In the context of designing experiments, virtual
screening has proven to be a powerful approach for suggesting compounds matching the
physical and chemical properties of interest. Computational screening has already been
successfully applied in protein, materials and catalytic design [130, 131, 132]. Here, we
apply this approach to identify optimal dienes suitable for controlled gas-phase polar
cycloaddition reactions.

This work combines methods of theoretical, organic, and physical chemistry to lay
the foundations for a subsequent experimental characterization of conformational ef-
fects in polar cycloaddition reactions. Quantum-chemical calculations were performed to
screen the reactant space for a diene with physical properties optimized toward its use in
conformer-selected reaction-dynamics experiments in the gas phase. A synthesis for the
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theoretically identified optimal diene, 2,3-dibromobutadiene (DBB), was then developed.
Finally, the physical properties of the compound were validated in a molecular-beam ex-
periment separating the two conformers by electrostatic deflection.

5.2 Theoretical and experimental methods

5.2.1 Theoretical screening

We applied the concept of computational screening1 towards the problem of exploring
chemical space from first principles [133] in order to find a polar diene for conformer-
selective Diels-Alder cycloadditions. The chemical role of polar dienes in Diels-Alder
reactions was already explored computationally in various preceding studies, see, e.g.,
references [134, 128]. Efficient electrostatic separation necessitates a certain difference in
electric dipole moments ∆µ between the s-cis and s-trans conformers of the diene [46, 6].
Moreover, a small energy difference ∆E between the ground states of the conformers is
required to ensure a significant thermal population of both species in the molecular beam.
For a successful experiment, a suitable diene has to be identified which satisfies both of
these conditions.

High-throughput based virtual design of novel compounds typically starts from an
initial scaffold, which can easily be modified at multiple sites through functionalization
by substituting atoms or functional groups [135]. Theoretical screening then yields the
best mutated combinations selected according to their proximity to the desirable physical
or chemical target-property values.

In the present work, we computationally searched the chemical space of butadiene
derivatives for which the s-cis and s-trans isomers exhibit maximal and minimal differ-
ences in dipole moments and energies, respectively. Substituting CH2 in positions 1 and
4 by NH, or O, and substituting the hydrogen attached to carbon in position 2 and 3
by halogens (F, Cl, Br, I), a preliminary density functional theory (DFT) based scan
of 144 candidates, not accounting for symmetrically redundant species, resulted in the
identification of di-halogen substituted butadiene as a promising series of candidates for
experiments. Due to the chemical reactivity of iodine-substituted compounds, potentially
hampering subsequent synthetic efforts, we have only included the difluoro, dichloro, and
dibromo 2,3-substituted butadienes for further in-depth theoretical analysis.

Torsional energy profiles were subsequently calculated for all three species using DFT
with the double-hybrid functional DSD-PBEP86-D3BJ[136] and a large basis set (def2-
QZVPP)[137] which was previously shown to give good performance for the prediction of
torsional potential energy surfaces of similar molecules[138]. For the torsional profiles, the
geometry optimizations were restricted by keeping the torsional angle Θ = ΘH3C−CC−Y
constant, imposing achirality. The entire range of 0◦ < Θ < 180◦ was scanned in steps of
∆Θ = 20◦. Note that due to the applied constraints for the torsional angles throughout
the geometry optimization, the torsional profile is symmetric [E(360◦ − Θ) = E(Θ)].
Calculations were carried out with the Gaussian09 program package [97].

1The theoretical screening described here was performed by D. Tahchieva and R. Ramakrishnan in
the group of Prof. O. A. von Lilienfeld.
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5.2.2 Stark-energy and trajectory simulations

To theoretically assess the behaviour of DBB in an electrostatic deflection experiment,
Stark energies and effective dipole moments of individual rotational states of DBB were
calculated using the CMIstark software package[49]. The calculated rotational constants
and dipole moments as listed in Table 5.2 were used as input parameters. The Stark
energies served as input parameters for simulating state-specific deflection profiles of the
molecular beam by the electrostatic deflector with a home-made software package based
on CMIfly [6].

Trajectory simulations were carried out for gauche-DBB with 105 molecules for each
rotational state up to a maximum rotational quantum number of jmax = 20. For the
unpolar s-trans-DBB, only a single quantum state, j = 0, needed to be simulated with
a total number of 106 trajectories. In all cases, initial positions were uniformly sampled
across the cross section of the orifice of the gas nozzle generating the molecular beam.
The initial velocities of the molecules were sampled from a normal distribution. The
velocity distribution was matched to the experimentally determined mean longitudinal
velocity of 843 m/s with a longitudinal velocity spread of 10 % (see section 2.4.4.1). A
transverse velocity spread of 4 m/s was chosen to match the divergence of the beam
to the acceptance angle of the skimmers in the assembly. According to the theoretical
energy difference between the ground states of gauche- and s-trans-DBB in Table 5.2, the
ratio of their thermal populations at room temperature is pgauche/ptrans = 0.30, taking
into account the two-fold degeneracy of the gauche structure, see Fig. 5.4. This ratio
was used to scale the simulated deflection profiles of the two species.

In order to calculate thermally averaged deflection profiles nσ,T (y) for each conformer
(σ ∈ {gauche, s-trans}) at a specific rotational temperature T , we followed a similar
procedure as before [46, 21]. For each rotational quantum state |jKaKcM〉, histograms
of the arrival positions nσjKaKcM

(y) normalized by the initial sample size were extracted
from the simulated trajectories. Here, j is the quantum number for overall angular
momentum neglecting nuclear spin, i.e., for the overall rotation, Ka and Kc are pseudo-
quantum numbers for the projection of the angular momentum onto the molecular axes,
and M is the quantum number for the projection of the rotational angular momentum
onto the external-field axis. Thermal averaging was performed using the relation

nσ,T (y) =
pσ
Qσ

jmax∑
j=0

∑
Ka,Kc

j∑
M=0

gMe
−EjKaKc

/kBT nσjKaKcM
(y), (5.1)

with the rotational partition function

Qσ =

jmax∑
j=0

∑
Ka,Kc

j∑
M=0

gMe
−EjKaKc

/kBT . (5.2)

Here, kB denotes the Boltzmann constant, pσ are the populations of the conformers
at room temperature and EjKaKc

are the field-free rotational energies. The degeneracy
factor gM takes values gM = 1 for M = 0 and gM = 2 for M > 0. The total thermal
deflection profile was calculated from the sum of the deflection profiles of the gauche-
and s-trans-conformers,

ntot,T(y) = ngauche,T (y) + ns−trans,T (y). (5.3)
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5.2.3 Synthesis of DBB

Since DBB is an unstable compound which is not commercially available, a synthetic
route needed to be devised that delivered the material in sufficiently high purity and
quantity for molecular-beam experiments. Prior to this work, Stewart Jr. et al. [139]
reported a synthesis of DBB from 1,4-dihalo-2-butyne and a cuprous halide which formed
activated halide ions present in solution. DBB was obtained through continuous distilla-
tion during the reaction. After extensive screening of potential conditions, it was found2

that the elimination reaction of 1,2,3,4-tetrabromobutane (TBB) with the sterically hin-
dered base 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) primarily delivered the elimination
product DBB (see Fig. 5.1). The most effective conditions involved adding DBU to a
solution of TBB in diethyl ether under a constant stream of nitrogen, with NaI as an
additive to accelerate the substitution. Under these conditions, near complete conversion
to DBB was observed after 1 hour of reaction time. The purified sample was directly used
in the molecular beam apparatus. Further information on the synthesis can be found
below.

Materials and methods:
Diethyl ether and sodium iodide were purchased from Sigma-Aldrich.
1,8-Diazabicyclo[5.4.0]undec-7-ene was purchased from Alfa Aesar. 1,2,3,4-
tetrabromobutane was purchased from TCI-chemicals. All reagents were used without
further purification. Chloroform for NMR measurements was purchased from Cambridge
Isotope Laboratories. All 1H and 13C NMR spectra were recorded on a Bruker Avance
III (HD)NMR instrument operated at 400 MHz and 101 MHz, respectively. Chemical
shifts (δ) are reported in parts per million (ppm) relative to residual solvent peaks.

Synthetic route:
In a 500 ml three-neck round bottom flask 1,2,3,4-tetrabromobutane (12.0 g, 32.12 mmol,
1 eq) were suspended in diethyl ether (150 ml, extra pure, stabilized with BHT). Sodium
iodide (9.64 g, 64.24 mmol, 2 eq., anhydrous > 99.5 %) was added to the suspension. A
flow of nitrogen was continuously passed through the flask during the entire operation. By
making use of a dropping funnel, 1,8-Diazabicyclo[5.4.0]undec-7-ene (19.2 ml, 1.29 mol,
4 eq.) was slowly added to the suspension (see Fig. 5.2a). During the addition the
formation of a dense yellow suspension was observed. The dropping funnel was rinsed

Br

Br

Br

Br

Br

Br

Br

Br

4 eq. DBU
2 eq. NaI

Et2O

Figure 5.1: Scheme of the synthesis of 2,3-dibromobutadiene.

2The synthetic route described here was developed by D. Bachmann in the group of Prof. D.
Gillingham.
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with diethyl ether (30 ml) and the reaction mixture was allowed to stir for 1 hour. Then,
the precipitate was filtered off over a frit and was washed with diethyl ether (3× 20 ml).
The organic phase was washed with saturated ammonium chloride (3×100 ml), distilled
water (1× 100 ml), and brine (1× 100 ml)(see Fig. 5.2b). The organic phase was dried
with MgSO4 and concentrated using a rotatory evaporator at 0 °C and reduced pressure
to yield the crude product DBB (3.74 g, 55 %). Two methods to purify the crude
product were tested. First, column chromatography was conducted under a nitrogen
atmosphere. Here, silica gel was used as the stationary phase and a mixture of pentane
and diethyl ether (10:1) as the mobile phase (see Fig. 5.2c). Second, a Schlenk technique
distillation at cold temperatures (−5 °C to 5 °C) and reduced pressures (4 mbar) was
employed. The DBB vapours were condensed in a Schlenk flask that was immersed in
a liquid nitrogen bath (see Fig. 5.2d). Both methods resulted in an equivalent product
purity. The second method, however, was found to be more cost effective. The purified
product was observed to react violently with excessive heat formation when in contact
with air at room temperature. In order to prevent the sample from degradation and
self-polymerization, it was stored below −78 °C. A 1H NMR spectrum of the reactant
and the product can be found in Fig. A.3 of appendix A.3.

1H NMR (400 MHz, CDCI3) δ 6.43 (d, J = 1.5 Hz, 2H), 5.89 (d, J = 1.5 Hz, 2H)
13C NMR (101 MHz, CDCI3) δ 125.13, 124.75

Figure 5.2: Synthesis of DBB and clean-up procedure. a, Batch reaction. b,
Washing of the organic phase through extraction. c, Purification through column
chromatography. d, Schlenk line distillation.
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Chapter 5. Separation of the conformers of 2,3-dibromobuta-1,3-diene

5.2.4 Experimental setup for conformer separation

A schematic of the experiment is depicted in Fig. 5.3. Details of the experimental setup
are described in chapter 2 and earlier work [13, 72, 61, 21]. A supersonic jet of DBB
seeded in neon was generated using a pulsed gas valve and passed through two skimmers
before entering the electrostatic deflector (see section 2.4.4). The resulting molecular
beam contained a mixture of the gauche and s-trans conformers of DBB. The inset of
Fig. 5.3 depicts the inhomogeneous electric field in the deflector with a cross marking
the nominal molecular beam axis. Here, the two conformers were angularly dispersed
and thus spatially separated according to their different dipole moments [6]. Behind the
deflector, the molecular beam was directed at a linear-quadrupole ion-trap (LQT) coupled
to a time-of-flight mass spectrometer (TOF-MS). The entire molecular beam setup can
be tilted vertically with respect to the TOF-MS, which allows probing different regions
of the dispersed molecular beam. The tilting angle thus defines a deflection coordinate y.
When entering the TOF-MS, the DBB molecules were ionized by either pulsed vacuum-
ultraviolet (VUV) radiation (for details see chapter 4) or femtosecond (fs) laser pulses
(see section 2.2) and accelerated onto a microchannel-plate detector (MCP) using high-
voltage electrodes.

Figure 5.3: Overview of the experimental setup.
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5.3 Results

5.3.1 Torsional profiles of the 2,3-dihalobutadienes

A graphical representation of the torsional profiles of the 2,3-difluoro-, dichloro-, and
dibromobutadienes is shown in Fig. 5.4 (a). The global minimum was found to be the
s-trans structure (at Θ = 180◦) in all cases. Local minima were found to be near gauche
(rather than s-cis) structures at torsional angles varying from Θ = 50◦ to 60◦ depending
on the specific molecule.

Subsequently, differences in potential energy and absolute dipole moment between
the local and global minima were calculated including harmonic and anharmonic ther-
mal corrections of zero-point vibrational energy and Gibbs free energy. The harmonic
and anharmonic frequency calculations were performed using DSD-PBEP86-D3BJ as im-
plemented in Gaussian09. No specific parameters were applied. The DFT results for the
torsional potentials and dipole moments were in very good agreement with CCSD(T)-
F12/cc-pVTZ-F12 [140, 141, 142, 143] calculations (Table 5.1). We additionally checked
if including Douglas-Kroll-Hess (DKH) scalar relativistic effects on the DFT calcula-
tions would effect the results. The dipole moments reduced to 1.9369 D for dibromo-
butadiene, 1.9946 D for dichloro-butadiene, and 2.0113 D for difluoro-butadiene, and no
change was observed in the cis-trans energy differences upon including DKH corrections.
Since DSD-PBEP86-D3BJ results without DKH scalar relaxation effects are closer to the
CCSD(T)VTZ-F12 reference, these corrections were not applied for the results presented
here. Furthermore, relaxation at the CCSD/cc-pVTZ-F12 level resulted in geometries
identical to those found with DSD-PBEP86-D3BJ/def2-QZVPP with a root-mean-square
deviation (RMSD) of 1.9 pm between the final geometries. These results confirm the re-
liability of our DFT predictions.

While still exhibiting non-negligible conformational energy differences, see Table 5.1,
the large dipole moment differences among the 2,3-di[halogen]but-1,3-diene conformers
appeared promising, motivating its selection for subsequent experimental investigations.
For instance, the dipole-moment difference for 2,3-dibromo-1,3-butadiene was computed
at the CCSD(T)/cc-pVTZ-F12 level of theory (neglecting all relativistic effects) to be
∆µ = 2.13 D.

