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ABSTRACT

Dispersion forces are a well known form of attractive interaction but are often neglected as they are considered too weak for any practical use in organic
synthesis or catalysis. Although weak in nature dispersion interactions are
ubiquitous and in large systems can contribute significantly to their stability.
We used the threshold collision induced dissociation (T-CID) method to investigate the stabilizing effect of dispersion interactions on bond dissociation
energies (BDEs) of pyridine dimers in the gas phase. Part of the T-CID measurements was done with a 90°-bent octopole which was developed to adapt
a commercial triple quadrupole mass spectrometer for the T-CID experiment.
The first half of the thesis thus deals with the design, construction and testing
of the bent octopole. After several iterations a design based on a combination
of a 3D-printed scaffold and preshaped copper rods proves successful.

The second half of the thesis deals with the design and measurements
of the dispersion stabilized pyridines. Several dispersion-stabilized protonbound pyridine dimers were successfully measured showing that the stabilization can reach up to 10 kcal mol−1 . The experimental BDEs, however, do not
agree with quantum-chemical calculations. The discrepancy is addressed by
several experimental tests. At first, an attempt is made to prepare large pyridine dimers with no stabilization as these are expected to give BDEs close to
that of bare pyridine (approx. 25 kcal). This is done to test the validity of the
L-CID program, which deconvolutes the BDEs from the experimental data, for
use with large systems. Four large meta-substituted pyridines are measured
and all give a BDE around 35 kcal mol−1 . These unexpected results are later
resolved by finding more stable conformers in which the pyridines were rather
stacked than N H N bound. The BDEs of the stacked conformers agree with
the computations for three out of four meta-substituted pyridines. For one of
the pyridines the presence of the stacked conformer in the gas phase is even
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confirmed by cryogenic ion vibrational predissociation (CIVP) spectroscopy.

We then turn our attention to a different experimental test in which we
prepare a set of four silver-bound pyridines with substituents of varying size
in the para position. Biscoordinated complexes of silver cation are known to
be linear and bind more strongly than the proton-bound dimers. This should
ensure that no dispersion stabilized conformer is more stable than the linear
one. All four dimers indeed give a similar BDE of 45 kcal mol−1 . This shows
that the increasing size and number of degrees-of-freedom does not affect the
deconvolution of BDEs in L-CID.
Finally, we use a CID competition experiment in which on of the dispersionstabilized pyridines dimers is substituted with a CH2 ONO group, so the
N H N cleavage now has to compete with the loss of NO · . The CID of the
substituted pyridine shows only the N H N bond must be thus weaker than
the N O cleavage, which is known from literature to be about 42 kcal mol−1 .
This finding is in stark contrast with the coupled-cluster (DLPNO-CCSD(T))
prediction of 40 kcal mol−1 for the N O bond and 46.4 kcal mol−1 for the
N H N bond.
In summary, we find that dispersion interactions can become surprisingly
strong, outcompeting even hydrogen bonding, which is often given as an example of a strong non-covalent interaction. The stacked conformations resolve the discrepancy for some of the pyridines, for several other pyridines
the discrepancy remains as there is no possibility for a lower lying conformer.
Some of the error might possibly come from the inadequate treatment of the
dispersion by the computational methods as indicated by the competition experiment.

ZUSAMMENFASSUNG

Dispersionkräfte sind eine bekannte Form attraktiver Wechselwirkungen, sie
werden jedoch häufig vernachlässigt, da sie für eine praktische Anwendung
in der organischen Synthese oder Katalyse als zu schwach angesehen werden.
Obwohl von Natur aus schwach, sind Dispersionswechselwirkungen allgegenwärtig und können in grossen Systemen erheblich zur Stabilität beitragen. Wir
haben die Threshold Collision Induced Dissociation (T-CID) verwendet, um
den Stabilisierungseffekt von Dispersionswechselwirkungen in der Gasphase
zu untersuchen. Ein Teil der T-CID-Messungen wurde mit einem um 90ř gebogenen Oktopol durchgeführt, der entwickelt wurde, um ein kommerzielles
Dreifach-Quadrupol-Massenspektrometer für das T-CID-Experiment anzupassen.
Die erste Hälfte der Arbeit befasst sich daher mit dem Entwurf, der Konstruktion und dem Testen des gebogenen Oktopols. Nach mehreren Iterationen hat sich ein Entwurf bewährt, der auf einer Kombination aus einem
3D-gedruckten Gerüst und vorgeformten Kupferstäben basiert.

Die zweite Hälfte der Arbeit befasst sich mit dem Design und den Messungen der dispersionsstabilisierten Pyridine. Es wurden mehrere dispersionsstabilisierte protonengebundene Pyridin-Dimere erhalten und erfolgreich gemessen,
was zeigt, dass die Stabilisierung bis zu 10 kcal mol−1 erreichen kann. Die experimentellen Bindungsdissoziationsenergien (BDEs) stimmen jedoch nicht
mit quantenchemischen Berechnungen überein. Die Diskrepanz wird durch
mehrere experimentelle Tests angegangen. Zunächst wird versucht, grosse
Pyridindimere ohne Stabilisierung herzustellen, da davon ausgegangen wird,
dass diese BDEs ergeben, die denen von nacktem Pyridin (ca. 25 kcal mol−1 )
nahekommen. Dies wird durchgeführt, um die Gültigkeit des L-CID-Programms
zu testen für die Verwendung mit grossen Systemen. L-CID ist ein Programm
zur Dekonvolvierung der BDEs aus den experimentallen Daten und war ursprünglich nur mit kleinen Systemen überpruft worden. Es werden vier grosse
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meta-substituierte Pyridine gemessen, die alle eine BDE von etwa 35 kcal mol−1
ergeben. Diese unerwarteten Ergebnisse werden später korrigiert, nachdem
stabilere Konformere gefunden werden, in denen die Pyridine eher gestapelt
als NHN-gebunden sind. Die BDEs der gestapelten Konformere stimmen mit
den Berechnungen für drei von vier metasubstituierten Pyridinen überein.
Für eines der Pyridine wird das Vorhandensein des gestapelten Konformers in
der Gasphase sogar durch kryogene Ionenvibrationsdissoziationsspektroskopie (CIVP-Spektroskopie) bestätigt. Wir wenden uns dann einem anderen ex-

perimentellen Test zu, in dem wir einen Satz von vier silbergebundenen Pyridinen mit Substituenten von unterschiedlicher Grösse in para-Position herstellen.
Biskoordinierte Silberkationenkomplexe sind bekanntermassen linear und binden
stärker als protonengebundene Dimere. Damit soll sichergestellt werden, dass
kein dispersionsstabilisierter Konformer stabiler als ein Lineares ist. Alle vier
Dimere ergeben tatsächlich einen ähnlichen BDE von 45 kcal mol−1 . Dies
zeigt, dass die zunehmende Grösse und Anzahl von Freiheitsgraden die Entfaltung von BDEs in L-CID nicht beeinflusst.
Schliesslich verwenden wir ein CID-Kompetitionsexperiment, bei dem eines
der dispersionsstabilisierten Pyridindimere mit einer CH2 ONO Gruppe substituiert ist, sodass die N H N Spaltung nun mit dem Verlust von NO · konkurrieren muss. Die CID des substituierten Pyridins zeigt nur, dass die NHNBindung somit schwächer sein muss als die NO-Spaltung, der Literturwert
liegt bei ca. 42 kcal mol−1 . Dieser Befund steht in krassem Gegensatz zur
Coupled-Cluster (DLPNO-CCSD (T)) von 40 kcal mol−1 für die NO-Bindung
und 46 kcal mol−1 für die NHN-Bindung.
Zusammenfassend stellen wir fest, dass Dispersionswechselwirkungen überraschend stark werden können, selbst wenn sie mit der Wasserstoffbindung,
die häufig als Beispiel für eine starke nichtkovalente Wechselwirkung angegeben
wird, in Konkurrenz stehen. Die gestapelten Konformationen lösen die Diskrepanz für einige der Pyridine auf, für einige andere Pyridine bleibt die Diskrepanz bestehen, da es keine Möglichkeit für einen tiefer liegendes Konformer
gibt. Ein Teil des Fehlers könnte möglicherweise auf die unzureichende Behandlung der Dispersion durch die im Wettbewerbsexperiment angegebenen
Berechnungsmethoden zurückzuführen sein.
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Part I
CONSTRUCTION OF BENT OCTOPOLE