As the main result of the theoretical screening, 2,3-dibromobuta-1,3-diene (DBB)
was identified as an optimal diene for the envisaged experiments that possesses both a

Method CH2=C(Br)-C(Br)=CH2 CH2=C(Cl)-C(Cl)=CH2 CH2=C(F)-C(F)=CH2

∆E (eV)
CCSD(T)/cc-pVTZ-F12 0.097 0.117 0.151

DSD-PBEP86-D3BJ/def2-QZVPP 0.097 0.114 0.155
DSD-PBEP86-D3BJ/def2-QZVPP + harm. therm. corr. 0.050 0.069 0.142

DSD-PBEP86-D3BJ/def2-QZVPP + anharm. therm. corr. 0.049 0.068 0.139
∆µ (Debye)

CCSD(T)/cc-pVTZ-F12 2.1266 3.1001 2.5380
DSD-PBEP86-D3BJ/def2-QZVPP 2.2963 2.3837 2.5938

Table 5.1: Results of the screening. Differences in potential energy ∆E and
dipole moment ∆µ between the local and global torsional minimas of DBB including
thermal corrections at T=298.15K (zero-point and Gibbs free energy) for selected
2,3-dihalogen-substituted butadienes.
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Chapter 5. Separation of the conformers of 2,3-dibromobuta-1,3-diene

Figure 5.4: Calculated torsional energy profiles. a) Cuts through the
potential energy surface of 2,3-dibromo-1,3-butadiene (CH2=C(Br)-C(Br)=CH2),
2,3-dichloro-1,3-butadiene (CH2=C(Cl)-C(Cl)=CH2), and 2,3-difluoro-1,3-butadiene
(CH2=C(F)-C(F)=CH2) along the torsional coordinate Θ calculated using the DSD-
PBEP86-D3BJ functional. Due to the symmetry of the molecules, the torsional pro-
files are symmetric with respect to mirroring at Θ = 180 ◦. The figure shows relative
energies ∆E referenced to the energies of the s-trans structures at Θ = 180◦. b)
Potential energy of 2,3-dibromo-1,3-butadiene as a function of the torsional angle
Θ calculated at CCSD(T)/VTZ-F12 and DSD-PBEP86-D3BJ/def2-QZVPP levels
of theory. The lowering of the energy at the local minima due to the zero point
vibrational energy (∆ZPE) and the Gibbs free energy (∆G) is illustrated for the
gauche structure. Due to its symmetry, the molecule exhibits two equivalent gauche
structures.
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Energy Dipole moment Rotational constants (GHz)
∆E = Ecis − Etrans (eV) µ (D) Ae Be Ce

gauche-DBB 0.049 2.29 2.3526 0.8793 0.7097
s-trans-DBB 0.00 4.6077 0.5997 0.5306

Table 5.2: Summary of molecular parameters of DBB. Differences in energy,
dipole moments and rotational constants of gauche- and s-trans-2,3-dibromobuta-
1,3-diene (DBB) calculated at the DSD-PBEP86-D3BJ/def2-QZVPP level of theory
including anharmonic thermal corrections.

sufficiently small energy gap between the gauche and s-trans ground states as well as
a large enough difference in the electric dipole moment of the two species (Fig. 5.4 (b)
and Table 5.2) . For gauche-DBB a dipole moment of µ = 2.29 D was calculated at the
DSD-PBEP86-D3BJ/def2-QZVPP level of theory, while the s-trans isomer is apolar on
grounds of its inversion symmetry. Table 5.2 summarizes the calculated energy difference
as well as the absolute values of the dipole moments and the rotational constants for both
conformers.

5.3.2 Simulations of the electrostatic deflection of DBB

Based on the molecular properties obtained from the computations, we predicted tra-
jectories of gauche- and s-trans-DBB molecules through the electrostatic deflector. In
Fig. 5.5, calculated Stark energies (a) and effective dipole moments (b) for rotational
states with angular momentum quantum numbers up to j = 20 of the gauche and s-
trans conformers of DBB are shown as a function of electric field strength. In the applied
electric fields, all rotational states of the gauche conformer are strong-field seeking with
negative Stark shifts, whereas the s-trans conformer does not exhibit a DC Stark effect
because of its vanishing dipole moment in the molecular frame. In Fig. 5.5 c), rotational
state populations for gauche- and s-trans-DBB at a rotational temperature of 1.0 K are
shown. At this temperature, rotational states up to j = 14 are significantly populated
and can be expected to contribute to the beam-deflection profiles for both conformers.

The density profiles of the molecular beam along the deflection coordinate at the
position of intersection with the probe laser (deflection profiles) are plotted in Fig. 5.5 d)
for the gauche conformer. The color-coded curves show the contributions from the in-
dividual rotational states with angular momentum up to j = 20, while the thick black
line corresponds to the total thermally averaged deflection profile at a rotational tem-
perature of 1.0 K. For clarity, the contributions of the individual rotational states have
been multiplied by a factor of 4 in the figure. The inset contains the same curves with
heights normalised to 1 to allow for a better comparison. The grey area in the main plot
is a simulation of the undeflected beam profile, at a deflector voltage of 0 kV, which also
corresponds to the profile of the unpolar s-trans conformer with the deflector voltages
turned on. The rotational states of the gauche conformer with largest deflection are the
low-angular-momentum states (small j). Consequently, significant spatial separation of
the gauche and s-trans conformers can only be achieved experimentally for samples with
a sufficiently low rotational temperature [144].
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Figure 5.5: Simulations of Stark shifts and electrostatic deflection for DBB.
Calculated Stark energies (a) and effective dipole moments (b) vs. electric field
strength for individual rotational states with j = 0, 1, 2 of the gauche and s-trans
conformers of DBB. c) Rotational state populations, summed over all levels with the
same angular momentum quantum number j, for gauche and s-trans DBB at a rota-
tional temperature of 1.0 K. d) Simulated deflection profile of the gauche conformer
(black line) with its different rotational-state contributions in color. The contribu-
tions of the different j states are color-coded according the color scale indicated. The
undeflected beam profile is shown by the gray area.

5.3.3 Experimental deflection profiles

In order to measure the spatial profiles of the DBB molecules beam emanating from the
electrostatic deflector, the molecules were ionized by laser pulses and ejected into the
TOF-MS. The choice of the ionization method turned out to be crucial. In Fig. 5.6 a),
typical TOF-MS traces obtained using fs-laser-pulse ionization (top) and VUV ionization
(bottom) are shown. While fs-laser ionization yielded a large quantity of fragmentation
products of the parent DBB molecule, VUV ionization produced a clean mass spectrum
with a single peak originating from DBB at 212 u. The inset shows an extended mass
range around the DBB peak, illustrating that other species or clusters with larger mass
cannot be observed under the present experimental conditions.

Analysis of the different fragment-ion signals obtained from fs-laser ionization,
Fig. 5.7 a), revealed that most of the fragments show distinct deflection profiles. In-
triguingly, the mass signal corresponding to the parent molecule does not seem to ex-
hibit deflection. This signal could in principle be generated by the break up of larger
DBB-containing clusters which may exhibit only very small dipole moments, similar to
the situation observed in the deflection of H2O [21]. However, DBB cluster ions are not
observed in the TOF spectra, Fig. 5.6 a), and hence we can essentially rule out that the
lack of deflection observed for the DBB+ mass peak measured by fs ionization is due to
breakup of molecular aggregates. The different deflection profiles recorded for ion signals
of the individual fragments are caused by the fs-laser-induced breakup of the parent DBB
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5.3. Results

Figure 5.6: Deflection profiles. a) Representative TOF-MS trace obtained using
fs-laser-pulse ionization (top) and VUV ionization (bottom) of DBB. b) Molecular-
beam profiles measured using both ionization methods at deflector voltages of 0 kV
and 13 kV together with corresponding simulations. For fs-laser-pulse ionization, the
profiles for the fragment C4H+

n are shown. Error bars represent standard errors of
at least five independent measurements.

molecule. It is possible that the electric field of the relatively long laser pulses drives
different multiple-ionization dynamics for the polar gauche conformation than for to the
apolar s-trans conformation, thus leading to distinct conformer-specific fragmentation
patterns [145]; these are further discussed on the next page.

The complexity of the observed fragmentation dynamics prevented us from unam-
biguously determining the deflection profile of the DBB parent molecule using fs-laser
ionization. Therefore, we implemented soft VUV ionization, which is capable of ion-
izing DBB without fragmentation as apparent from Fig. 5.6 a) and the corresponding
molecular-beam profiles in Fig. 5.6 b). While the data points measured with VUV (purple
triangles and circles, respectively) probe DBB directly, the data shown for fs-laser-pulse
ionization corresponds to the accumulated signal for the fragments C4H+

n (n = 0 . . . 4)
(blue triangles and squares, respectively) produced under these conditions. The exper-
imental data points for VUV ionization agree very well with the simulated thermally-
averaged beam profiles at a rotational temperature of 1.0 K, which are shown as grey
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Figure 5.7: Deflection curves of a molecular beam containing DBB probed
at different ionic fragment masses produced by fs-laser-pulse ionization.
a) Ion counts of four molecular fragments and the mass of the parent DBB molecule
vs. deflection coordinate. b) Measured imbalance of fs-laser ionization products
between the two points A and B in a). See text for details. Error bars represent
standard errors of six independent measurements.

dotted line (0 kV) and black solid line (13 kV). Corresponding individual contributions
from the gauche and s-trans conformers are depicted as the blue and orange shaded ar-
eas, respectively. The deflection profile at 13 kV shows a tail towards higher deflection
coordinates where simulations indicate the presence of pure gauche-DBB. The overall
very good agreement between the measured and simulated deflection profiles allows us
to confirm the successful separation of the DBB conformers and validates the accuracy
of the theoretical calculations.

Further evidence for the separation of the gauche and s-trans conformers can be found
in the measured fragmentation products due to fs-laser-pulse ionization of the molecular
beam. Fig. 5.7 a) shows normalized profiles of four representative fragment families
Br+, C4H+

4 , C2HnBr+, C4H4Br+ and the parent molecule DBB+ as a function of the
deflection coordinate. Clearly, the tail of the profile towards large deflection coordinates,
where one expects the contribution from gauche-DBB, varies strongly among the different
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fragments, with Br+ showing the largest and DBB+ almost zero amplitude. In the
region around y ≈ −1 mm, this behavior is inverted. At this location, our trajectory
simulations predict a predominance of s-trans-DBB. In order to quantify the imbalance
of the observed fragment yields for the gauche and s-trans conformers, we selected the
data points at the locations labeled A and B in the figure. From our simulations, we
estimate that the populations are ps−trans ≈ 1 at A and ps−trans ≈ 0 at B. We evaluate
the imbalance between gauche and s-trans for any fragment X as the relative difference
aX = (nAX − nBX)/(nAX + nBX) with nA,BX = NA,B

X /NA,B
VUV being the fragment counts NA,B

X

normalized by the total DBB beam density NA,B
VUV at the respective point as measured

by VUV ionization. The imbalance aX takes values in the range [−1,+1], corresponding
to a strong correlation with s-trans or gauche DBB, respectively. Fig. 5.7 b) shows
the obtained imbalance values which range from −0.9(1) for DBB+ to 0.60(7) for Br+.
All fragments show a tendency of increasing imbalance towards gauche with decreasing
fragment size, thus suggesting that gauche DBB is more likely to break up into smaller
parts during the interaction with the fs laser pulse. A rationalization of this phenomenon
requires further study.

5.4 Conclusion

Driven by the motivation to gain a precise understanding of the effects of molecular
conformation in cycloaddition reactions, a quantum-chemical screening was performed
to identify diene candidates suitable for conformer separation in a molecular-beam appa-
ratus. As an optimal diene, 2,3-dibromobuta-1,3-diene was found to exhibit the desired
large difference in electric dipole moments and small energy difference between the two
conformers. Since this particular dihalogenated diene cannot be purchased, mainly due to
its intrinsic tendency to undergo polymerization, a synthesis was developed to produce
the compound in adequate purity. Experimental validation of the calculated proper-
ties was achieved by seeding DBB in a molecular beam and separating its gauche and
s-trans conformers in an electrostatic field gradient. A deflection profile of DBB was
measured by subsequent ionization and ejection into a time-of-flight mass-spectrometer.
The implementation of a vacuum-ultraviolet light source achieved ionization of the par-
ent diene without fragmentation and therefore made it possible to directly measure its
deflection behavior. Spatial separation of the two conformers was then confirmed by a
close agreement of the observed deflection profiles with Monte-Carlo simulations based
on the theoretical molecular properties. Comparison between ion yields from VUV and
non-resonant fs-laser-pulse ionization suggest different fragmentation patterns for the
gauche and s-trans conformers during ionization in the strong field. The polar gauche
conformer showed an enhanced tendency to fragment in comparison with the apolar s-
trans conformer. The successful separation of the gauche and s-trans conformers of this
tailor-made diene paves the way toward studies of conformer-selected polar cycloaddition
reactions in a cold and controlled environment.
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6

Reaction of gauche- and s-trans-DBB
with laser cooled Ca+ ions

Understanding gas-phase ion-molecule reactions is of profound importance to gain knowl-
edge about chemical processes taking place in the atmosphere and in space. Reactions
involving different conformational isomers of organic molecules are particularly intrigu-
ing because of their high selectivity. Here, we create samples of selected gauche and
s-trans 2,3-dibromobutadiene (DBB) in a molecular beam and study their reaction with
Coulomb crystals of laser-cooled Ca+ ions in an ion trap. The rate constant is found to
strongly depend on both the conformation of DBB and the electronic state of Ca+. In
the excited states of Ca+ (2P1/2 and 2D3/2), the rate constants are capture-limited and
enhanced for the gauche conformer due to its permanent dipole moment. With Ca+ in
the ground state (2S1/2), the rate for s-trans DBB is unchanged, while that for gauche
DBB is strongly suppressed, pointing to the presence of an energy barrier in the short-
range reaction pathway. This shows that molecular conformation can efficiently promote
reactivity in ground-state ion-molecule reactions.1

6.1 Introduction

Gas phase ion-molecule reactions play an important role in the ionosphere of the earth
and in interstellar clouds [54, 146, 55]. Recently, various organic compounds have been
identified on Saturn’s moons: in the atmosphere of Titan [147, 148] and in cryo-volcanic
plumes ejected from Enceladus [149]. To understand the life cycle of extraterrestrial
organic material, promising laboratory techniques for the exploration of ion-molecule
reactions under controlled conditions have emerged [9]. Another important application
of reactions between organic molecules and metal ions arises in the context of cataly-
sis, where gas-phase studies can help to elucidate the mechanisms of bond activation
[150, 151]. A powerful method for the investigation of ion-molecule reactions is based on
trapped and laser-cooled atomic ions forming Coulomb crystals [17, 8, 9]. Coulomb crys-
tals can be considered as reaction vessels in which other reactant and product molecular
ions can be co-trapped and cooled sympathetically by the laser-cooled species. Control

1J. Wang and L. Xu are acknowledged for assistance with the measurements presented here.
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over the neutral reactant can be achieved in molecular beams created by supersonic ex-
pansions [6, 7]. In particular, the use of inhomogeneous electrostatic fields has enabled
the spatial separation of different molecular conformations and rotational states based
on their different electric dipole moments [12, 10, 13, 14, 15, 33]. Combining such a
state-selected molecular beam with trapped ions as the reaction target has enabled the
measurement of reaction rate constants of individual conformers [13] and rotational states
[21].

If an ion-molecule reaction proceeds without an energy barrier along the reaction
path, the rate constant is usually determined only by the long-range part of the ion-
molecule interaction [152, 52]. In this case, capture theories can be applied to model
rate constants [56]. So far, the experiments observing conformational effects in reactions
between trapped ions and state-selected molecular beams have explored these scenarios
[13, 21]. The observation of conformational effects caused by short-range ion-molecule
interactions has remained elusive.

Additionally, a number of studies focused on the direct reaction of atomic ions, e.g.
Mg+ [153, 154] or Ca+ [68, 155, 13, 63, 64], with molecular beams or thermal samples of
neutral atoms or molecules. These studies typically found that fast reactions proceeded
from excited states of the ion while reactions involving the ground state were kinetically
hindered. Here, we perform kinetic measurements of trapped Ca+ ions with a molecular
beam of 2,3-dibromobutadiene (DBB) molecules and use electrostatic deflection to sep-
arate its gauche and s-trans conformers [33]. Our measurements show that the reaction
rate constant of Ca+ with s-trans DBB is capture-limited irrespective of the electronic
state of Ca+, i.e. 2S1/2, 2P1/2 or 2D3/2. For the gauche conformer, on the contrary, we
find that the reaction is capture-limited only with Ca+ in its 2P1/2 or 2D3/2 excited states.
In the 2S1/2 ground state, however, the reaction rate is strongly suppressed, which could
be explained by the presence of a transition state or submerged barrier. This implies the
existence of different reaction pathways for the two conformers.

6.2 Results

6.2.1 Experimental setup

The experimental setup (Fig. 6.1a) consisted of a molecular beam apparatus interfaced
with an ion trap that has been described before in [13, 21]. An internally cold beam
of the neutral reaction partner DBB seeded in neon carrier gas at 5 bar was formed by
pulsed supersonic expansion with a pulse duration of 250 µs and a repetition rate of
200 Hz. The beam passed through a series of skimmers and an electrostatic deflector
before it reached the ion trap. The deflector’s inhomogeneous electric field allowed the
separation of the polar gauche conformer of DBB (dipole moment µgauche = 2.29 D) from
the apolar s-trans conformer (µtrans = 0). In the ion trap, laser-cooled Ca+ ions formed
a Coulomb crystal [9] and served as a collision target for the molecular beam. Different
conformers of DBB were selectively brought into reaction with the Ca+ ions by vertically
tilting the molecular beam apparatus.

The reaction of Ca+ with the gauche and s-trans DBB conformers proceeded via
individual pathways with bimolecular reaction rate constants kg and kt, respectively
(Fig. 6.1b). Throughout the reaction, the fluorescence of Ca+ ions due to laser cooling
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on the 2S1/2 → 2P1/2 transition at 397 nm was imaged on a camera (Fig. 6.1b). As
the reactions progressed, the Coulomb crystals changed shape due to loss of Ca+ ions
and accumulation of heavier product ions around the Ca+ core. Quantitative analysis
of the reaction kinetics and products was performed by ejecting the trapped ions into a
time-of-flight mass-spectrometer (TOF-MS) radially coupled to the ion trap [61]. Two
different modes of operation were used for the TOF-MS. For the determination of mass
spectra of the reaction products, a low-resolution mode was used to extract ions into the
TOF-MS by applying a 1 µs long pulse of 4.0 kV to the repeller electrode. For the rate
measurements, additional high-voltage pulses, delayed by 0.45 µs, were applied to the
extractor electrodes to selectively enhance the resolution for the Ca+ and C4H+

n species
[61].

Ca+, C4H4
+, CaBr+

a

b

Ca+

VUV 
118 nm

Cooling lasers
397 nm, 866 nm

Molecular beam

TOF-MS

Ion trap
Deflector

gauche

s-trans

Br

Br

Br

Br

kg kt

Figure 6.1: Overview of the experiment. a, Drawing of the experimental setup.
The two conformers of DBB are separated by electrostatic deflection in a molecular
beam and directed at an ion trap holding a Coulomb crystal of trapped Ca+ ions.
Reaction kinetics are measured by ion extraction into a TOF-MS. b, Depiction of
the reaction between the gauche and s-trans conformers of DBB with Ca+, each
featuring a different reaction rate constant kg and kt, respectively. Fluorescence
images of the initial laser-cooled Ca+ Coulomb crystal is shown on the top and after
reaction with DBB in the bottom. Arrows indicate regions where ions heavier than
Ca+ accumulate in the trap.

6.2.2 Reaction products

As a first step, the product ions of the reaction were characterised using TOF-MS after a
reaction time of 2 minutes (Fig. 6.2). The electrostatic deflector was switched off and a
high-flux molecular beam of DBB with thermal (300 K) gauche:trans conformer mixture
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of 1 : 3.3 (cf. chapter 5) was directed at the ion trap. TOF-MS traces averaged over
45 experiments are displayed in Fig. 6.2a and compared against a control experiment in
which the molecular beam did not contain DBB (grey inverted trace). Besides a dominant
peak corresponding to Ca+ (40 u) at a time of flight of t = 12.9 µs, the spectra contain
four main features that were assigned to specific molecular compounds with assistance
of molecular dynamics simulations (cf. section 2.3.5).2

In mixed-species Coulomb crystals, the ions arrange in layers such that lightest ions
are trapped at the center and successively heavier ions accumulate around the lighter ions
in shells of increasing radius. This inhomogeneous ion distribution leads to a broadening
and bimodal structure of the peaks in the TOF-MS [61]. In the simulations, a typical
Coulomb crystal of 500 Ca+ ions (mass 40 u) was assumed, additionally containing 20 ions
of each of the masses 50 u, 51 u, 52 u, 57 u, 72 u, 120 u and 200 u. A comparison of the
experimental data of Fig. 6.2a with the simulation is shown in Fig. 6.3. Different colours
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Figure 6.2: Reaction products. a, Low-resolution TOF-MS of the trapped ions
after reaction (purple) and comparison to a Coulomb crystal of Ca+ exposed to
a molecular beam without DBB (gray). Each trace is an average of at least 45
individual measurements. b, Reaction-time-dependent ion counts measured using
high-resolution TOF-MS: depletion of Ca+ (yellow) with corresponding background
measurement (gray) and formation of C4H+

n (purple) were measured on different
days. C4H+

n signal is rescaled for better visibility. Error bars are standard errors of
three independent measurements.

2MD simulations were performed by L. Xu.
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Figure 6.3: Comparison of experimental and simulated TOF-MS spectrum.
The upper curve shows the measured spectrum while the inverted curve shows a
simulated spectrum for 500 ions with mass 40 u and 20 ions of each of the masses
50, 51, 52, 57, 72, 120 and 200 u, highlighted in different colours.

highlight the contribution of each ion mass in the simulation. The time coordinates
of the simulation have been shifted globally to match the location of the Ca+ peaks.
The locations and splittings of the individual mass peaks reproduce the measured TOF
spectra fairly well. A signal due to CaBr+2 (200 u) is absent in the data. Slight differences
between the simulated and observed splittings of the peaks can be explained by different
sizes of the simulated and experimental Coulomb crystals. Based on the good agreement
between data and simulation, the product peaks of Fig. 6.3 were assigned to different
molecular compounds as summarised in Table 6.1.

In Fig. 6.2a, the main background signal at t ≈ 15 µs corresponds to CaOH+ (57
u), formed by the reaction of Ca+ with residual water in the vacuum chamber (pressure
4 × 10−10 mbar). Another weaker impurity signal around t ≈ 17 µs with approximate
mass 72 u could be due to CaO+

2 [64]. Clearly, ions forming uniquely as products of the
reaction Ca+ + DBB were observed at t ≈ 14.5 µs and t ≈ 22 µs and were identified as
C4Hn

+ (n=2–4, 50 – 52 u) and CaBr+ (119 and 121 u), respectively. Another possible
reaction product could be CaBr+2 (200 u), which was however not detected (see Fig. 6.3).
Excess kinetic energy after the reaction or excitation by the UV cooling laser for Ca+

could lead to its rapid dissociation to CaBr+. A (H)Br+ fragment was also not detected.

Table 6.1: Assignment of molecular compounds to the TOF spectra based on the
MD simulation.

Mass (u) Possible compounds
50,51,52 C4H+

n , n=2,3,4
57 CaOH+

72 CaO+
2

120 CaBr+

200 CaBr+2
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Consequently, the reaction leads to a Br-abstraction from DBB and a localisation of the
charge on either CaBr+ or the butadiene moiety. The observation of C4H+

n fragments
points to H-abstraction from the expected C4H+

4 product [156]. The reaction kinetics
for the observed products C4H+

n and CaBr+ can thus be modeled using the following
equations,

Ca+ + C4H4Br2
k(1)→ CaBr+ + C4H4Br (6.1)
k(2)→ C4H+

n + CaBr2 + (4− n)H (6.2)

with bimolecular rate constants k(1,2). To explore the reaction kinetics, the number of
Ca+ and C4H+

n ions were determined as a function of reaction time using the TOF-MS in
high-resolution mode [61] in separate experiments (Fig. 6.2b). The event rate of CaBr+

detection was too low to measure its kinetics of formation with significant statistics.
Fig. 6.2b compares the decay of Ca+ in the reaction with DBB (yellow data points) with
the formation of the product fragment C4H+

n (purple points). The amplitude of the latter
is scaled by a factor of 10 for better visibility. For reference, decay of Ca+ caused by
background collisions is also shown (grey points). Due to the constant DBB density nDBB

in the molecular beam, the reaction kinetics could be modeled using a pseudo-first-order
rate law, i.e.

d

dt
nCa+ = −k̃totnCa+ , (6.3)

d

dt
nC4H+

n
= k̃(2)nCa+ . (6.4)

Here, k̃tot = k̃(1) + k̃(2), is the total decay rate of Ca+ and k̃(1,2) = k(1,2)nDBB are
pseudo-first-order rate constants. The solutions are

nCa+(t) = nCa+(0) e−k̃tott, (6.5)

nC4H+
n

(t) = nCa+(0)
k̃(2)

k̃tot

(
1− e−k̃tott

)
, (6.6)

where nCa+(0) is the initial Ca+ density at t = 0. The equations (6.5) and (6.6) were
independently fitted to the corresponding data traces (lines in Fig. 6.2b) and allowed
the extraction of values for k̃tot. From the fit of equation (6.6) to the C4H+

n data, a value
k̃tot = 5.4(3) × 10−3 s−1 was found. Fitting the Ca+ decay using equation (6.5) yields
a value of k̃tot = 5.6(4) × 10−3 s−1 after background correction. The good agreement
between the two independently determined values for k̃tot confirms that C4H+

n is indeed
a product of the bimolecular reaction (6.2). The small yield of C4H+

n compared to initial
Ca+ number indicates a small branching ratio k(2)/ktot. The kinetic model then implies
that CaBr+ should be formed in much larger quantities, which is however not observed
in the TOF-MS (Fig. 6.2a). An explanation could be increased loss of heavier product
ions from the ion trap. The effective rf-trapping potential is inversely proportional to
the ion mass, which leads to their localization further away from the laser-cooled Ca+

core and renders sympathetic cooling less efficient [45]. Loss from the trap can then be
facilitated both by excess micro-motion as well as collisions with the molecular beam.
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6.2.3 Conformer-specific rate constants

To investigate the effect of the molecular conformation of DBB on the reaction kinetics,
the electrostatic deflector was used to prepare samples of defined conformational compo-
sitions. A density profile of the DBB molecular beam along the deflection coordinate (a
deflection profile) was measured by vacuum ultraviolet (VUV) ionization of DBB at the
position of the ion trap (Fig. 6.4a) [33]. With the deflector turned off (deflector voltage
0 kV), the molecular beam contains a thermal 1:3.3 mixture of the gauche and s-trans
conformers of DBB, respectively. At a deflector voltage of 13 kV, the gauche-DBB con-
formers are deflected away from s-trans-DBB in the beam and produce a shoulder at high
deflection coordinates in the density profile. A Monte Carlo simulation of the particle
trajectories yields good agreement with the data for a rotational temperature of 1 K and
independently measured beam velocity vbeam = 843(58) m/s (see section 2.4.4.1). At
13 kV, the peak density of DBB was measured to be nDBB = 3.9(5) × 106 cm−3 (see
section 2.4.4.2).

The Monte Carlo simulation was used to determine the conformer populations as
a function of deflection coordinate (Fig. 6.4b). Three beam positions, marked I–III
in Figs. 6.4a and b, corresponding to pure s-trans conformer (I), thermal mixture (II)
in undeflected beam, and pure gauche conformer (III), were chosen for reaction rate
measurements. In each position, the Ca+ ion count was measured as a function of
reaction time (Fig. 6.4c). The background loss rate of Ca+ was determined separately
by adjusting the molecular beam such that it did not hit the Coulomb crystal (grey data
points in Fig. 6.4c). All traces exhibit an exponential decay of the number of Ca+ ions
which confirms the validity of using a pseudo-first-order rate law for the bimolecular
reaction of DBB + Ca+ with a constant DBB density. Pseudo first-order rate constants
k̃tot,i (i = I, II, III) were obtained by fitting exponential-decay models to the data and
subtracting the corresponding background rate. From the k̃tot,i, the bimolecular rate
constants ktot,i = k̃tot,i/ni were calculated using the DBB beam densities ni at each
position i=I, II, III in the deflection profile.