1. INTRODUCTION

At the present time mass spectrometry (MS) is used mainly as an analytical
technique for structural elucidation and detection of both simple and complex
compounds ranging from single atoms to whole proteins. Somewhat in the
shadow of its analytical uses lies the ability of MS to help resolve mechanisms
of various chemical reactions or physical processes, e.g. the McLafferty rearrangement [1], protein folding [2], plasma confinement studies [3], etc. Such
studies are often carried out using coupled experimental setups, for example
quadrupole ion trap (QIT) interfaced with laser spectroscopy, time-of-flight
(TOF) analyzer and quadrupoles in the crossed beams experiments or combinations of drift tubes and various mass analyzers for ion mobility experiments. This is by no means an exhaustive list and many other combinations
exists. The broad range of applications is also facilitated by large variety of ion
sources, which allow to study ions of almost any size. Especially, the electrospray ionization (ESI) [4, 5] and matrix-assisted laser desorption ionization
(MALDI) [6, 7] techniques extended the mass range of ions suitable for gas
phase studies. Suddenly, it became possible to investigate large nonvolatile
species such as organometallic complexes or proteins.
Much of the insight often came simply from determining the elemental
composition and structure of the ions. This was aided not only by using higher
resolution mass analyzers such as Fourier transform ion cyclotron resonance
(FTICR) [8] or Orbitrap instrument [9], but also by dissociating the ions and
analyzing their fragments. The dissociations can be brought about in many
specific ways, which can be sorted into three categories based on the nature
of the collision partner that transfers energy to the ion. This partner can be
either a photon, an electron, a neutral species or an ion.
Methods based on absorption of photons include, for example, photoelectron photoion coincidence spectroscopy (PEPICO) [10] or infrared multiphoton photodissociation (IRMPD) spectroscopy. In PEPICO neutral molecules
are photoionized by vacuum UV (VUV) radiation and the resulting ion is mass
analyzed in a TOF mass spectrometer while the electron is analyzed by velocity imaging to determine its kinetic energy. From this data accurate thermochemical values can be obtained by modelling the dissociation kinetics.
IRMPD [11] uses IR laser to irradiate trapped ions which dissociate upon repeated absorption. When the IR laser is scanned across a range of frequencies,
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this technique essentially provides the IR spectrum of the studied ion.
The most well-known electron based technique is electron ionization (EI),
which uses a beam of electrons to ionize a stream of volatile neutral molecules.
EI was one of the earliest ion sources for MS and is still widely used. Two
other techniques for dissociating ions by means of collisions with electrons
are called electron capture dissociation (ECD) [12] and electron transfer dissociation (ETD) [13]. The two techniques are closely related. In the former,
the trapped cations interact with thermal electrons directly, while in the latter
radical anions are prepared first which then react with the cations of interest.
Both techniques require multiply charged species. Upon successful capture or
transfer of the electron, the excess energy from the charge recombination is
released via cleavage of covalent bonds. The electron based techniques are
especially suitable for large peptides and polymers as these are often naturally
multiply charged and because both techniques lead primarily to cleavages of
the bonds that form the backbone leaving the side chains intact. The other
dissociation techniques are less discriminatory and often destroy also the side
chains as well as any post-translational modifications of the protein.
Finally, the techniques that use neutral targets are based on simple collisions between the accelerated ion and a stationary target. The target is most
often a noble gas or a surface of the mass spectrometer. In the former case
the technique is called collision induced dissociation (CID) while in the latter the term surface induced dissociation (SID) is used. The collisions of ions
with neutrals are often performed at low kinetic energies at which a single
collisional event would not impart enough energy to cause a dissociation of a
covalent bond. However, the number of collisions can be easily increased by
using higher pressure of the collision gas or longer collision cells or reaction
times. The control over the collisional energy and the number of collisions
allows the method to be either mild or harsh based on the desired extent of
fragmentation. The CID method is the most widely used method for fragmenting ions due to the ease of implementation in various MS instruments.
In the case the MS devices which trap the ions (FTICR, QIT), the cavities are
filled with gas and the ions are excited to increase their kinetic energy. In
the case of the continuous beam MS devices, there is usually a cell which
can be filled with the collision gas and the ions are simply guided into it at
higher kinetic energies. As the energy at which the collision happens can be
easily controlled the method can be adapted for determining bond dissociation energies (BDEs). The method is then called threshold collision induced
dissociation (T-CID).
In a typical T-CID experiment the ion of interest is mass selected, collided
with the collision gas and its fragments are then mass analyzed. This is repeated at several different energies to obtain the dissociation curve. In the
trapping MS devices the three stages of ion selection, collision and the frag-
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ment analysis all happen in the same space and are separated in time. In
the ion beam based devices the stages are separated spatially. This can be
achieved by many different configurations of various mass analyzers. One of
the oldest arrangements was the magnetic sector followed by an electrostatic
sector (BE) built by Cooks et al. for the mass-analyzed ion kinetic energy spectrometry (MIKES) [14]. In this method the ions are collided with a gas in the
field-free region between the two sectors. The large drawback of this method
is that the collisions happen at kinetic energies reaching several keV, which is
too harsh for precise T-CID. A better suited arrangement is the BoQ (magnetic
sector – octopole – quadrupole). This arrangement is often called guided ion
beam mass spectrometer (GIBMS) and was developed by Armentrout [15].
The magnetic sector (B) is used for mass filtering, the rf only operated octopole (o) is used to guide the ions through the collision cell and the quadrupole
(Q) is used to analyze the fragments. Collisions in this arrangement can be
performed at much lower energies (0 eV to 200 eV) than in the BE instruments. An arrangement similar to GIBMS is QqQ (or QoQ) which is known as
triple quadrupole was developed for CID by Yost and Enke [16].
The ion beam based instruments have a significant advantage over the
trapping instruments with respect to T-CID experiments, because it is much
easier to characterize the kinetic energy of the colliding ions. This is important because the BDEs can be obtained only by theoretical modelling of the
collisional energy transfer and kinetics of the dissociation and this would not
be possible if the collisional energy could not be properly determined.
The T-CID method was pioneered by Armentrout and coworkers who investigated systems such as alkali cation–crown ether complexes [17], copper
clusters[18] or cation–nucleic acid bases[19]. In the Chen group we focus
mainly on systems that are relevant for various organometallic catalytic reactions [20, 21]. The dissociations typically represent one of the steps in
the presumed catalytic cycles. The experimentally determined energies are
free from solvation effects and can be thus directly compared with energies
computed with ab initio, density functional theory (DFT) or other quantumchemical methods. This powerful combination of theory and experiment is
then used for validation of the catalytic model.
In our group we have been using a modified TSQ 700 mass spectrometer
[22] for the T-CID experiments. While it has been a reliable instrument, it
is more and more difficult to obtain spare parts for it when it needs to be
serviced and so a newer model – TSQ Quantum Ultra – was purchased. Its
configuration is depicted in figure 1.1.
The TSQ Quantum Ultra differs from the older TSQ 700/7000 family in
two key aspects. Unlike in the older models, the ion guide in the collision
cell is not an octopole but a quadrupole with flat electrodes (flatapole). The
second key aspect is that the flatapole is bent by 90° instead of 15° to make
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Fig. 1.1: Scheme of the TSQ Quantum Ultra instrument.