Figure 6.4d shows the measured bimolecular rate constants ki as a function of the s-
trans population pt obtained from the Monte-Carlo simulation. The bimolecular rate con-
stant for the depletion of Ca+ was modeled as the linear combination ktot,i = pg,ikg+pt,ikt

of the conformer-specific rate constants kg/t (gauche/s-trans). The weighting factors
pg/t,i are the respective conformer populations at location i (Fig. 6.4b). A least-squares
fit (solid line in Fig. 6.4d) with this model was applied to the data and yielded the bi-
molecular reaction rate constants kg = 0.92(5)× 10−9 cm3s−1 for the gauche-conformer
and kt = 1.3(6)× 10−9 cm3s−1 for the s-trans-conformer. This implies a relative differ-
ence rexp = 2(kg − kt)/(kg + kt) = −0.35(7) by which the s-trans-conformer is observed
to react faster than the gauche-conformer.
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Figure 6.4: Conformer-specific reaction rate constants. a, Measurement of
the DBB molecular beam density profile along the deflection coordinate for deflector
voltages 0 kV and 13 kV. The data are in good agreement with Monte Carlo sim-
ulations which show the separation of the two conformers. b, Simulated conformer
populations in the molecular beam obtained from the Monte Carlo simulation. c,
Reaction kinetics measured in terms of the decay of Ca+ ion number (normalised to
initial value) as a function of reaction time for the three positions I–III marked in a,
b and a background measurement (BG). The exponential decay of Ca+ concentration
implies pseudo-first-order kinetics. d, Bimolecular rate constants extracted from the
pseudo-first-order rate constant measurements as a function of the s-trans-conformer
population with linear fit. Error bars are standard deviations of three independent
measurements.
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Chapter 6. Reaction of gauche- and s-trans-DBB with laser cooled Ca+ ions

6.2.4 Adiabatic capture rate calculation

To explain the difference in the observed rate constants for the two DBB conformers
with Ca+, rotationally-adiabatic capture theory [56, 58] was employed as detailed in
section 1.4.3. The AC calculation proceeded in two steps. First, rotationally-adiabatic
and centrifugally-corrected long-range interaction potentials were calculated for each ro-
tational state of gauche and s-trans-DBB. The ion-molecule interaction includes charge-
induced dipole and charge-permanent dipole couplings. The isotropic polarizability vol-
umes αg = 13.54 Å3 for gauche-DBB and αt = 13.60 Å3 for s-trans-DBB were calculated
using Gaussian09 [97] in the course of the theoretical screening of chapter 5.

Figs. 6.5a and b show the long-range potentials for collisions of Ca+ with gauche-
and s-trans-DBB, respectively. Each set of curves corresponds to a different value of
the total collisional angular momentum quantum number J . With increasing value of J ,
a centrifugal energy barrier emerges. The individual curves for each value of J belong
to all rotational quantum state |jKaKc ,Ω〉 of DBB with angular momentum quantum
number j = 4, which is calculated to have the strongest thermal population at T = 1 K.
Given these long-range potentials, AC theory assigns unit reaction probability to any
collision with J < Jmax, for which the centrifugal energy barrier lies below the experi-
mental collision energy Ecoll = µv2

beam/2 = 124(17) meV (black solid line in Figs. 6.5a,b).
For each rotational state |JKaKcΩ〉 of gauche/s-trans DBB (g/t), the corresponding value
of Jmax,g/t(Ecoll, JKaKc ,Ω) is determined numerically. Using equation (1.35) AC rate
constants were calculated for each rotational state and then averaged according to equa-
tion (1.36) assuming a thermal rotational state distribution with rotational temperature
of 1 K.

Figs. 6.5a,b show that the centrifugal barrier increases faster with J for s-trans-
DBB than for gauche-DBB such that the maximum collisional angular momenta for a
reactive encounter at the experimental collision energy are Jmax,t ≈ 308 and Jmax,g ≈ 427,
respectively, implying a larger cross-section σ ∝ J2

max for gauche-DBB. For the lowest
values of J , one notices a steeper slope of the ion-molecule potential for gauche-DBB.
This points to a stronger attractive interaction between the ion and the permanent dipole
of gauche-DBB as opposed to the apolar s-trans conformer and explains the observed
difference in conformer-specific reaction rates. The anisotropic charge-permanent dipole
interaction of gauche DBB, which is absent for s-trans DBB, also leads to a stronger
dependence of its rotationally adiabatic potential on the rotational state. This appears
as a larger spread between the different potential energy curves for a given value of J .

At the experimental collision energy and rotational temperature, the AC calculation
yields bimolecular rate constants of kAC,g = 2.44 × 10−9 cm3s−1 for gauche-DBB and
kAC,t = 1.26 × 10−9 cm3s−1 for s-trans-DBB, with a calculated relative rate difference
between the gauche and s-trans conformers of rAC = 0.64.

The measured rate constant for the s-trans conformer agrees with the calculated
value. In contrast, adiabatic capture theory predicts a significantly faster reaction rate
for gauche DBB, for which the data, however, show a reduction of the rate constant
compared to s-trans. In order to investigate the origin of this discrepancy, additional rate
measurements with control over the electronic state populations of Ca+ were performed.
Previous experimental studies with alkaline earth atomic ions [153, 154, 68, 157, 72,
63, 64] showed that the rate of reaction can exhibit a pronounced dependency on the
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electronic state of the ion. In these experiments, the 2S ground state of the ion was often
found to be chemically rather inert while the 2P and 2D excited states were reactive. This
phenomenon was often explained by the presence of energy barriers along the reaction
pathway that are overcome by excitation of the ion, leading to strong acceleration of the
kinetics.

a

b

Ecoll

Ecoll

s-trans-DBB + Ca+

gauche-DBB + Ca+

Figure 6.5: Long-range ion-molecule interaction potentials. Rotationally-
adiabatic and centrifugally-corrected long-range interaction potentials for collisions
of s-trans- (a) and gauche-DBB (b) with Ca+. Each value of the total collisional
angular momentum J comprises a set of curves corresponding to all rotational states
of DBB with rotational angular momentum quantum number j = 4, which has
the highest thermal population. The collision energy Ecoll is drawn as the black
horizontal line and the grey-shaded areas show its experimental uncertainty.
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6.2.5 Determination of Ca+ electronic state populations

Control over the populations of the electronic states of Ca+ was achieved by adjusting
the detuning of the cooling laser on the 2S1/2 → 2P1/2 transition at 397 nm and the
repumping laser on the 2D3/2 → 2P1/2 transition at 866 nm (see inset of Fig. 6.9a). The
fluorescence of Ca+ generated on the 2S1/2 → 2P1/2 transition was measured as a function
of the laser detunings and polarization, and modeled using optical Bloch equations (OBE)
[68].3 As detailed below, this allowed a calibration of the average populations in the 2S1/2,
2P1/2 and 2D3/2 electronic states.

In order to calibrate the electronic state populations of Ca+, the Ca+ fluorescence on
the 2S1/2 → 2P1/2 cooling transition at 397 nm was measured as a function of the cooling
laser (397 nm) and repumping laser (866 nm) settings. The measured fluorescence signal
detected by the camera was integrated in the region of interest and a noise background
was subtracted. The resulting signal is proportional to the 2P1/2 steady-state population
and can be modeled theoretically by solving a set of 8-level OBE for the Ca+ 2S1/2,

2 P1/2

and 2D3/2 states [68, 158]. To determine the parameters for the OBE modelling, i.e.
laser detunings, intensities, linewidths and polarization angles, a series of calibration
measurements were performed. The two diode lasers were frequency stabilized using
a wavemeter, resulting in residual fluctuations on the order of 5 MHz for the 397 nm
and 10 MHz for the 866 nm laser. Values for the laser intensities were obtained by
measuring the beam waists at 1/e2 level, i.e. w397 = 0.4 mm for the 397 nm beam and
w866 = 0.2 mm for the 866 nm beam, and the optical powers, i.e. P397 = 1 mW at
397 nm and P866 = 0.5 mW at 866 nm.

The polarization of the 866 nm repumping laser was adjusted to optimize the re-
pumping efficiency. First, the polarization was cleaned with a polarizing beam-splitter
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Figure 6.6: Polarization scan of the repumper. Ca+ fluorescence measurement
as a function of the 866 nm laser beam polarization angle (data points) and simulated
curve from the OBE model. Error bars correspond to one standard deviation.

3The MATLAB code for solving the OBE was kindly provided by Z. Meir.
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and then rotated using a half-wave plate. Then, the 866 nm beam was combined with the
397 nm light on a dichroic mirror and directed at the ion trap. The polarization of the
397 nm laser was not controlled, since the OBE simulation was found to be insensitive to
it. The Ca+ fluorescence was then measured while varying the polarization angle of the
866 nm repumping laser (Fig. 6.6). The fluorescence data were fitted using the OBE pre-
diction for the P-state population. At a 90◦ polarization angle relative to the magnetic
field axis (locations of minima from fit) the peak fluorescence was found. To maximize
population in the 2P1/2 state, this setting was used for all subsequent measurements.

After adjusting the polarization, the frequency of the 397 nm cooling laser was set
to a detuning of ∆397 = −10 MHz, below the “melting point” of the Coulomb crystal at
the detuning ∆397 ≈ 0. Then, the Ca+ fluorescence was measured as a function of the
866 nm repumper detuning ∆866 (Fig. 6.7a). Afterwards, the repumper detuning was set
to ∆866 = 20 MHz, where repumping is most efficient (Fig. 6.7a) and the detuning ∆397

of the cooling laser was scanned (Fig. 6.7b). These two datasets were simultaneously
fitted using the OBE model, allowing the determination of the following parameters: the
effective laser intensities and linewidths, a detuning offset of the 866 nm laser, and a
proportionality constant allowing to convert the measured fluorescence to the P-state
population. The fitted laser linewidths were consistent with the observed fluctuations on
the wavemeter. To optimise the fit, a magnetic field value of 1 Gauss was chosen, which
is a reasonable value for the stray magnetic field in the present apparatus. The resulting
2S1/2, 2P1/2 and 2D3/2 state populations determined from this measurement are shown
in Fig. 6.8. On resonance of the 866 nm repumper, the 2D3/2 state population is minimal
and the 2S1/2, 2P1/2 population reach a maximum. The state populations as a function
of ∆397 resulting from this calibration are shown in Fig. 6.9a.
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Figure 6.7: Fluorescence dependence on laser detunings. Ca+ fluorescence
measurement (data points) as a function of the 866 nm repumping laser detuning
(a) and the 397 nm cooling laser detuning (b). The solid lines are fits to the data
based on the OBE model. Error bars correspond to one standard deviation.
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Figure 6.8: Ca+ state population dependence on the repumper detuning.
The state populations calculated using the OBE with fit parameters from Fig. 6.7a
are shown as function of the 866 nm repumping laser detuning.
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6.2.6 Calcium-state-specific rate constants

With control over the Ca+ electronic state populations, their influence on the reaction
rate constant of Ca+ with DBB could be determined. Fig. 6.9a shows the dependence of
the level populations of Ca+ on the detuning of the cooling laser, with data points being
the experimental 2P1/2 state populations determined from fluorescence measurements
and the solid lines representing the theoretical model. The excited-state 2P1/2 and 2D3/2

populations increase with decreasing detuning, while the ground-state 2S1/2 population
decreases.

To measure the reaction rate constants as a function of the excited-state population of
Ca+ , a set of detunings labelled i–iii in Fig. 6.9a was chosen that samples the combined
2P1/2 + 2D3/2 population between 0.25 and 0.7. At each detuning, one rate measurement
was conducted with pure s-trans DBB (molecular beam position I in Fig. 6.4a) and three
measurements for pure gauche DBB (molecular beam position III). Results of the state-
and conformer-resolved rate measurements are presented in Fig. 6.9b. The measured rate
constants kg/t,x as a function of the 2P1/2+2D3/2 excited state probability px (x = i, ii, iii)
were fitted by the linear model kg/t,x = (1−px)kg/t;S+pxkg/t;P+D, to retrieve the ground-
state rate constants kg/t;S and the excited-state rate constants kg/t;P+D. Due to the
strong correlation between the populations and rate constants in the 2P1/2 and 2D3/2

states obtained in the fit, no statements about their individual reaction rates could be
made and only the effective rate constant averaged over both excited states is given.

Strikingly, the observed dependence of the rate constant on the Ca+ excited state
population differs strongly between the two conformers of DBB. While the rate constant
remains nearly constant for s-trans-DBB, a clear increase with P + D population is
observed for the gauche conformer. The fitted bimolecular rate constants of s-trans
DBB with Ca+ in ground and excited states, kt;S = 1.4(3)× 10−9 cm3s−1 and kt;P+D =
1.5(3) × 10−9 cm3s−1, respectively, lie within one standard deviation from each other
and agree with the capture model prediction. For the gauche conformer, however, the
fitted bimolecular rates are kg;S = 0.3(2) × 10−9 cm3s−1 for the Ca+ ground state and
kg;P+D = 2.2(2) × 10−9 cm3s−1 for the excited states. In this case, the reaction rate is
capture-limited only in the excited state of Ca+, while it is smaller by about an order of
magnitude in the ground state.

These findings can be summarised as follows. With excited Ca+, the rates are capture-
limited and thus only depend on the long-range interaction between the charge of the
ion and the dipole moment of the neutral. In this regime, the enhanced rate constant for
gauche-DBB results from the increase of the collisional cross section by the interaction
of its permanent dipole moment with the ion [58, 13, 21]. With Ca+ in its ground state,
the effect of molecular conformation on the rate constant reverses and must be traced to
the details of the short-range potential energy surface (PES). The capture-limited rate
of the s-trans conformer signals the absence of a barrier in its PES along the reaction
pathway. By contrast, the rate suppression for gauche-DBB implies the existence of a
dynamic bottleneck that slows down the reaction.

The gauche DBB lies 0.049 eV higher in energy than the s-trans conformer and a
torsional energy of 0.18 eV is required to interconvert them by internal rotation about the
central C-C bond [33]. This means that the reaction of gauche DBB with Ca+ is more
strongly activated than the reaction of s-trans DBB. Consequently, the observed rate
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Figure 6.9: Ca+ state-dependent rate constants. a, Dependence of the 2S1/2,
2P1/2 and 2D3/2 state populations of Ca+ on the detuning of the 397 nm cooling
laser. Solid lines correspond to the theoretical model and data points represent
experimental 2P1/2 state population measured by ion fluorescence at 397 nm. The
vertical lines labelled i–iii, denote the detunings at which rate measurements were
performed. Inset: relevant level diagram of Ca+. b, Results of the state- and
conformer-resolved rate measurements at the detunings i–iii of a. The lines are
linear least-squares fits interpolating between bimolecular rate constants for Ca+

in the ground (S) and excited states (P+D). Shaded areas correspond to a 90%
confidence region. Error bars are fit errors of the individual rate measurements.

constants with ground-state Ca+ must be explained by distinct reaction pathways that
involve an energy barrier only for the gauche conformer. To confirm this hypothesis and
determine the conformer-specific reaction mechanisms, quantum-chemical calculations of
the PES along the reaction coordinate are required. Efforts to perform these calculations
are currently being pursued.

6.3 Conclusion

Reaction experiments were performed with conformer-selected DBB from a molecular
beam towards trapped and laser-cooled Ca+ ions. TOF mass spectra identified C4H+

n

and CaBr+ as the products. An analysis of the reaction rate constant dependence on
both the molecular conformation of DBB as well as the electronic state population of Ca+

revealed two kinetic regimes. With Ca+ in either of the 2P1/2,
2D3/2 excited states, the

kinetics are capture-limited for both DBB conformers and the rate constant of gauche-
DBB is enhanced by 0.6 due to its permanent electric dipole moment. If Ca+ is in its
2S1/2 ground state, the rate constant with s-trans DBB remains capture-limited, but
reaction with gauche DBB is strongly suppressed to one tenth of the capture limit. This
is remarkable since ion-molecule reactions with alkaline earth ions are commonly observed
to only proceed from the excited state. This behaviour can be explained by the existence
of a transition-state-induced energy barrier within the ground-state PES of Ca+ with
gauche DBB. Such a barrier is absent in the reaction with s-trans DBB. In contrast
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to previous studies with conformer-selected molecules [13], these results demonstrate a
conformational effect at the level of the short-range ion-molecule potential energy surface.
Even though the reaction involves a radical cation and is highly activated, the molecular
conformation of the neutral can still affect the reaction outcome. In order to thoroughly
understand the origin of this effect, high-level quantum chemical calculations are required
and might give insight into the underlying reaction mechanism.
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7

Loading propene into the ion trap

In this chapter, two methods are described for loading propene ions into a Ca+ Coulomb
crystal. First, the VUV source described in chapter 4 was used for single-photon ioniza-
tion of propene. In addition, a new method is presented which exploits a charge transfer
reaction between doubly ionized Ca2+ ions and neutral propene, producing both Ca+

and propene ions (C3H+
6 ). Both methods are compared in view of their efficiency and

repeatability for preparing constant amounts of trapped propene ions. This prepara-
tion step is required for reaction experiments of propene ions with a conformer-selected
molecular beam of gauche and s-trans DBB (see chapter 8).

7.1 Introduction

The ionization of molecules is a fundamental preparation step for reactive studies with
trapped molecular ions [17]. Choosing a robust and efficient ionization method is of great
importance to ensure the reproducibility of the subsequent reaction experiments. So far,
fs laser pulse ionization was used to ionize smaller molecules such as water or nitrogen
with a good ion yield (see chapter 3). However, its extremely high optical intensity results
in strong fragmentation for larger organic molecules. This renders fs laser pulse ionization
unsuitable for the preparation of pure samples of the parent molecular ion as is required
for ion-molecule reaction studies. In chapter 4, ionization by absorption of single VUV
photons was introduced as a viable non-destructive ionization method. In particular,
for propene and DBB it was found to yield the parent ion without fragmentation. For
example, a clean TOF-MS signal of leaked propene gas ionized by VUV is shown in Fig.
4.7.

In this chapter, charge exchange collisions [155, 159, 160, 65] are explored as an
alternative to photoionization. This makes use of double ionization of Ca to Ca2+ in the
focus of the fs laser beam. While the ionization energy of Ca amounts to only 6.1 eV, it
is 11.9 eV for Ca+ [161]. Propene has an ionization energy of 9.7 eV [107] which can be
provided by Ca2+ as electron “acceptor”. Consequently, the charge transfer reaction

Ca2+ + C3H6 → Ca+ + C3H+
6 (7.1)

is exothermic by 2.2 eV and thus energetically allowed. It produces both propene ions
and singly charged Ca+ ions, the latter of which contribute to further laser cooling of
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7.2. VUV ionization of propene

the Coulomb crystal. Due to the large ionization potential of Ca+, this method could be
applied to most other organic species, in particular those whose ionization potential is
too large for them to be ionized by VUV radiation at 118 nm (photon energy 10.5 eV).

7.2 VUV ionization of propene

The experimental sequence started with the standard procedure for loading a Ca+

Coulomb crystal of a fixed size into the ion trap. A fluorescence image of a typical
crystal is shown in the bottom inset of Fig. 7.1. The corresponding high-resolution
TOF-MS trace (blue, inverted trace in Fig. 7.1) consists only of the Ca+ peak.

Next, propene gas was leaked into the reaction chamber using a leak valve (VACGEN
LVM series) at a pressure of 3.0 × 10−9 mbar. At the same time, the VUV beam was
switched on for 35 s to ionize propene at the location of the ion trap. After ionization,
the propene ions were trapped and sympathetically cooled by the Ca+ Coulomb crystal.
For efficient transfer into the trap, the molecules need to have a kinetic energy which is
lower than the well depth of the trapping potential. In the present setup, the trap depth
was about 2.4 eV for ions with a mass of 40 u [61], which is much larger than the thermal
kinetic energy 3kBT/2 ≈ 0.04 eV at T = 293 K of the leaked gas.

Loading of C3H+
6 into the Coulomb crystal was monitored in real time by imaging

the Ca+ fluorescence on a camera. An image after loading propene onto the crystal is
shown in the top inset of Fig. 7.1. Clearly, the presence of heavier ions is observed as a
displacement of the Ca+ ions to the left as well as their spatial rearrangement to a shape
resembling an arrow head. The corresponding TOF-MS trace of this crystal is shown
as the positive, orange trace in Fig. 7.1. A second strong peak has appeared at 5.23 µs
which belongs to the loaded C3H+

6 .
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Figure 7.1: Loading propene using VUV ionization. TOF-MS traces of the
Coulomb crystal before loading C3H+

6 (blue, inverted trace) and after loading C3H+
6

using VUV ionization (orange, positive trace). The insets show the corresponding
Ca+ fluorescence images.
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Chapter 7. Loading propene into the ion trap

Since the propene ions need to be sympathetically cooled by the Ca+ ions, it was
important to understand whether the size of the initial Ca+ Coulomb crystal had a
limiting effect on the propene loading efficiency. To investigate this, Coulomb crystals
of four different sizes were prepared and the amount of loaded propene was measured
for each of them. Fig. 7.2a displays representative images of the four different Coulomb
crystal sizes labelled i–iv. The top row shows the initial, cleaned Ca+ crystals and the
bottom row the corresponding crystals after loading propene for 30 s. These images
demonstrate very clearly that the heavier propene ions collect to the right of the Ca+

ions and push them the left. Preferred displacement of the Ca+ ions to the left is a
consequence of the radiation pressure exerted by the cooling laser beam coming from the
right. Depending on the crystal size, specific Coulomb crystal shapes resembling arrow
heads appear.

An analysis of the integrated Ca+ fluorescence counts before and after loading propene
is given in Fig. 7.2b. For each crystal size, the final fluorescence counts after loading are
plotted against the initial value before loading. The line corresponds to a 1:1 relationship,
showing that no significant loss of Ca+ ions occurred during the loading procedure. For
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Figure 7.2: Effect of Coulomb crystal size on the loading efficiency. a,
Fluorescence images of Coulomb crystals before (top row) and after loading propene
(bottom row) using VUV ionization. Due to the extended loading time needed for
crystal (iv), a small amount of light ions ionized from the background forms at the
core of the Coulomb crystal. b, Ca+ fluorescence counts before and after loading of
propene ions are plotted against each other, showing no significant loss of Ca+. c,
TOF mass spectra of the C3H+

6 counts as a function of Ca+ counts. Only a weak
reduction in propene loading efficiency is observed for small Ca+ Coulomb crystals.
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7.3. Charge transfer between Ca2+ and propene

size (iv), the reduction in fluorescence after C3H+
6 loading is likely caused by the slight

shift of the Ca+ crystal out of the imaged area.
To determine the ion counts from the TOF-MS, the peaks corresponding to Ca+ and

C3H+
6 were integrated. Fig. 7.2c displays the C3H+

6 counts as a function of the Ca+

counts. Although the amount of Ca+ was varied by about a factor of 10, this resulted
in less than 25% change of the amount of loaded C3H+

6 . Larger Ca+ crystals show a
tendency of increased loading capacity, but even for the smallest Ca+ crystal, the amount
of loaded C3H+

6 exceeds that of Ca+ by a factor of 8. Consequently, this demonstrates
that the propene loading efficiency depends only weakly on the size of the Ca+ Coulomb
crystal. For even smaller Ca+ Coulomb crystals than size (i), reduced sympathetic cooling
efficiency is expected to strongly limit the amount of trapped molecular ions.

7.3 Charge transfer between Ca2+ and propene

As an alternative method for loading C3H+
6 , the charge transfer reaction between doubly

charged Ca2+ ions in the Coulomb crystal and neutral propene was investigated. Like
before, the experimental sequence started with loading a Coulomb crystal of Ca+ ions into
the ion trap. In order to generate Ca2+, the fs laser was focused directly at the Coulomb
crystal to enhance the probability of double ionization while a small amount of Ca+ ions
remained to allow sympathetic cooling. In the previous experiments, the focus of the fs
laser was located next to the crystal, such that once ionized, Ca+ ions were trapped and
cooled away from the fs laser focus to prevent double ionization. A fluorescence image
of the mixed Ca+/Ca2+ Coulomb crystal is shown in Fig. 7.3a (t = 0 s). Here, the Ca2+

ions accumulate at the center of the trap due to their smaller mass/charge ratio and form
a non-fluorescing band. The width of this band was taken as an indicator for the amount
of loaded Ca2+ to ensure repeatability.

Once loading of Ca2+ was completed, the fs laser was switched off and the charge-
transfer reaction was initiated by leaking propene into the reaction chamber at a partial
pressure of p = 3×10−9 mbar. This corresponds to a mean density of nprop = p/(kBT ) ≈
7 × 107 cm−3 at ambient temperature T = 293 K. In the fluorescence image of the
Coulomb crystal after 30 s of propene leaking (Fig. 7.3a, t = 30 s), about half of the
Ca2+ ions have reacted away and converted into Ca+, which is seen as a narrowing of
the non-fluorescing band. After 80 s only small amounts of Ca2+ remain (Fig. 7.3a,
t = 80 s). Sympathetically cooled propene ions accumulate around the slightly lighter
Ca+ ions and change the shape of the imaged fluorescence.

Quantitatively, the formation of C3H+
6 ions was verified in high-resolution TOF mass

spectra (Fig. 7.3b). The spectrum of the initial crystal at t = 0 (inverted, blue trace)
consists only of the Ca+ and Ca2+ peaks at 5.2 µs and 4.8 µs, respectively. After t = 80 s
of propene leaking (top, purple trace), the Ca2+ signal has almost completely vanished
and the Ca+ peak has increased. Moreover, an additional peak at 5.3 µs time-of-flight
has appeared due to C3H+

6 . A minor second peak to the left of the Ca+ peak could not
be identified, but was found not to interfere with the subsequent measurements.

Having established the formation of C3H+
6 by charge transfer, the reaction kinetics

were probed by measuring the ion numbers as a function of reaction time between t = 0
and t = 80 s using TOF-MS in high-resolution mode. The post-ejection acceleration delay
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Figure 7.3: Charge transfer between Ca2+ and propene. a, Fluorescence
images of the initial Ca+ Coulomb crystal at three different reaction times. At t = 0
(top) Ca2+ is visible as the non-fluorescing band at the center (highlighted with blue
double arrow). At reaction times t = 30 s (middle) and t = 80 s (bottom) the
amount of Ca2+ decreases and propene ions form a shell around the lighter Ca+ ions
(indicated by orange arrows). b, TOF mass spectra before (bottom, t = 0) and after
(top, t = 80 s) charge transfer reaction of Ca2+ with neutral propene.

was chosen such that the mass resolution was optimal for the Ca+ and C3H+
6 product

ions (Fig. 7.3b). This came at the expense of a low resolution at the time-of-flight of
the reactant ion Ca2+. With this choice of delay, other light impurity ions such as H2O
(18 u), N2 (28 u) and O2 (32 u) would produce peaks overlapping with that of Ca2+ and
thus could not be distinguished from it.