the whole instrument more compact. The change to quadrupole is problematic from the perspective of T-CID experiment, because the kinetic energy
distribution (KED) of the ions has a longer high-energy tail than in the case
of the octopole. The movement in a quickly oscillating field of a multipole
can be described as a motion in an effective pseudopotential. This potential
has a minimum in the cavity center and a maximum at the rods surface. The
stronger the potential is, the more the ions are accelerated towards the rods.
In a T-CID experiment it is desirable to minimize the dissociations which result from collisions in the transversal (x– y plane) direction, because we can
experimentally characterize only the KED of the motion in the axial direction
along z. A comparison of the pseudopotentials (denoted V ∗ ; will be defined
later) of several multipoles (fig. 1.2) shows that with higher order, the socalled field-free region, where the V ∗ is close to zero, gets larger. The more
time the ion spends outside the field-free region, the more affected its transverse KED becomes. It follows that ions in multipoles with larger field-free regions will have overall lower kinetic energies with narrower distribution and
for this reason the higher-order multipoles are preferred for thermochemical
applications. Amongst those, the octopole [23] became undeniably the most
popular one, as it offers already a broad enough field-free region, while not
being difficult to construct. Quadrupoles, however, remain superior for mass
filtering and mass analyzing purposes.
Apart from the smaller field-free region, quadrupoles suffer also from a
so-called ion noding effect, where the transmission of the ions oscillates with
kinetic energy of the ions. This effect also complicates deconvolution of BDE
from the T-CID data, especially when the oscillations appear near the onset of
the dissociation in the kinetic energy region.
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Fig. 1.2: Effective pseudopotential of several multipoles.

Because of the noding effect and because of the need for lower distortion of the kinetic energies in the collision cell, we decided to replace the
flatapole with an octopole to further adapt the TSQ Quantum Ultra for T-CID
experiments. Before we proceed with the description of the octopole simulations and design we present here a short theoretical overview of multipole
ion guides in which we introduce several terms and quantities that are used
for the discussion of their performance.

1.1 Theory of multipole ion guides
While the theoretical treatment of quadrupoles is usually a common topic
in undergraduate analytical chemistry courses, the theoretical description of
higher order multipoles is a rather specialized topic. A comprehensive theoretical treatment of quadrupolar ion guides was developed by Dawson [24]
and the same was done for octopoles by Gerlich [25]; and the material in this
section will follow their approaches. The approach of Gerlich can be extended
to multipoles of any order, but we will focus mainly on an octopole. More details about theory of multipoles can be found also in the works of Szabo and
coworkers [26–29].

1.1.1 Theoretical description of quadrupoles
The electrodynamic field in a linear quadrupole is described by the equations
E = E0 (t)(λx + σ y + γz)

(1.1a)
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and
λ = −σ

(1.1b)

γ=0

(1.1c)

where E0 (t) is the scalar time-dependent component of the field, λ, σ and
γ are weighing factors and x, y and z are position coordinates. The corresponding potential obtained by integration is
Φ0 (x 2 − y 2 )
1
Φ = − E0 (t)(x 2 − y 2 ) =
2
2r02

(1.2)

where r0 is the multipole cavity radius. While the form of Φ0 (t) could be in
principle any periodic function, the one commonly used is
Φ0 = U − V cos ωt

(1.3)

The corresponding equations of motion are
ẍ + (Q/mr02 )(U − V cos ωt)x = 0

(1.4a)

ÿ − (Q/mr02 )(U − V cos ωt)y = 0

(1.4b)

where Q is the charge and ω is the angular frequency of the potential.
It is worth noting that if V in eq. 1.4 were zero, the corresponding solutions would be simple harmonic functions. The ions entering along the axis
z would then be stable in the x–z plane and unstable (defocused) in the y–z
plane. Making Φ0 a periodic function will lead to constant swapping of the
stable and unstable modes between the two pairs of electrodes and the ion
trajectory can become stable in both planes if the periodicity of Φ0 is short
enough that the ion with a given m/z cannot be ejected from the cavity during the defocusing cycles.
The task of finding stable operating conditions (combination of U, V and
ω) for can be simplified when the equations of motions are rewritten using
the following substitutions,
4eU
mω2 r02
2eV
qu = q x = −q y =
mω2 r02

au = a x = −a y =

ξ = ωt/2

(1.5a)
(1.5b)
(1.5c)

which lead to the following equation
du
+ (au − 2qu cos 2(ξ − ξ0 ))u = 0
dξ

(1.6)
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where u is either x or y, au and qu are the proportionality constant related to
the dc and ac voltages and ξ is time expressed in terms of the number of rf
periods.
This is a well-known differential equation known as the Mathieu equation
and it appears in many other problems concerning motion under periodically
varying forces. Solutions are known as Mathieu functions and their stability
can be studied in terms of the dimensionless parameters a and q. The Mathieu
functions take the form of
u = α0 eµξ

∞
X
−∞

C2n e2inξ + α00 e−µξ

∞
X

C2n e−2inξ

(1.7)

−∞

where α0 and α00 are integration constants determined by the initial conditions
u0 , u˙0 and ξ0 . The constants C2n and µ are dependent only on a and q, but not
on the initial conditions. This means that the trajectory of ions with the same a
and q values will be qualitatively similar, that is their periodicity and maximal
amplitude will be the same. The trajectories are stable when umax < r0 .
The stability regions in the a−q space are obtained by plotting the Mathieu
functions for both the x and y coordinates. There are several overlapping
regions for which the combinations of a and q give stable trajectories, but
usually only the first one (a ∈ (0, 0.24) and q ∈ (0, 0.91), see fig. 1.3) is used
as the other regions would lead to impractical values for the frequency ranges
or the device dimensions. Fig. 1.3 also shows the so-called operating line.
Scanning the absolute voltages but keeping the ratio 2U/V constant will scan
the m/z while keeping the resolution m/∆m constant. The resolution of the
quadrupole when operated as a mass analyzer is determined by the slope of
the operating line. Alternatively, ω could be varied instead of the voltages
to scan the m/z, but this is often less practical. When the voltages are kept
constant, the quadrupole then operates as a mass filter for a single m/z value.
Finally, setting U and by translation also a to zero will cause the quadrupole
to pass ions in a wide m/z range. When operated in this rf only mode, the
quadrupole is often called an ion guide and denoted with lowercase q instead
of capital Q.
Even when the quadrupole is operated as an ion guide the ions are strongly
focused in the center of the cavity and the transverse kinetic energies of the
focused ions are relatively high. As was mentioned in section 1, the reason
for this is the dependence of the effective pseudopotential V ∗ on (r/r0 )2n−2 ,
where 2n denotes the order of the multipole. Octopoles and other higher
order multipoles are therefore often used as ion guides for applications where
it is necessary to maintain the KED at low energies. On the other hand, higher
order multipoles are rarely used as mass filters or analyzers because they have
generally lower resolving power as a mass filter and because there is no easy
way to describe their stable operating conditions. Despite the fact that it is
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Fig. 1.3: Stability diagram of a linear quadrupole mass filter. Reprinted with permission from Ref. [24] Copyright ©1976 Elsevier Scientific Publishing Company.

possible to generalize the a and q expressions to higher order multipoles, the
equations of motions become coupled and nonlinear and no general solution
can be found. The ion trajectories have to be numerically calculated. Szabo
and Hägg [27, 28] investigated the possible construction of stability diagrams,
but it proved inconclusive, because the stability of the trajectories was found
to depend on the initial conditions. By overlapping the a2n – q2n stability
regions for various starting conditions they were able to give some general
guidelines, but not as general as in the case of the quadrupole.
A different approach than trying to describe stable trajectories in terms of
a, q was developed by Gerlich, who looked at the trajectory stability within the
so-called adiabatic approximation and derived several empirical parameters,
that allow to operate the octopoles at stable conditions.