Fig. 7.4a displays the measured ion numbers of Ca2+, Ca+ and C3H+
6 as a function

of reaction time. An exponential decay is observed for Ca2+, whereas the ion numbers
of the two products increase linearly. For comparison, background measurements of the
ion numbers without leaking propene are displayed in Fig. 7.4b. These data show no
significant loss of Ca2+ due to reaction with background gas or spontaneous production
of C3H+

6 .
With the density nprop of the leaked propene in excess, the bimolecular reaction (7.1)

could be modeled by pseudo-first order kinetics. To determine the pseudo-first-order rate
constant k̃0 = k0nprop, the Ca2+ data were fitted with an exponential decay nCa2+(t) =

nCa2+(0)e−k̃0t. The data of the product ions on the other hand were fitted with a linear
function ni(t) = ni(0)+ait (i = Ca+,C3H+

6 ). To obtain approximate rate constants from
the slopes ai of the linear fits, the slopes were divided by the fitted initial Ca2+ count,
i.e. k̃i = ai/nCa2+(0). This is motivated by the first order Taylor approximation of the
expected exponential saturation of product formation due to depletion of the reactant
Ca2+, i.e.

ni(t) = ni(0) + nCa2+(0)
k̃i

k̃0

(
1− e−k̃0t

)
≈ ni(0) + nCa2+(0)k̃it. (7.2)
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7.3. Charge transfer between Ca2+ and propene

Here, k̃i/k̃0 is the branching ratio for formation of product i. The fits are plotted as
the solid lines in Fig. 7.4a and agree well with the data. From the exponential de-
cay of Ca2+, a bimolecular rate constant k0 = k̃0/nprop = 4.4(1) × 10−10 cm3s−1

was calculated. The linear fits to the product ion numbers yield bimolecular rates of
kCa+ = 0.64(6)× 10−10 cm3s−1 for Ca+ and kC3H+

6
= 0.68(3)× 10−10 cm3s−1 for C3H+

6 .
The fact that the linear growth rates of Ca+ and C3H+

6 are equal within the measure-
ment uncertainty is strong evidence for their simultaneous production in the proposed
charge transfer reaction (7.1). However, the decay rate k0 of Ca2+ is larger by a factor
of about 6.5, which implies a low yield of the charge-transfer products. For comparison,
the bimolecular rate constant was calculated based on the high-temperature infinite-
order-sudden-approximation capture model (equation (1.31) and [52]), including charge-
permanent-dipole and charge-induced-dipole couplings between propene and Ca2+. This
gives a much larger rate constant of kcapture = 3×10−9 cm3s−1. Despite the limits of the
capture model, the discrepancy between the measured and theoretical rates might point
to a dynamical bottleneck that slows down the reaction [155, 160, 65].

To further explore the mismatch between the Ca2+ decay rate and the product for-
mation rates, the total Ca ion counts (Ca++Ca2+) with and without propene leaked into
the chamber were compared. For a 100% efficient charge transfer reaction, the number
of trapped Ca ions should be conserved. Fig. 7.4c shows the total Ca ion counts as a
function of reaction time. When no propene is leaked into the chamber, the counts re-
main stable over time. With addition of propene, however, the counts drop significantly
during the first 30 s and stabilize afterwards. This observation appears to be connected
to the Ca2+ data (Fig. 7.4a). During the first 30 s, the decay is rather non-exponential.
After 30 s, when the Ca2+ number has dropped to about one third, the data agree well
with the fitted exponential decay. This suggests that a more complicated loss mechanism
of Ca2+ occurs during the first 30 s. This could be caused by inelastic collisions with
propene due to the large amount of loaded Ca2+. Given the limited resolution of the
TOF-MS at the time-of-flight of Ca2+ in these measurements, it is also possible that the
Ca2+ signal contains a contribution of an unresolved impurity mass. Hence, an additional
reaction channel, not leading to the charge transfer products, might explain the observed
difference between the decay rate of Ca2+ and the growth rate of the products. Since
the goal of this experiment was merely to identify whether charge transfer is a reliable
method for loading C3H+

6 , additional studies of the Ca2+ kinetics were not undertaken.
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7.4 Discussion and Conclusion

In order to decide which ionization method is more suitable for loading of propene in ion-
molecule reaction studies, measurements of the stability of the loaded propene number
were performed. Figs. 7.5a and b show measured C3H+

6 ion counts using VUV ionization
and charge-transfer with Ca2+, respectively. Propene was loaded using either method and
the Coulomb crystal was then ejected into the TOF-MS for analysis. This was repeated
20 times for VUV ionization and 12 times for the charge-transfer reaction. Using the
VUV method a loading time of 30 s produced a sufficient amount of C3H+

6 . For the
charge transfer method, however, propene had to be leaked into the chamber for at least
80 s to result in the same amount of trapped C3H+

6 . The data show that both methods
yield reproducible quantities of C3H+

6 , with tolerable fluctuations about the mean (lines
in Figs. 7.5a and b) of about 20%.

While VUV ionization allows a large number of propene ions to be loaded, largely
independent of the Ca+ crystal size (Fig. 7.2), charge transfer loading requires a large
number of Ca2+ present. This limits the amount of C3H+

6 that can be loaded and the
stability relies on that of the Ca2+ preparation. Based on these considerations, VUV
ionization was found to be more efficient for loading C3H+

6 due to the reduced loading
time and simpler experimental sequence.

In conclusion, two simple yet versatile methods were demonstrated to softly ionize
propene leaked into the reaction chamber and subsequently load it into a trapped ion
Coulomb crystal. First, direct photoionization using VUV light at 118 nm was employed.
Second, a novel method was introduced in which doubly charged Ca2+ ions were reacted
with neutral propene to form trapped C3H+

6 and Ca+ by charge transfer. While both
methods were found to be stable and reproducible, VUV ionization was chosen for further
ion-molecule reaction experiments because of its speed and independence on Coulomb
crystal size. Nevertheless, charge transfer loading is particularly suited for other molec-
ular species whose ionization potential exceeds the VUV photon energy of 10.5 eV such
that single photon ionization is not possible. The upper ionization energy limit for charge
transfer is given by the ionization potential of Ca+, i.e. 11.9 eV. Consequently, charge
transfer represents a viable alternative to VUV photoionization if the required VUV
wavelength is not readily available.
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8

Conformer-specific polar cycloaddition of
gauche- and s-trans-DBB with trapped

propene ions

Polar Diels-Alder cycloadditions are particularly fast and efficient routes for the formation
of cyclic compounds. For these reactions, the question arises whether product formation
proceeds via the canonical Diels-Alder mechanism in which only the cis conformer of
the diene can react in a concerted pathway or via a stepwise process involving both
cis and trans conformers. Using molecular-beam and ion-trap technology, we present a
conformer-specific study of the polar cycloaddition of 2,3-dibromo-1,3-butadiene (DBB)
with propene ions. We find that both conformers of DBB exhibit capture-limited rate
constants towards propene ions which implies the contribution of a stepwise and bar-
rierless reaction pathway in parallel to the canonical concerted mechanism. Our work
marks the first step towards a rigorous systematic investigation of conformational ef-
fects in polar cycloadditions and other reactions relevant for synthetic chemistry under
single-collision conditions in the gas phase.1

8.1 Introduction

It has been almost a century since O. Diels and K. Alder described the formalism of the
[4 + 2] cyclisation, now widely known as the Diels-Alder (DA) cycloaddition [24]. In this
reaction, a conjugated diene and an alkene, the "dieneophile", react to form a cyclohexene
compound. Since its discovery in 1928, it has become one of the key reactions in synthetic
organic chemistry [25]. This reaction has proven to be very efficient in the synthesis of
many natural products such as the steroid hormone cortisone [162], reserpine, a drug for
treating high blood pressure [163], and the antibiotic tetracycline [164] among others.

The reaction pathway for a highly symmetric system is believed to proceed via a
synchronous concerted transition state in which bond formation and bond breaking occur
simultaneously [25, 26]. Since the transition state is stabilised by Hückel aromaticity [26],
it is energetically more favourable than a stepwise mechanism with diradical intermediate.
This explains why the DA reaction generally affords high stereo- and regioselectivity

1J. Wang is acknowledged for assistance with the measurements presented here.
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of the cycloadduct and imposes that the reaction proceeds exclusively from the s-cis
conformer of the diene and not from the s-trans conformer. However, this simple model
tends to break down in cases where the reactants possess complex functional groups, such
that an asynchronous or stepwise mechanism can also occur, allowing also the s-trans
conformer to contribute to product formation [28].

The situation changes even more drastically for polar DA cycloadditions [29] where
one of the reactants is charged. In the case of the [4 + 1+] polar cycloaddition, the
removal of one electron from the dieneophile leads to a radical cation reaction with
strong activation. Consequently, an aromatic transition state cannot be formed and
instead a two-step mechanism has been suggested to be favoured [30, 31, 32]. This would
allow both conformers to participate in the formation of the cycloadduct with significant
rates. For this reason, information about the reaction mechanism could be obtained
from studying the individual chemical reactivities of the s-cis and s-trans conformers
of the diene. Under typical ambient conditions at room temperature and in solution,
however, the conformers of dienes can often transform into each other by thermal rotation
about the central bond of the 4π system. Hence, their isolation and separate chemical
characterisation have remained elusive.

Besides synthetic chemistry, the understanding of ion-molecule reactions is also crucial
to unravel the life cycle of organic compounds in the atmosphere and in space [54, 146,
55], where harsh conditions affect the reaction pathways. An abundance of organic
compounds has been identified in the atmosphere of Saturn’s moon Titan [165, 148], e.g.
propene [166] and diacetylene [147], which shields the lower atmosphere from ultraviolet
(UV) radiation of the sun and has been shown to photochemically react to form larger
cyclic hydrocarbons through polar cycloaddition [167, 168].

A promising route for the investigation of ion-molecule reactions in a controlled en-
vironment has recently been established with experiments combining molecular beams
[6, 7] with trapped and Coulomb-crystallized molecular ions [8, 9]. Molecular beams gen-
erated by supersonic expansions allow molecular vibrations and rotations to be cooled to
very low temperatures, such that molecular conformations are preserved. Recently, the
use of inhomogeneous electrostatic fields has enabled the spatial separation of different
molecular conformations and rotational states based on their different electric dipole mo-
ments [10, 15]. Directing such a controlled molecular beam at a reaction target of trapped
ions has enabled kinetic and mechanistic studies of individual conformers of aminophe-
nol with Ca+ ions [13], as well as nuclear-spin-selected water molecules with diazenylium
ions (N2H+) [21]. These studies delivered experimental evidence that, for simple sys-
tems, reaction-rate constants can indeed strongly depend on molecular conformation or
rotational states under single-collision conditions.

Here, we leverage these methods to investigate a complex organic reaction in the gas
phase. We study the [4 + 1+] cycloaddition of individual molecular conformations of
2,3-dibromobuta-1,3-diene (DBB) with ionic propene (C3H+

6 ) to form the 1,2-dibromo-
4-methyl-cyclohexene radical cation (Fig. 8.1a) as a prototypical polar cycloaddition re-
action. DBB exists in an apolar s-trans and a polar gauche conformation the successful
electrostatic separation of which we recently reported in Ref. [33]. In conformer-specific
reaction experiments reported here we find that both the gauche as well as the s-trans
conformer exhibit capture-limited reaction rate constants of comparable magnitude to-
wards propene ions. The observation of a faster reaction rate of the gauche conformer can
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be traced back to its stronger long-range interaction with the ion. This finding implies
the absence of a potential energy barrier due to transition states for either conformer, in
agreement with ab-initio calculations, and implies the existence of an efficient stepwise
reaction pathway competing with the canonical concerted mechanism.

8.2 Results

8.2.1 Experimental setup

The experimental setup is shown in Fig. 8.1b. An internally cold beam of the neutral
diene DBB in neon carrier gas was prepared by a pulsed supersonic expansion (see chap-
ter 2 and ref. [21]). The collimated beam passed through an electrostatic deflector where
a strong electric field gradient induced a spatially varying Stark-energy shift [6] in polar
molecules. This resulted in a vertical force applied to the polar gauche-DBB species
(dipole moment µgauche = 2.3 D, cf chapter 5) which was deflected from the original
beam axis in contrast to the unpolar s-trans-DBB conformer (µtrans = 0) which were not
perturbed.

The conformer-selected molecular beam was then directed at a linear-quadrupole
ion trap (LQT) which contained a Coulomb crystal of laser-cooled Ca+ ions [9], the
fluorescence of which was imaged onto a charge-coupled device (CCD) camera (Fig. 8.1c).
The Ca+ Coulomb crystal served as a reservoir to sympathetically cool propene+ ions
and other product ions formed during the reaction [17, 9].

The Coulomb crystals formed a stationary target for the DBB molecular beam. By
vertically tilting the molecular beam apparatus, different parts of the DBB beam were
overlapped with the ions in the trap, entailing reactions with samples of different com-
positions of the gauche and s-trans conformers of DBB. This allowed us to study the
influence of the DBB conformation on the cycloaddition kinetics taking place in the ion
trap. The reaction kinetics are measured by ejecting the trapped reactant and product
ions into an integrated time-of-flight mass spectrometer (TOF-MS).

8.2.2 Conformer separation of DBB

We first characterised the molecular beam of DBB by measuring its density profile along
the vertical deflection axis, yielding a deflection profile. For this purpose, the DBB
molecules were ionised with a vacuum-ultraviolet (VUV) radiation source at the centre
of the ion trap and subsequently ejected into the TOF-MS to determine the ion num-
ber. Fig. 8.2a shows the beam-density profiles obtained as a function of the deflection
coordinate y measured with deflection off (deflector voltage 0 kV) and deflection on (de-
flector voltage 13 kV). The undeflected beam (grey symbols in Fig. Fig. 8.2a) containd
a 1:3.3 mixture of the gauche and s-trans conformers of DBB, respectively, set by the
thermal equilibrium in the room temperature reservoir from which the molecular beam
emanates [33]. Switching on the deflector separated the polar gauche conformer from
the apolar s-trans conformer which leads to the appearance of a shoulder in the beam
profile towards larger deflection coordinates (purple symbols in Fig. 8.2a). The data are
well reproduced by Monte-Carlo trajectory simulations of the molecular beam (lines in
Fig. 8.2a) assuming a rotational temperature of 1 K and independently measured beam
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velocity vbeam = 843(58) m/s [33]. These results confirm that electrostatic deflection
generated regions with almost pure s-trans and pure gauche conformer population at
low and high deflection coordinates, respectively. We used the simulations in order to
determine the conformer populations as a function of deflection coordinate (see Fig. 8.2b)
and identify four positions, marked I–IV in Figs. 8.2a and b, that corresponded to DBB
samples with populations pt of the s-trans conformer ranging from 1 to 0, respectively.
Position II refers to the undeflected molecular beam (deflector voltage 0 kV) containing
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Figure 8.1: Overview of the experiment. a, Scheme of the polar cycloaddition
reaction between the gauche and s-trans conformers of DBB with propene ions, each
exhibiting a different reaction rate constant kg and kt, respectively. b, Schematic of
the experimental setup. The two conformers of DBB are separated by electrostatic
deflection in a molecular beam and directed at an ion trap holding the propene ions.
Reaction kinetics are measured by ion extraction into a time-of-flight mass spectrom-
eter (TOF-MS). c–e, Fluorescence images of laser-cooled Ca+ Coulomb crystals at
different stages of the experiment: c shows the initial, pure Ca+ crystal, d shows
an image after loading propene ions by vacuum-ultraviolet (VUV) photoionization
of propene, and e is a typical image obtained after the reaction with DBB. Arrows
indicate regions where ions heavier than Ca+ accumulate in the trap.
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Figure 8.2: Conformer-specific reaction rate constants. a, Measurement of the
DBB beam-density profile along the deflection coordinate for deflector voltages 0 kV
and 13 kV. The experimental data (symbols) are in good agreement with Monte-Carlo
trajectory simulations (lines) which show the separation of the two conformers. b,
Populations of the conformers as a function of deflection coordinate in the molecular
beam obtained from the trajectory simulations. c, Reaction kinetics measured in
terms of the propene ion concentration (normalised to its initial value) as a function
of reaction time for the four positions I–IV marked in a, b and a background mea-
surement (BG). The exponential decay of the propene-ion concentration implies a
bimolecular reaction with pseudo-first-order kinetics. d, Bimolecular rate constants
extracted from the pseudo-first-order rate-constant measurements as a function of
the s-trans-conformer population. The line is a linear fit. Error bars correspond to
the standard deviation of three independent measurements.

a thermal mixture of the conformers (pt = 0.77). At positions I and IV, almost pure
samples of s-trans and gauche-DBB were obtained.

8.2.3 Reaction rate measurements

Exploiting the control over the molecular conformation of DBB, we perform reaction
experiments at the molecular beam positions I–IV targeting the ion Coulomb crystal. The
experimental sequence started by loading a Coulomb crystal of about 103 laser-cooled
Ca+ ions into the LQT. Then, propene ions were loaded into the trap by leaking propene
gas into the vacuum chamber at a partial pressure of 3 × 10−9 mbar and photoionising
propene molecules by VUV radiation at 118 nm. Due to their larger mass, the propene
ions localised at the extremities of the Ca+ crystal as evidenced by a change of shape of
the Ca+ crystal (Fig. 8.1d).

The reaction between the propene ions and the DBB molecules was initiated by
switching on the pulsed molecular beam. After a variable reaction time, the molecular
beam was switched off and the ions were ejected into the TOF-MS to determine the
number of remaining propene ions. To discriminate between Ca+ (mass 40 u) and C3H+

6

(mass 42 u), the TOF-MS was operated in a high-resolution mode with limited mass
range [61]. A typical Ca+ fluorescence image after reaction is depicted in Fig. 8.1e,
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showing a slight reduction of the number of Ca+ ions and a spatial rearrangement of the
crystal due to trapped product ions.

Fig. 8.2c shows measurements of C3H+
6 ion counts after reaction with DBB at the

four molecular beam configurations I–IV as a function of reaction time. To account for
loss of propene ions due to collisions and reactions with background gas, we also recorded
a background data set for each molecular-beam configuration where the beam is adjusted
such that it does not hit the Coulomb crystal. One exemplary background measurement
is shown as the grey data points in Fig. 8.2c. Loss of propene ions due to collisions with
neon from the molecular beam was found to be negligible. All reaction measurements
exhibited an exponential decay of the number of propene ions with time which implies
the validity of a pseudo-first-order rate law for the bimolecular reaction, as expected for
a constant DBB density replenished by the molecular beam. In particular, this means
that reaction of trapped propene ions with products of the reaction does not occur.

The pseudo-first order rate constants k̃i at each beam position i = I, . . . , IV, were
obtained from a fit of an exponential decay function to the data and subtraction of the
corresponding background rate constant. Bimolecular rate constants ki = k̃i/ni were
calculated using the DBB beam densities ni determined from the relative beam density
profile measurement of Fig. 8.2a and an independently measured absolute DBB density
of navg = 3.9(5)× 106 cm−3 at y = 0 and deflector voltage 13 kV (see section 2.4.4.2).

8.2.4 Conformer-specific rate constants

The bimolecular rate constant for the depletion of propene ions via the reactions Fig. 8.1a
can be modelled as a linear combination ki = pg,ikg + pt,ikt of the rate constants kg/t of
the individual gauche/s-trans-conformers, respectively. The weighting factors pg/t,i are
the respective conformer populations at molecular beam position i. Fig. 8.2d shows the
measured bimolecular rate constants ki as a function of the s-trans population pt obtained
from the Monte-Carlo trajectory simulations (Fig. 8.2b). The solid line is a least-squares
fit using the above linear model for ki and achieves good agreement with the experimental
data within the error bars. The fit yields the bimolecular reaction rate constants kg =
2.4(5) × 10−9 cm3s−1 for the gauche-conformer and kt = 1.3(6) × 10−9 cm3s−1 for the
s-trans-conformer, which implies a relative difference r = 2(kg − kt)/(kg + kt) = 0.6(1)
by which the gauche-conformer reacts faster than the s-trans-conformer.

8.2.5 Reaction products

To gain information about the products of this reaction, we recorded mass spectra at
low resolution for a wide mass range of the trapped ions after 2 minutes reaction time.
This measurement was performed in configuration II where the largest beam density
enabled faster data acquisition. The full mass spectrum, averaged over 50 experiments,
is depicted in Fig. 8.3a. Due to a combination of the strong exothermicity of the reaction
(≈ 60 kcal/mol) and the constant presence of visible and near-ultraviolet laser light used
to cool Ca+, both of which are likely to promote fragmentations, only fragments of the
cycloadduct (254 u) could be observed. This is consistent with the behaviour observed
in radical cation reactions of similarly sized systems as described in,e.g., Ref. [31]. The
dominant peak due to Ca+ (40 u) was used for calibration of the mass spectra. An
expanded view of the product fragment spectrum is displayed in Fig. 8.3b along with a
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comparison with control experiments either without propene ions in the trap (negative
blue trace) or without DBB in the molecular beam (negative grey trace) under otherwise
identical conditions. The mass spectrum can be grouped into several bands labelled with
capital letters A–F. The bimodal structure of the peaks in the mass spectrum results from
ions heavier than Ca+ forming extensive shells around the Ca+ Coulomb crystal, so that
they feel different extraction fields at different locations in the trap when accelerated into
the TOF-MS. The exact position and shape of the signals in the TOF-MS is therefore
sensitively dependent on the shape and composition of the multicomponent Coulomb
crystals. The assignment of the signals in the TOF-MS to specific molecular compounds
was therefore based on detailed molecular dynamics (MD) simulations of the ejection of
the mixed species Coulomb crystals into the TOF-MS (cf. section 2.3.5).

MD simulations of a Coulomb crystal consisting of 500 Ca+ ions (mass 40 u) and 20
ions of each of the masses 42 u (C3H+

6 ), 50 u, 51 u, 52 u, 57 u, 72 u, 79 u, 92 u and
120 u was performed2. A comparison of the experimental data with the simulation is
shown in Fig. 8.4. The simulated TOF signals are shown in different colours to highlight
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Figure 8.3: Reaction product mass spectra. a, Overview time-of-flight mass
spectrum acquired over a large mass range showing a strong signal for Ca+ at 40 u
and several product fragments. No signal could be detected at the expected mass of
the cycloadduct at 254 u due to fragmentation. b, Magnified view of the mass range
showing the product fragments (top trace) and comparison with control experiments
in which either propene ions or DBB were absent from the experiment (lower inverted
traces). The spectrum consists of several bands A–F corresponding to different
fragments of the cycloadduct, see text for details.

2MD simulations were performed by L. Xu.
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the contribution from each mass. A global offset was added to the time-of-flight of the
simulated spectrum in order to match the location of the Ca+ peak in the experimental
data. An overall good agreement between experiment and simulation is obtained. In
particular, the simulated splittings of the individual mass signals are well reproduced
in the measured TOF spectra. Small differences in the splittings and positions of the
peaks in the simulation are attributed to different sizes and compositions of the Coulomb
crystal in the experiment and simulations and to the presence of additional heavy ion
species which are not accounted for in the simulations. The good agreement between data
and simulation allows the assignment of the mass bands A–F in Fig. 8.3b to different
molecular compounds (see table 8.1).

The first two bands A and B are attributed to C4H+
n (50–52 u) and CaOH+ (57 u),

respectively, which are also present in the control experiments. This shows that C4H+
n

fragments are formed due to reactive collisions between Ca+ and DBB. Similarly, the

12 14 16 18 20 22 24
TOF ( s)

2

1

0

1

2

C
o
u
n
ts

 (
a
rb

. 
u
.)

42 u

79 u 92 u

40 u

50 u
51 u
52 u

57 u 72 u 120 u

40 50 60 70 80 90 100 110 120 130
m/z

A B C D E F

Figure 8.4: Comparison of experimental and simulated TOF mass spectra.
The positive curve shows an experimental spectrum while the inverted trace shows
a simulated spectrum for 500 ions with mass 40 u and 20 ions of each of the masses
42, 50,51,52, 57, 72, 79, 92 and 120 u, highlighted in different colours. The bands
A–F correspond to those of Fig. 8.3b.

Table 8.1: Assignment of molecular compounds to the TOF bands based on the MD
simulation.

Label Assigned masses (u) Possible compounds
A 50,51,52 C4H+

n , n=2,3,4
B 57 CaOH+

C 66 C5H+
6

D 72 CaO+
2

D 78, 79 C6H+
n , n=6,7

E 92 C7H+
8

F 119, 121 CaBr+

114



Chapter 8. Conformer-specific polar cycloaddition of gauche- and s-trans-DBB with
trapped propene ions

band F is assigned to CaBr+ (119 u and 121 u) which is also formed in the control
experiment where C3H+

6 is absent. CaOH+ is likely formed in a reaction of the Ca+ ions
with residual H2O background gas in the vacuum chamber.

Masses of the product fragments of the reaction of DBB with the propene ions appear
in the bands C,D and E. To explain the observed fragments, we propose fragmentation
pathways as displayed in Fig. 8.5. The fragmentation of substituent groups from unstable
products of radical cation reactions, such as -H, -CH3 and even CH3OH, have been
observed before for a range of gas phase reactions [31, 168, 169, 170, 171]. A possible
fragmentation scheme of the primary cycloadduct of the title reaction (Fig. 8.1a) is
shown in Fig. 8.5. In the first step of the proposed mechanism, a protonated toluene
ion is formed through Bromine loss, which is the branching point for three subsequent
fragmentation pathways. The protonated toluene ion has been observed to fragment
by either hydrogen loss, forming a toluene fragment (92 u), or through elimination of a
methyl group, forming a benzyl fragment (78 u) [172, 173, 174]. Alternatively, a skeletal
rearrangement, possibly involving the tropylium ion, followed by elimination of an ethyl
group could result in the formation of a five-membered ring (66 u)[175, 176, 177].

The strongest signal of Fig. 8.3b is observed in band E and can be attributed to a
C7H+

8 (92 u) fragment of the cycloadduct C7H10Br+
2 , after removal of the two bromines

and two hydrogens. Band D has a more complicated structure and is likely explained by
the presence of C6H+

6 (78 u) and C6H+
7 (79 u). We note that a Br+ signal is absent in the

control experiments, but impurities, potentially due to CaO+
2 [64], appear towards lighter

masses. Finally, band C is consistent with the fragment C5H+
6 (66 u) which is formed by

rearrangement and abstraction of C2H2 from a C7H+
10 (94 u) intermediate. The gradual

decrease of signal intensity with decreasing mass from bands E to C could also point
to a slow stepwise fragmentation under abstraction of CHn groups. In summary, the
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- H

- C2H4

- 2HBr

HH

m/z = 92
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Figure 8.5: Proposed fragmentation channels of the cycloadduct of the
reaction of DBB with propene ions. The masses highlighted in purple are
observed in the TOF mass spectrum Fig. 8.3b.
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observation of all of these fragments strongly suggests that the DA cycloadduct is indeed
formed in the reaction of DBB and propene ions.

8.3 Discussion

Our experimental data show a strong reactivity of the propene ions with both conformers
of DBB. A pronounced enhancement of the reaction rate is observed if DBB is present in
the gauche conformation. In order to understand the origin of this difference in reactivity,
quantum chemical calculations of the potential energy surface (PES) of this reaction were
performed3 using density functional theory [96] (Fig. 8.6a). Contrary to the experiment,
this calculation was done for the reaction DBB+ +C3H6 with a charge on DBB instead of
propene. Since propene has a larger ionization potential than DBB (cf. Table 4.1), this
corresponds to the ground state PES. It is thus likely, that the experimentally studied
reaction DBB+C3H+

6 , with 10.5 kcal/mol higher reactant energy, first undergoes a charge
exchange and then proceeds on the DBB+ + C3H6 PES. Whether this is indeed the case
is still under investigation.

The ground-state PES in Fig. 8.6a shows multiple reaction pathways for either con-
former. For gauche-DBB, there are two direct, barrierless pathways via the concerted
M1+ configuration to the endo and exo forms of the cycloaddition product. There is
also a stepwise pathway that joins with the pathway for the s-trans conformer at the
intermediate INT+. From INT+, the products are reached via a submerged energy bar-
rier, either via a transition state TS+ or via M1+. In the s-trans pathway, isomerization
from the s-trans to the gauche form of butadiene occurs from INT-tr+ to INT+ without
a significant barrier.

On these grounds, it can be concluded that two reaction pathways compete: a con-
certed one for the gauche conformer, and a stepwise one for the s-trans species. While
the former seems barrierless, the latter exhibits a transition state which, however, is sub-
merged by ≈ 25 kcal/mol with respect to the energy of the reactants. Hence, it can be
expected that this saddle point will not constitute a significant dynamic bottleneck for
the reaction so that also the s-trans pathway can effectively regarded to be barrierless.

Motivated by these findings, the reaction kinetics were modelled using rotationally
adiabatic quantum capture theory for barrierless ion-molecule reactions [56, 58]. Within
this framework, it is assumed that due to the absence of a barrier the reaction proceeds
with unit probability (Fig. 8.6a), such that its overall rate is governed by the long-range
interaction between the ionic and neutral collision partners. Figs. 8.6b and c show rota-
tionally adiabatic, centrifugally corrected long-range interaction potentials for collisions
of C3H+

6 with gauche- and s-trans-DBB, respectively. They include the coupling of the
ionic charge to the induced and permanent dipole moments of the neutral counterpart.
The three sets of curves correspond to different values of the total collisional angular
momentum quantum number J which gives rise to a centrifugal energy barrier. The
individual curves for each value of J correspond to all rotational quantum states of DBB
with rotational angular momentum quantum number j = 4, which is calculated to exhibit
the strongest population in the molecular beam.