1.1.2 Theoretical description of octopoles
The multipole field is said to be adiabatic when its spatial variation of field E0
is small compared to its absolute magnitude and when also the temporal variations of amplitude and secular motion are small. The amplitude is defined
by equation
QE0
A=
(1.8)
mω2
The secular motion is defined by assuming that the overall trajectory of the
ion can be split into the smooth slowly varying term u0 , which is then termed
as the secular component, and the fast oscillating wiggle motion u1 which
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happens in the vicinity of the rods.
u(t) = u0 (t) + u1 (t)

(1.9a)

u1 (t) = −A(t) cos ωt

(1.9b)

An important feature of the adiabatic approximation is the fact that the total
kinetic energy of the ion remains constant. Therefore, when the ion moves
through the inhomogeneous field, it can exchange energy between the electrostatic potential of the field (QΦ), the kinetic energy of the oscillations (mu̇21 /2)
and the kinetic energy of the secular motion mu̇20 /2).
To classify the field as adiabatic, Teloy and Gerlich [23, 25] defined a parameter η from the requirement that the electric field varies smoothly and
only little compared to its strength across the full distance of the oscillation –
2A. This leads to an expression
η = |2(A∇)E0 |/|E0 |

(1.10)

which can be simplified to the final form
η=

2q|∇E0 |
mω2

(1.11)

For any given combination of mass, charge and frequency the adiabacity parameter η depends only on the inhomogeneity of the field E0 . It has a nice
property that when the |∇E0 | = const. the expression is identical to the stability parameter q2 of the quadrupole. As η is a function of both position and
time it has to be calculated for each trajectory separately at several time intervals. This was done for several multipole fields and the trajectories were
found to be generally stable when
ηmax (u(t)) ≤ 0.3

(1.12)

The expression above therefore defines the rule for safe operation of the multipole within the adiabatic approximation.
With the criterion for adiabacity of the field established, the next step is
to determine a criterion for the stability of the ion trajectories. Gerlich chose
the simple condition that the ion trajectory remains bound within the cavity
of the multipole. This purely experimental condition can be expressed by the
equation
Q2 E0 (rm )2 /4mω2 + QΦs (rm ) > Em
(1.13)
where rm is a vector of closest allowed approach to the electrodes, Φs is the
static component of the electric potential and the Em is the total energy of the
ion. Before we calculate the Em , it is useful to derive a few auxiliary quantities
that will facilitate the interpretation of later results. The first is the effective
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potential V ∗ , which is defined in such way that the equation of the secular
motion takes form
mu¨0 = −∇V ∗ (u0 ) = Q2 E02 /4mω2 + QΦs

(1.14)

In polar coordinates the effective potential of a multipole can be expressed as
V∗ =

n2 q2 V 2 2n−2
r̂
+ qU r̂ n cos nφ
4 mω2 r02

(1.15)

where r̂ = r/r0 is the reduced radial coordinate. The effective potential is
associated with the secular motion (also called guiding). For higher order
multipoles the effective potential remains close to zero near the cavity center
only to steeply rise in the vicinity of the rods. For the quadrupole the effective
potential rises almost immediately but not so steeply. The higher the order of
the multipole is, the larger the region of near-zero V ∗ is (see fig. 1.2). This is
the so-called field-free region.
The next useful quantity is the characteristic energy of the multipole given
by equation
1
ε = 2 mω2 r02
(1.16)
2n
It can be interpreted as the kinetic energy of an ion cycling in phase with the
rf field on the edge of the cavity radius. Therefore, it determines the upper
bound of the kinetic energy for the ions to behave adiabatically. The actual
kinetic energy of the ions must be in fact much lower than ε. Taking the Φs to
be 0 the Em can be now calculated using the expression
Em =

1 q2 V 2 2n−2
L2
r̂m +
8 ε
2mr2m

(1.17)

where the first term denotes the kinetic energy associated with the secular
motion at the maximum allowed approach distance and the second term corresponds to the centrifugal energy which can be obtained by separating the
kinetic energy into the radial and centrifugal part
1
1
2
mu̇20 = mu̇20 + L 2 /2mrm
2
2

(1.18)

The rˆm is defined by Gerlich to be < 0.8 and usually corresponds to the turning point of the ions where the radial kinetic energy mu̇20 /2 is close to zero
and therefore is neglected in the eq. 1.17. The term

L2
2
2mrm

can be also ne-

glected as it is usually very small because it decreases with r 2 and because
the ions injected close to the centerline have low L values. Finally, using the
η parameter expressed in terms of ε
η=

n − 1 QV n−2
r̂
n
ε

(1.19)
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we can rewrite the eq. 1.17 as
QV = 8

n − 1 Em
.
n r̂m ηm

(1.20)

The equation above shows that the minimum required rf amplitude V is independent of mass and frequency within the approximations used for its derivation. Similarly, the equation for ε can be also expressed in terms of ηm , r̂m
and Em


n−1 2
ε=8
Em .
(1.21)
nηm r̂m
Using the two equations above together with eq. 1.16 we can easily find the
operating parameters f = ω/2π and V for a given Em and m. To summarize,
the adiabacity and stability of higher order multipoles can be characterized
through several empirically derived parameters. These parameters can be
then used to determine operating conditions for the desired application.

1.2 Ion Noding
The ion noding effect appears as oscillations in the transmission of ions while
varying their kinetic energy. It arises from the fact, that the ion beam has a sinusoidal profile when viewed along the axis of the quadrupole. When the ion
exit velocities from the rf quadrupole fall outside the diameter of the lenses
or the acceptance area of the next quadrupole, the ion beam is clipped and
the intensity drops. The oscillations then arise from the shifting of the nodes
and antinodes of the beam profile with the increasing kinetic energy. This
effect was experimentally observed already in late 1980s [30–32] and theoretically described by Boyd et al. [33] The basis of the T-CID experiment is

Fig. 1.4: The origin of the ion noding effect. When an ion beam node coincides with
the rf quadrupole exit, the intensity is at its maximum. When an antinode
falls there, the intensity drops.
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measurement of the ratio of product and reactant intensities while varying the
kinetic energy of the ions and by extension the energy of the collisions. From
this dependency, reactive cross-sections σR can be calculated and fitted with a
modelling software [34, 35] to obtain BDE of the dissociation. The most important part of the measured σR is the onset region and should the ion noding
occur there, the deconvolution of the BDE would be seriously compromised.
Initially, we thought the clipping was caused by the smaller diameter (4
mm) of the lens following the flatapole. To remove it, we replaced the smaller
lens with a larger one (6 mm), but the effect did not disappear. This means
that the ions at high kinetic energies are most likely falling outside the acceptance aperture of the subsequent quadrupole which must have therefore
diameter smaller than 6 mm.
It is also worth mentioning that while the ion noding is a known feature
of the quadrupole, there is also a possibility that it could be a caused by the
bent geometry. Transmission of the ions in a curved quadrupole was studied
before, when it was developed to reduce the noise on the detector due to
neutral particles. Syka and Schoen [36] have derived an equation for the
displacement X C from the center of the quadrupole


16E Z
qωt
XC =
1
−
cos
(1.22)
p
mR Z Q2 ω2
2 2
where E Z is the kinetic energy along the quadrupole axis, m is the ion mass,
R Z is the curvature radius, ω is the angular frequency of the field, t is time
and q is the unitless stability parameter. As can be seen, the amplitude of the
oscillations linearly rises with the kinetic energy of the ions. For typical rfonly operated q2 in triple quadrupole spectrometers the X C remains usually
significantly lower than the cavity radius r0 though and considering the radial
spread of the beam after the passage through the first quadrupole, the contribution from the X C is negligible. For an octopole this equation is no longer
valid, although a similar qualitative behavior can be expected.
In summary, the ion noding effect observed in TSQ Quantum Ultra is most
likely result of the substitution of octopole with a quadrupole. We expected
the replacement of the quadrupole with a bent octopole to resolve this problem.

1.3 Simulations
To test our hypothesis whether the octopole could resolve the ion noding issue,
we simulated and compared the transmission properties of an octopole with
the original flatapole. The simulations were done in the commercial software
SIMION [37], which uses numerical integration for calculation of the electromagnetic potentials and trajectories of charged particles in those potentials.

1.3. Simulations

15

The geometries of the multipole electrodes were specified in a parametric
manner using the GEM language of the SIMION software. The geometry files
were then used to refine (calculate) the potential arrays and store them as
so called fast adjust definition arrays (.#PA) in which each set of electrodes is
saved separately. This way of storing allows to quickly change the potentials
later without the need for the slow refinement process. The downside is large
memory requirement. The straight geometries refined with precision of 20
gu/mm (gu stands for grid unit), while the bent geometries could be refined
only with precision of 10 gu/mm. This was because the straight geometries
could use the symmetry in both x and y planes, while the bent ones could use
only one symmetry plane. The geometry files contained also front and end
electrodes. Both were kept at 0 V and their positions were used to define the
start and end points of the ion trajectories.
The initial conditions of the ions have a large influence on the trajectories
and we decided to simulate the effect of the focusing lenses preceding the
collision cell ion guide by setting the origin area of ions as 0.1 mm circle with
the velocities spanning a 6ř cone whose axis was colinear with the multipole
cavity axis or its tangent in the case of the bent geometry. For each simulation
200 ions were used.
The digital-to-analog converter (DAC) scan of the collision offset (COFF)
in the instrument was simulated in SIMION by a Lua script, which scans a
specified range of kinetic energies. The simulated range spanned 10 eV to
80 eV as this is the typical range of energies used for measuring T-CIDs on our
instruments. In each cycle, the kinetic energy is converted into ion velocities
and the ions are flown. The term to fly the ions means in the context of SIMION
the calculation of the ion trajectories by setting a short time step, adjusting the
fields, calculating the forces and accelerations and advancing the position of
the ions. The trajectories quality parameter (TQual) was set to 6 as the default
value of 3 might lead to ions being ejected from the multipole at higher kinetic
energies, because the time step might get too long.
The Lua script also takes care of the rf operation of the multipole by calculating the instantaneous potential according to the eq. 1.3. The final positions
of the ions are detected as splats when they hit the end electrode behind the
multipole. The transmission is then calculated as ratio of ions hitting the electrode within a circle of a specified radius and the total number of ions. The
transmission curve was then smoothed by the Savitzky–Golay filtering (window = 11 points, polynomial order = 3), which reduces the noise due to low
number of ions and low resolution of the potential arrays.
The resulting transmission curves of an ion with m/z = 633 Da for the
flatapole and the octopole are shown in fig. 1.5 in both straight and bent
variants. The rf amplitude and frequency were set at 425 V and 2.75 MHz
respectively. The different traces correspond to different target radii for cal-
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culating the transmission. When the radius of the target is set to 3 mm, (red
trace), which is the actual radius of the lens L31 placed behind the collision
cell, the transmission is constant for all energies. Only when the target radius
is shrunk to 0.5 mm (orange trace) we see the ion noding effect in the case of
the straight flatapole. For the bent flatapole it only becomes noticeable in the
trace corresponding to r = 0.125 mm (blue trace).

Fig. 1.5: Comparison of ion noding (m/z = 633 Da) in quadrupole and octopole for
straight and bent geometries. Dashed lines shows the original data, the solid
lines show the filtered data. Operating conditions were: V = 425 V, f =
2.75 MHz

In the case of the octopole we can see a drop in intensity for parts of the
curves, and even if we consider those to be caused by the ion noding effect, the
issue is much less serious than in the case of the flatapole. Comparison of the
transmission between the bent and straight geometries shows, that the noding
is not caused by the curvature of the multipole under the abovementioned
operating conditions.
More information about the effect of the order of the multipole and of the
curved geometry can be gleaned from the fig. 1.6, which shows the ion beam
profiles along the z axis for the bent ion guides at low (10 eV) and high (75 eV)
kinetic energies. In the case of the quadrupole, the noding is much more
pronounced at higher energy and the difference in the beam cross-section
between the nodes and antinodes is rather large (compare fig. 1.6a and 1.6b).
This demonstrates why the ion noding is so prominent in the quadrupole. The
ion beam in the octopole shows almost no nodes at low energy (fig. 1.6c) and
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only few ones at higher energy (fig. 1.6d). The difference between the crosssection of the nodes and antinodes in the octopole is also smaller than in
the case of the flatapole. As there are fewer nodes at higher energies for the
octopole, the transmission does not oscillate to such degree as in the flatapole.
The difference in cross-sections then explains the much larger amplitude of
the oscillations in the flatapole.
The beam shapes at higher energies (figures 1.6b and 1.6d) are arced away
from the multipole cavity axis. This happens as the multipole field is no longer
strong enough to overcome the tangential momentum of the ions. In case of
the octopole, this might cause overall lower transmission at higher energies
as the ions can get very close to the rods and collide with them or be ejected,
especially if they are not so narrowly focused before entering the octopole.
The simulations overall indicate that ion noding is prominent in the quadrupole and that the switch to an octopole might reduce it considerably. On
the other hand, the simulations also indicate that with a lens large enough
we should not see any ion noding. Despite that, the noding is present in our
machine even when the original L31 lens (r = 2 mm) was replaced with a
larger one (r = 3 mm). This is likely due to the acceptance area of the third
quadrupole being smaller than the L31 lens. Moreover, the acceptance also
strongly depends on the phase and velocity vector of the ion, which vary more
in the case of the octopole. In principle, the Q3 could be added to the simulation to improve the understanding of the problem. However, we chose not
to do so for two reasons. Firstly, the multipole, the lens stack and the Q3
would need to be simulated together, which would lead to further decrease in
the potential array resolution due to increased RAM demands. Secondly, the
understanding provided by the simulation of only the collision cell ion guide
qualitatively explains the observed behavior and suggests that the proposed
solution of constructing a bent octopole might solve the noding problem.
Before discussing the design and construction, we did one more simulation
to find the ideal d/r0 (ratio of rod diameter and the cavity radius) for the
octopole to minimize the deviation of the field generated by a circular poles
from the one generated by ideal hyperbolic poles. This is an important design
considerations, because it puts a constrain on the choice of d and r0 of the
octopole.
A high resolution 2D potential array (100 gu/mm) of the octopole geometry was refined for several different d values and the result was fitted to an
ideal multipole expansion. More d values were added until the optimum was
found at 0.737. This value agrees well with value of 0.744 determined by
Konenkov et al. [38].
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(a) Flatapole at low kinetic energy (10 eV)

(b) Flatapole at high kinetic energy (75 eV)

(c) Octopole at low kinetic energy (10 eV)

(d) Octopole at high kinetic energy (75 eV)
Fig. 1.6: Comparison of ion noding in flatapole and octopole at low and high kinetic
energies. The voltage and frequency settings were same as in the previous
figure.
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Fig. 1.7: Electrical field deviation due to circular rods as a function of d/r0 . The
Residual refers to the relative difference between the ideal hyperbolic electrodes field and the one with round electrodes.