Within the formalism of Refs. [56, 58] (cf. section 1.4.3), unit reaction probability is

3The density functional theory calculations were performed by U. Rivero.
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Figure 8.6: Theoretical potential-energy profile of the reaction and long-
range ion-molecule interaction potentials. a Potential-energy profile of the
polar cycloaddition of DBB with C3H+

6 showing a concerted reaction pathway for
the gauche conformer and a stepwise mechanism for the s-trans species. Dashed
(dotted) lines belong to pathways with (without) an energy barrier. b,c Rotationally
adiabatic, centrifugally corrected long-range interaction potentials for the reaction
of s-trans- (b) and gauche-DBB (c) with propene+ for different values of the total
collisional angular momentum quantum number J . Each value of J comprises a
set of lines corresponding to all rotational states of DBB with rotational angular
momentum quantum number j = 4, which has the highest thermal population. The
collision energy Ecoll is drawn as the black horizontal line and the grey-shaded areas
show its experimental uncertainty.

assigned to any collision with J < Jmax, where Jmax is the maximum angular momentum
quantum number for which the centrifugally corrected interaction energy does not exceed
the experimental collision energy Ecoll = 124(17) meV (black solid line in Figs. 8.6b,c).
The plots show that the centrifugal barrier grows faster with J for s-trans-DBB than for
gauche-DBB such that the maximum collisional angular momenta for a reactive encounter
are Jmax,t ≈ 308 and Jmax,g ≈ 427, respectively, implying a larger cross-section σ ∝ J2

max

[58] for gauche-DBB. For the lowest values of J , one notices a steeper slope of the
ion-molecule potential for gauche-DBB. This points to a stronger attractive interaction
between the ion and the permanent dipole of gauche-DBB as opposed to the apolar
s-trans conformer and explains the observed difference in conformer-specific reaction
rates. Also, the rotational quantum state of DBB is found to affect the polar gauche
conformer more strongly than the unpolar s-trans conformer. As a result, AC theory
predicts bimolecular rate constants of kAC,g = 2.44× 10−9 cm3s−1 for gauche-DBB and
kAC,t = 1.26× 10−9 cm3s−1 for s-trans-DBB, in very good agreement with the measured
values. The calculated relative difference of reaction rates between the gauche and s-trans
conformers is rAC = 0.64 and agrees well with the experimental value r = 0.6(1).
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8.4 Conclusion

In conclusion, we have presented experiments that probe the chemical reactivity of in-
dividual molecular conformers of 2,3-dibromobutadiene in a prototypical polar cycload-
dition reaction with propene ions. The current study represents the first application of
using conformationally controlled molecular beams and ion-trap methods to the study
of complex organic reactions under single-collision conditions in the gas phase. Our
measurements show that both the gauche as well as the s-trans conformers of DBB ex-
hibit capture-limited rate constants, in contrast to the canonical Diels-Alder mechanism
in which only the gauche conformer is expected to react in a concerted reaction path-
way. The almost twofold larger rate constant for the gauche as compared to the s-trans
conformer could be explained by the attractive long-range ion-dipole interaction of the
former with the propene ions, in very good agreement with a theoretical modelling by
an adiabatic capture model.

The fact that both conformers of DBB exhibit capture-limited reaction rates towards
propene+ means that energy barriers along the reaction coordinate, that would indicate
the presence of a pericyclic transition state, are absent or negligible. This is consistent
with the established knowledge that polar cycloadditions proceed much faster than their
neutral counterparts [31, 28] and thus provide efficient routes in synthetic chemistry
[30]. The observed strong reactivity for both molecular conformations of the diene in
conjunction with quantum-chemical calculations strongly suggests the existence of an
efficient stepwise pathway for the cycloaddition.

Our experimental setup represents a unique platform to probe chemical kinetics
and dynamics with individual molecular conformers and isomers in fundamental organic
model systems. In combination with precise spectroscopic tools, this capability opens up
a wide range of opportunities for the investigation and validation of reaction mechanisms.

118



9

Conclusion and Outlook

In this thesis, the reaction kinetics of rotational-state-selected and conformer-selected
neutral molecules with sympathetically cooled molecular ions were explored successfully.
By sending an internally cold molecular beam through an electrostatic deflector, spatial
separation of these molecules according to their effective dipole moment was achieved.
This enabled the preparation of molecular beams with selected molecular conformers or
rotational states. To study their individual chemical reactivity, this controlled molecular
beam was directed at a stationary reaction target of Coulomb-crystallized ions in an
ion trap. The resulting reaction kinetics and reaction products were analyzed using a
high-resolution time-of-flight mass spectrometer coupled to the ion trap.

In a first experiment, the proton-transfer reaction of the spatially separated para-
and ortho-water in their absolute rovibrational ground states with trapped and sym-
pathetically cooled ionic diazenylium ions (N2H+) was investigated. A 23(9)% larger
reaction rate constant for the para nuclear-spin isomer was measured. This was found to
be in quantitative agreement with a modelling of the reaction kinetics using rotationally-
adiabatic capture theory. Hence, the larger chemical reactivity of para-water could be
attributed to the smaller degree of rotational averaging of the ion-dipole long-range in-
teraction compared to the ortho-species. This is a consequence of the generalized Pauli
principle, which imposes that the ground state of ortho-water is rotationally excited,
while that of para-water is the absolute rotational ground state.

To investigate more complex organic ion-molecule reactions in the gas-phase, a VUV
light source was implemented for soft photoionization of larger molecules without frag-
mentation. VUV ionization was used to verify the electrostatic deflection of the gauche-
and s-trans-conformers of DBB in a molecular beam, as predicted by quantum-chemical
calculations, and paved the way for conformer-selected reaction studies.

Subsequently, the conformer-selected molecular beam of DBB was employed for re-
action experiments with trapped and laser-cooled Ca+ ions. In this experiment, next to
the molecular conformation of DBB, also the electronic state populations of Ca+ could
be controlled by virtue of the cooling and repumping laser settings. Rate measurements
of DBB with the laser-driven Ca+ ions revealed different kinetics for the two conform-
ers. Ca+ was found to react with gauche-DBB predominantly from its excited electronic
states, whereas the reaction from the ground state was found to be inhibited. For s-
trans-DBB, a capture-limited rate constant was measured regardless of the electronic
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state of Ca+. These results demonstrate a strong conformational effect at the level of
the short-range ion-molecule potential energy surface, even though the reaction involves
a highly activated radical cation.

Finally, by loading propene ions into the ion trap, a prototypical [4 + 1+] polar
cycloaddition reaction with conformer selected DBB could be investigated. This exper-
iment represents the first application of conformationally controlled molecular beams
and ion-trap methods to the study of complex organic reactions under single-collision
conditions in the gas phase. The measurements showed that both conformers exhibit
capture-limited reaction rates. An almost twofold larger rate constant for the polar
gauche conformer resulted from its stronger long-range interaction with the ion. The
observed strong reactivity for both molecular conformations of the diene in conjunction
with quantum-chemical calculations strongly suggests competing concerted and stepwise
pathways for the polar cycloaddition.

Looking forward, there are a lot of opportunities for refinement of the experimental
apparatus as well as new reactions to explore. Detection of product and reactant ions
via TOF-MS is a key ingredient to reaction kinetics experiments with Coulomb crystals.
Consequently, implementing a high-resolution TOF-MS that acts over a wide bandwidth
is crucial for the success of this approach. In the experiments presented here, high mass-
resolution was only available in a narrow mass window [61]. Following recent technical
advances [71], applying higher voltages on the LQT end caps during the ion extraction will
enable the required high-resolution to detect product ions in a wide mass range. This will
lead to a significant improvement of signal-to-noise and facilitate product identification,
such that the entire kinetics involving possible intermediates can be traced throughout
the reaction [62].

Another improvement of the experimental setup, that is currently being undertaken,
is the implementation of a dual-valve system for the molecular beam apparatus. This
enables the rapid interchange between two molecular beams with distinct species such
that the conformers of both reactants in an ion-molecule reaction can be controlled. By
electrostatic deflection, individual molecular conformers from the first beam can selec-
tively be ionized and loaded into the ion trap. Subsequently, they can be reacted with
another selected neutral conformer of the second beam. With this technique, a signif-
icantly broader class of organic ion-molecule reactions can be investigated under con-
trolled conditions. Alternatively, rovibrational-state-selective ionization [178, 179, 15] or
conformer-selective ionization [13] can be used for control over the internal state of the
ionic reaction partner.

An interesting molecule for future experiments is methyl vinyl ketone (MVK, IUPAC:
But-3-en-2-one) which exists in two stable conformations: a syn-periplanar (sp, cis dou-
ble bonds) and an anti-periplanar (ap, trans double bonds) conformer [180] (see Fig. 9.2).
MVK is known for its utilization in the synthesis of steroids [23]. It also appears as one
of the Criegee intermediates in the ozonolysis of isoprene, the second most abundant
volatile organic compound in earth’s atmosphere, and is believed to be a major source
of highly reactive hydroxyl radicals (OH) [181, 180, 182, 183]. The two conformers of
MVK exhibit different dipole moments making them suitable for electrostatic separa-
tion. The dipole moments are µe = 3.91 D for ap-MVK and µe = 3.26 D for sp-MVK
[180]. Despite the fairly similar dipole moments, the two conformers can be separated
by electrostatic deflection, as simulated deflection profiles presented in Fig. 9.1a show.
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Figure 9.1: Simulation of eletrostatic deflection for MVK. a, Deflection profile
simulation for MVK at a rotational temperature of 1.5 K for two deflector voltages
of 0 and 15 kV. b, rotational state populations for sp- and ap-MVK. c, individual
contributions of the rotational states j to the deflection profile of ap-MVK.

The simulation assumed a beam velocity of 1800 m/s, corresponding to a supersonic
expansion in He. At room temperature (298 K), the thermal populations are 31% for
the sp-conformer and 69% for the ap-conformer. The simulation shows that ap-MVK is
more strongly deflected than sp-MVK, resulting in regions of pure beams of ap-MVK.
Assuming similar conditions as for DBB (cf. chapter 5), the simulations were done at
a rotational temperature of 1.5 K, at which only rotational states up to j = 5 are sig-
nificantly populated (Fig. 9.1b). The individual contributions of the rotational states to
the deflection profile are displayed in Fig. 9.1c, showing that only states with low values
of j are significantly deflected. A similiar behaviour was observed for sp-MVK. These
simulations demonstrate that beams with well known ratios of the two conformers can be
obtained making this molecule a good candidate for future studies of conformer-selective
reactions.

One possible application is the study of a heterogeneous Diels-Alder cycloaddition, in
which a ring is formed that contains a non-C member. Here, MVK could be be reacted
with either MVK or propene ions (Fig. 9.2). In both cases VUV could be employed to
ionize the dienophile species for loading into the ion trap.

O R

O

R

R = -CH3, -COCH3

O

sp
(μ = 2.68 D)

ap
(μ = 3.22 D)

Figure 9.2: Possible reactions of MVK with MVK or propene ions.
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Another important aspect of the Diels-Alder cycloaddition that could be easily stud-
ied in the curent setup is the stereospecificity of the dienophile [22]. An interesting
example would be the reaction of cyclopentadiene with a symmetrically disubstituted
dienophile (see Fig. 9.3). Here, -X would preferably be an electron-withdrawing sub-
stituent like e.g. -CN or -CO.

X

X

X

X
X

X

X

X

cis trans

Figure 9.3: Stereospecific reactions of cyclopentadiene with cis and trans disub-
stitued dienophile.

With the present setup, a corresponding ion-molecule reaction could be studied where
either the diene or the dienophile is ionized prior to reaction. Electrostatic deflection
could be used to select either of the two conformers of the dienophile. Instead of cy-
clobutadiene, also conformer-selected gauche-DBB could be used.

Finally, one could explore the sterespecificities of cheletropic cycloadditions such as
the reaction of butadiene with SO2 (see Fig. 9.4). In this type of cycloaddition, the diene
forms two new bonds to the same atom of another reactant molecule, here SO2. This
example is similar to the ion-molecule reaction DBB + Ca+ investigated in this work,
which was observed to exhibit strong conformation-dependent kinetics.

SO2 SO2+

Figure 9.4: Cheletropic cycloaddition of butadiene with SO2.
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A

Appendices

A.1 Water

Molecular parameters of water: Table A.1 shows molecular parameters of water
the used in the adiabatic-capture calculations.

Table A.1: Molecular parameters of water [184].

Rotational constants A 27.88071 cm−1

B 14.52181 cm−1

C 9.27773 cm−1

Reduced mass µ 11.11533 u
Dipole moment µe 1.85 D
Polarisability volume α 1.45Å3

Higher excited rotational states of water: The REMPI spectrum in Fig. 2.9 shows
a weaker transition at 80664 cm−1 which could indicate the population of the higher
excited rotational state |110〉 in the molecular beam. To assess a possible contribution
of higher rotational states to the deflection profiles, Fig. A.1 shows simulations of a
deflected beam at a rotational temperature of 30 K at which the |110〉 and |111〉 states
are significantly populated. The Stark shifts and effective dipole moments of these states
are shown in Figures 2.6 b and d, respectively. In particular, these states exhibit low-
field seeking Stark components which manifest themselves as shoulders in the deflection
profile at negative deflection coordinates. As can be seen in Figures A.1, the experimental
deflection profile exhibits no such features. It can therefore be concluded that higher
excited rotational states do not play a significant role in the present experiments. In
particular, the measured reaction rate constants of chapter 3 predominantly reflect the
contributions from the ground states of para- and ortho-water.
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A.1. Water

Figure A.1: Comparison of the deflection profile at 15 kV measured by fs laser ion-
ization (purple circles) with a trajectory simulation at rotational temperature of 30
K (black solid line). At this temperature, the partly low-field seeking states 110 and
111 are significantly populated. The simulation predicts a shoulder appearing at neg-
ative deflection coordinates. This is not observed in the experiment indicating that
these higher rotational states are not significantly populated. Error bars correspond
to one standard error.
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Appendix A. Appendices

A.2 VUV ionization
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Figure A.2: TOF-MS of Acetone and cyclohexane measured by VUV ion-
ization. Leaked acetone signal and residual propene and cyclohexane signal from
the molecular beam.
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A.3. NMR spectra of DBB

A.3 NMR spectra of DBB
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Figure A.3: Analysis. 1H NMR analysis of the reactant 1,2,3,4-tetrabromobutane
(bottom) and the product 2,3-dibromobuta-1,3-diene (top).
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