2. DESIGN AND CONSTRUCTION

2.1 Design Constraints
The design of the octopole is constrained by three factors: the dimensions of
the collision cell, the tuning range of the rf electronics and the d/r0 must be
close to an optimal value to minimize the field deviations arising from using
circular instead of hyperbolic electrodes. The last constraint is not as critical
as the first two ones. The non-ideal field means there are additional higherorder terms in its multipole expansion representation. These would be in
principal beneficial for the purpose of reducing the noding, but this comes at
the expense of worsened transmission. The first two constraints imposed by
the instrument design are much more important and they could be in principle
overcome by modifying the collision cell and the electronics of the instrument.
It would though require disassembly of the electronics, design and construction of a new manifold and new rf generator. The biggest complication would
be connection of the new parts to the rest of the instrument and reprogramming of the instrument firmware. In addition, other electronic parts might
need to be changed or tuned to make them compatible with the modifications.
The overall complexity of such endeavor borders the complexity of building a
new machine from scratch and so we focused instead on finding a design that
would match the constraints.
The last constraint, the d/r0 , was determined in section 1.3 to be 0.737.
Since the maximum r0 is 3 mm due to the geometry of the collision cell, the
ideal d of the rods would 2.21 mm. Unfortunately, such combination gives an
octopole with capacitance 50.1 pF according to the following equation
C=

8πεL

p
log a/d + a2 /d 2 − 1

(2.1)

where L is the length of the octopole and a is the distance between neighboring rods. The equation is derived simply by multiplying the expression for the
capacitance of two thin wires with a finite length by a factor of 8. The calculated value for the octopole with optimal d/r0 is too high compared to the
capacitance of the original flatapole (estimated to be 27 pF) and thinner rods
must be thus used. We decided to use a combination of rods with d = 1.4 mm
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and r0 = 2.8 mm with a calculated capacitance of 35.4 pF. The capacitance
of the flatapole was determined by computing the total charge on one pole by
Monte Carlo integration and converting it to capacitance for the given r0 and
L.
The next consideration was the construction approach. The flatapole is
made of cast steel electrodes that are mounted or 5 Teflon disks. The octopole could be in principle constructed in a similar manner. A steel wire could
be cut and bent to the desired radius to make the electrodes. These could
be then welded to laser cut metal holders which would be attached to the
Teflon disks by screws. The final assembly would require though some precise positioning tools that would hold all the parts in the right place before
final welding and attachment to the mount disks. A quick way to make such
alignment tools would be 3D printing. We decided, however, to use the 3D
printing to create directly the shape of the octopole and metallize the necessary surface to create the poles. The main advantage of the 3D printing is
the quick iterative development cycle, where many prototypes can be made,
evaluated and immediately improved.

2.2 Design #1 – 3D printed electroplated octopole
In the first design the octopole is split in two halves to allow for access to the
surfaces that needed to be metallized. Later these two halves would be held
together by pins or screws. The parts were printed on a 3D printer utilizing
the so-called multijet method. A movable head deposits a photocurable liquid
monomer onto base which is then immediately irradiated by a UV laser which
causes it to polymerize. The base is then lowered and another layer is deposited until the whole design is finished. The head can also deposit hot wax
material which hardens upon cooling and serves as a support for overhanging parts of the design. The wax support is then removed by oven melting
followed by a wash with detergent. The multijet method has a very high resolution compared to other 3D printing methods like fused deposition modeling
(FDM) or selective laser sintering (SLS). Electroplating of the two printed
octopole halves is the more complicated step, as the design requires complex
masking to achieve selective metallization of the surface of the poles. We tried
two approaches: masking with electrical tape and masking with wax. Both
approaches turned out to be very tedious due to small dimensions of the poles.
Masking with the tape required more time, but worked much better than using the wax, because it was difficult to remove it completely after application
of the first metal layer (Cu spray). In the end, we found out that careful brush
painting with a conductive silver paint worked much better than spraying as
any excess paint could be removed later easily with a sharp scalpel. The whole
approach was also much quicker, because it required less masking.
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Fig. 2.1: Design sketch of a 3D printed octopole with electroplated poles.

A drawback of using the silver paint is that the surface of the poles can
become tarnished over time. For this reason, we decided to electroplate the
poles with gold. As the base layer is silver, there needs to be a separation layer
between them to prevent diffusion of silver atoms into the gold layer and vice
versa. Usually, a layer of nickel is used as the barrier with an additional layer
of copper, that is used to provide more thickness, and which is also easier to
electroplate than silver.
The initial electroplating was done in a traditional way by immersion of the
octopole halves in a plating solution together with a steel electrode. Electrical
current is applied to the solution and the metal ions dissolved in the solution
get reduced on the cathode – the poles of the octopole – to form the metal
surface. The deposition is fastest near the electrical connections and this leads
to uneven thickness of the coating. As the poles are thin long surface sections,
they were connected in more than one spot to prevent the uneven thickness.
The results of electroplating in a bath were unfortunately not satisfactory.
The resulting layer was too thick and the surface was very coarse as can be
seen in fig. 2.2. We therefore moved to the abovementioned silver painting
for the initial layer and pen electroplating. This method uses a pen consisting
of a metallic rod with a cotton swab that is repeatedly immersed in a plating
solution. The pen is then used to glide periodically over the surface to be
metallized. Both the surface and the pen are connected to a dc source and
when the circuit closes upon contact of the surface with the pen, the metal
from the solution is deposited onto the surface. The whole process is much
slower than bath electroplating but allows more control over the result. It
also does not require a large amount of the plating solution, as the whole
piece does not need to be immersed at once, which is especially appreciated
for the Au electroplating.

2.2. Design #1 – 3D printed electroplated octopole

(a) Detail of the electroplated contacts.
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(b) Detail of an electroplated pole.

Fig. 2.2: Results of Ni electroplating onto a sprayed Cu layer.

A new octopole was printed and painted with silver paint. Then it was
pen-plated with Cu, Ni and Au. The finished halves of the octopole can be
seen in fig. 2.3. The surface is less coarse then in the case of the bath electroplating but there are imperfections at the metal/plastic boundaries where
the metal flaked away from the plastic. Despite several attempts we were
never able to fully prevent this behavior. We also sent one piece to an external company which provides professional electroplating services and even
though they were able to produce much better surface, also their results suffered from the flaking issue as the fig. 2.4 shows. The unsatisfactory results

Fig. 2.3: A pen-plated octopole

were especially disappointing, because during our attempts at making a 3D
printed electroplated octopole a publication by Gordon and Osterwalder [39]
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Fig. 2.4: Octopole electroplated at Galvotec GmbH.

appeared, where the authors describe a very similar approach for construction
of an electrostatic hexapole guide which smoothly splits into two quadrupoles.
This device was then used to split a molecular beam of ND3 by a strong electric field utilizing the Stark effect. They also use 3D printing to print the body
of the device from plastic (poly(methylmethacrylate) (PMMA)) which is then
chemically electroplated with nickel. The beam splitter operates also at high
vacuum and with strong electric fields (up to 20 kV). The reason why the
combination of 3D printing and electroplating worked in their case is probably the fact that their design has more continuous surface and thus fewer
metal–plastic boundaries, where the flaking usually happens. In their case
almost the whole body of the device is coated with metal except for the base
on which it stands. We are more limited as the poles in our design must be
placed within the mounting disks that need to remain metal free and so it is
not possible to create a design with a simple metal/plastic boundary which
would prevent the flaking.
In the end, instead of continuing with the electroplating efforts, we decided to change the design and use 3D printing for creating a scaffold to which
we would mount preshaped copper wires.

2.3 Design #2 – 3D printed scaffold with grooves
A new design was therefore made where preshaped Cu rods would be held in
plastic grooves of a plastic scaffold. Sections of the grooves behind the first
and the second mount were removed to allow for access to the rods, so they
could be connected to the contact plates. Along with the scaffold an alignment
insert tool was printed to help with shaping the rods and securing them in the

2.3. Design #2 – 3D printed scaffold with grooves
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right position. The idea is demonstrated in the fig. 2.5. The preshaping of

Fig. 2.5: Design of an octopole using grooves for keeping the poles in the correct position.

the rods was done by winding and stretching an annealed copper wire onto
an aluminium barrel with a radius close to the radius of the bent octopole.
While the wire was stretched on the barrel, any kinks were hammered out
with a light plastic hammer. The wire was then cut into three pieces which
were annealed by heating them with a propane-butane torch followed by rapid
cooling in water. The rods were then cleaned from soot by sanding them with
a series of sandpapers (P240 to P800). Opposing pairs of rods were then slid
into the grooves with the help of the alignment tool and checked for a fit. Any
rods that would spring out of the grooves after the removal of the alignment
tool were annealed again and the fitting procedure was repeated until all the
rods stayed firmly in the grooves. Once the rods were properly fitting, their
surface was polished again with sandpaper (P800) and Micro-Mesh (12000).
The cleaning and polishing of the rods had to be done before the next step, as
it would be very difficult to do this once the octopole is assembled. Afterwards,
the rods and the alignment tool were placed back again, and the rods were
trimmed and filed to their final length and glued to the grooves at both ends.
The poles were then connected by a series of laser welded thin wires with the
contact plates. The result can be seen in the fig. 2.6.
The finished octopole looked very satisfactory and was thus installed into
the instrument. The tuning procedure was then run to find the resonance frequency of the new octopole which was found to be 2.71 MHz and the ion signal
could be observed, which indicated the capacitance was not too far from the
original flatapole. Unfortunately, the background pressure in the collision cell
remained at ≈ 10 µTorr even after a week of keeping the instrument under
high vacuum. Such background pressure is too high for T-CID experiments
and it indicated that something was outgassing in the collision cell, because
the normal background pressure with the flatapole was ≈ 1.5 µTorr. We spec-
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Fig. 2.6: Realized octopole design with copper rods held in grooves.

ulated that the outgassing was caused by presence of uncured monomer in the
bulk of the 3D printed scaffold, since the background pressure did not drop
further even after weeks of operation. If it were water or some other compound adsorbed on the plastic surface, the pressure would slowly decrease.
During the printing the layer of deposited layer of photopolymer is irradiated only very briefly and presumably does not have enough time to cure
completely before another layer is added. It is then likely that the trapped
monomers are diffusing slowly from the inside of the scaffold to its surface
where they can desorb. The slow rate of diffusion and relatively high amount
of the trapped monomer would then explain why the pressure did not continue to decrease. An alternative and also a likely reason for the outgassing
might have been any leftover wax on the surface of the scaffold. After melting
the wax away, the printed parts were put into a solution of sodium dodecyl sulfate and sonicated for 30 min at 50 ◦C and then sonicated again in deionized
water. It is possible that this procedure did not remove the wax completely,
which would also lead to outgassing.
In order to resolve the outgassing issue, we decided to look for another
printing method and material that would not suffer from these problems. One
such method is SLS, which uses already polymerized plastic that is ground
into fine dust and sintered by a laser in a layer by layer manner. The material thus does not contain any unpolymerized precursor and the dust bed
serves as a support during printing which eliminates the need for any wax. A
drawback of this method is that the materials often have low heat resistance,
as heat is used to sinter them. Also, the resolution is an order of magnitude
lower when compared with the multijet method. Luckily, the EOS company
has recently introduced the HP3 PEEK material which is suitable for vacuum
applications as it belongs to the family of poly(aryletherketone) (PAEK) polymers and which has also higher heat resistance (up to 180 ◦C) than the usual
materials used for SLS printing.
Initially, we tried to use the same design with grooves also for the SLS
printing, but the lower resolution caused problems as the grooves were not

2.4. Design #3 – SLS printed scaffold
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properly shaped and the copper rods could not be fit into them. We therefore
changed the design again to accommodate for the lower resolutions of the
SLS method.

2.4 Design #3 – SLS printed scaffold
The design was changed by limiting the grooves for holding the rods only to
the 5 disk mount sections (see fig. 2.7) assuming, that the imperfections from
the printing would than lead to a deformed field geometry only in the 5 short
sections of the octopole, while the rest of it would remain unaffected. The
grooves in the mounts were specified in the CAD design to be 0.2 mm larger
than the d of the Cu rods to compensate for the imperfections caused by melting of the plastic during the sintering process. A set of shaping and alignment
tools were printed by the multijet method to preshape the rods as precisely
as possible, since without the grooves, the shaping could not be achieved by
the octopole scaffold with most of the length of the grooves removed. The

Fig. 2.7: Design of the SLS printed octopole.

construction proceeded in a similar manner to design #2. Instead of shaping
the rods in the octopole scaffold, a mold with the corresponding geometry of
the grooves was printed by the multijet process and used to shape the rods.
Once the rods could hold their shape on their own when removed from the
mold, they were again trimmed, filed to the correct length and polished with
a Micro Mesh (12000). The next step was to transfer the prepared poles into
the SLS printed scaffold. The alignment tool, unfortunately, did not fit anymore, because the melting of the plastic particles during sintering made the
r0 slightly smaller (approximately 0.1 mm to 0.2 mm). This of course also
changed the d/r0 ratio, but as the original value was already away from the
optimum value, it was likely not an issue. The more important factor was
that the capacitance remained in a range, where it could tune in with the rf
generator circuit of the instrument.
The rods were therefore carefully placed into the scaffold one at a time
and checked whether they fit into all 5 grooves. Usually, the rods stood out
a bit in the first and the last groove, but this would be remedied in the next
step. Once the rods had the appropriate shape, they were glued into each of
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the grooves with the Araldite Standard Ultra glue. Each rod was first placed
into the scaffold next to the groove and then the glue was applied very carefully with a bent sharp needle. The rod was then pressed into the groove and
secured with a thin wire for curing. Due to space constraints, only 4 rods
were done at once. After the glue cured, the rods were inspected for any
leftover spots of the glue, which were then scraped off with a sharp needle.
Afterwards, the connection wires were laser-welded to the rods and the contact plates and the octopole was cleaned by a series of washes (detergent, 5%
HNO3 solution, MeOH and hexane). The finished octopole (see fig. 2.8) was

Fig. 2.8: The finished design #3 before laser-welding of the contact plates and connecting wires.

installed in the instrument, tuned in and checked for ion signal. Despite the
decreased r0 , the octopole worked without a problem (tuned in at 2.88 MHz)
and the background pressure stabilized after a week at satisfactory 2 µTorr,
which was very close to the background pressure when the flatapole was installed approx. 1.5 µTorr. When the octopole operated under voltage the
pressure slightly increased to approx. 2.5 µTorr, which was still low enough
for running the T-CID experiment.
The SLS printed design does not have the precision of the design #2 and is
a bit more tedious to assemble. On other hand, the HP3 PEEK material plastic
has excellent chemical and thermal resistance and is suitable for the vacuum
application. The field of 3D printing is, however, rapidly developing and better
materials, that could be printed by a method with a higher resolution, might
become available in a near future. There are already methods for 3D printing
of metals, so it would in principle possible to print also the poles, perhaps even
with the ideal hyperbolic shape. The available technologies have however still
some severe limitations. Purely metallic objects can be manufactured by the
lost wax casting method, where the form is printed out of wax, placed in a
mold, and melted away. Molten metal is then poured in creating thus the
desired object. The main drawback of this method is that the model shrinks
after the casting process and fine details might be also lost if the design is
too intricate and the molten metal solidifies before fully filling the cavity. The

2.5. Thermalization Multipole and Pressure Monitoring
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SLS can be also used to print metals, but such materials are often mixtures of
plastic or silicon binder and metallic particles. The resulting objects are often
not suitable for electrical applications because their plastic components might
increase their capacitance.
For our purposes the combination of the SLS printed scaffold with preshaped rods proved good enough and we therefore proceeded to test whether
the ion noding effect was resolved by substitution of the flatapole with an
octopole. Before we discuss the tests of those results, we present in the next
section a short overview of two additional modifications of the instrument,
which are necessary for running the T-CID experiments.

2.5 Thermalization Multipole and Pressure Monitoring
The T-CID experiment requires ions with a well defined internal and kinetic
energies. The ions generated by the ESI source do not have a well defined
internal energy distribution [40]. The ions are undergo a complex process in
which they are first carried by rapidly shrinking charge droplets of solvent,
until only naked ions are left (charge residue model (CRM) [4]) or until the
charge density on the droplet surface becomes so high, that the ion is ejected
(ion evaporation model (IEM) [41]). The free ions can then undergo nondissociative collisions with the evaporated solvent molecules, before they finally
enter the high vacuum of the mass spectrometer. While the process is difficult
to model, the characteristic temperature describing the internal energy distribution of the ions can found by calibration against so-called thermometer
ions[42, 43].
A well defined internal energy distribution can be achieved though if the
ions are thermalized by passing through a cell filled with nonreactive bath gas,
where the ions undergo collisions. If the number of collisions is high enough,
the ions will have Maxwell–Boltzmann distribution of internal energy corresponding to the temperature of the bath gas. The multipole used to guide
the ions through the cell is usually of a very high order (24-pole in TSQ 700)
to ensure that the ions have also a well defined KED before they are dissociated. Well defined kinetic and internal energy distributions are necessary to
properly model the dissociation kinetics from which the BDE is obtained. The
thermalization cell modification was previously used on the older TSQ 700
instrument and is described in the dissertation thesis of Dr. Christian Hinderling [22]. We therefore used an analogous modification on the TSQ Quantum
Ultra.
The thermalization cell was placed around a section of a long 18-pole
operated in rf-only mode. The 18-pole measures 43 cm, of which 11 cm long
section is enclosed by a PEEK cylinder. The whole assembly is placed in an
additional cross-flange with an external turbopump and a roughing pump.
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The thermalization cell is connected to a custom gas feed system, through
which various thermalization or reaction gases can be introduced. The ion
optics and the ion source are interfaced by a custom adapter housing.

Fig. 2.9: The additional flange with the 18-pole and thermalization cell and the interface with the rest of the instrument.

Finally, the T-CID experiment requires precise monitoring of the pressure
as it is repeated at several pressure values in order to extrapolate the data to
zero pressure to obtain σR corresponding to single collision conditions. To this
end we removed the orignal convectron gauge from the back of the manifold
and placed it on a steel cross with two additional gauges. The set of three
gauges was attached to the back of the instrument and connected with a steel
tube to the manifold. The two additional gauges were of different type: 1)
a hot cathode gauge, which is gas dependent but provides precise readings;
2) a capacitance gauge, which is gas independent but has lower precision
and works in a higher pressure range. The capacitance gauge is used to crosscalibrate the hot cathode gauge as the pressures used during the measurement
fall into the overlap of the operational range of both gauges.

3. EXPERIMENTAL AND COMPUTATIONAL DETAILS

3.1 Octopole construction details
The octopole scaffolds were printed either on the 3D Systems ProJet 3600 HDmax from the VisiJet M3 and M3-X materials (ABS-like properties) internally
at ETH Zürich or on the EOSINT P 800 printer from the PEEK HP3 material.
The former printer uses the multijet method and the printout must be therefore cleaned from wax supports. The latter printer uses the SLS method and
the models are thus printed without any supports and can be used right away.
The multijet printing was used for all the alignment tools and for the octopole designs that used electroplating or grooves for holding Cu rods. The
octopole design utilizing the preshaped rods held only in mounts was printed
by the SLS method.
For securing the rods to the scaffold the Araldite Standard Ultra or Torr
Seal glues were used.

3.1.1 Electroplating
For designs that employed electroplating, the initial metal layer was applied
either as copper spray paint (Kontakt Chemie) or silver paint (Busch). The
traditional nickel bath electroplating used the Watts solution (150 – 300 g L−1
NiSO4, 60 – 150 g L−1 NiCl and 37 – 52 g L−1 boric acid). The pen plating was
done by using a Gold Pen Plating Kit from Spa Plating Ltd (GB).

3.2 Synthesis
The adamantyltrimethylammonium iodide was synthesized and kindly provided by Dr. Stefan Künzi. The tetraphenylphosphonium bromide was purchased from ABCR. The 2,6-bis(3-tert-butylbenzyl)pyridine and 2,6-bis(3,5di-tert-butylbenzyl)pyridine were synthesized and kindly provided by Dr. Robert
Pollice. The synthesis of aza[6]helicene will be described in the second part
of the thesis.
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3.3 ESI-MS and T-CID measurements
Most of the data in this thesis was measured on the modified TSQ Quantum
Ultra. The experimental details below therefore pertain to that instrument.
The data recorded on the TSQ 700 were acquired in a very similar way with a
few small differences in the format of the datafiles and the data deconvolution.
These differences are described at the end of this section.
The spray solutions were prepared by diluting a stock solution of the compound in MeOH (c ≈ 10 × 10−3 mol L−1 ) 100–1000 times.
Typical conditions for recording the transmission curves and the T-CID
experiments are shown in tab. 3.1 All voltage settings were set in the Flat
mode, which ensures that the setting is applied to all m/z values and not
cycled through a calibration table or function for different m/z values. The
most important settings for the T-CID experiments are L11, L12, Q1 Bias and
Q2 RF. The first three are important for minimizing the width of KED, which
should be as low as possible to ensure maximum precision of determining
BDE. The closer to 0 V these voltages are, the narrower the distribution will
usually be. This is also helped by setting the Q1 and Q3 resolutions to the
maximum values of 10. The Q2 RF is set to also to its maximum value to
suppress the ion noding effect. However, these settings often also lower the
intensity, therefore a compromise must be found. Conditions were considered
good, when the intensity was above 10 × 106 and the KED full width at half
maximum (FWHM) below 2.5 eV.

3.3.1 Data Acquisition
The data were acquired using a custom Instrument Control Language (ICL)
script. The TSQ instruments allow to save user defined data in so-called user
lists. The custom script performs a DAC scan of the COFF voltage and stores
the voltages and the intensities in the user lists 1, 2, 3 and 4. User list 5 is used
for storing the various scan and voltage settings along with average pressure
of the experiment. The script automatically sets the COFF voltage and scales
the voltages on the lenses and the third quadrupole with a factor determined
by eq. 3.1. This is done to ensure adequate transmission of the product ions,
as they require different voltage settings than the parent ion.


m
scale
SF = P 1 −
(3.1)
mR
100
where SF is the final scaling factor and m P and mR are the product and reactant masses. The scale setting was usually between 30 % and 80 %. The scans
are usually repeated 100 times per channel and averaged. The transmission
experiments used a modified script, which acquired only the reactant channel.

3.3. ESI-MS and T-CID measurements
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3.3.2 Pressure settings and monitoring
The T-CID experiment needs two gases: for thermalization and CID. Both can
be chosen independently with the custom-built gas feed system. The thermalization gas is most often Ar. Other gases are used only when the ion of interest
is too reactive in the solution phase and must be prepared in situ. This is then
done by letting a precursor ion react with a reagent gas, which thus serves a
double role. In this work, the T-CID experiments used Ar as the thermalization gas. The collision gas was usually Ar, sometimes Ne or Xe, if the BDE of
interest was too low or too high.
It is necessary that the gas in the thermalization and especially in the collision cell is as pure as possible. The gases used were bought from PanGas with
purities: Ar – 4.8, Ne – 4.5 and Xe – 4.0. The lines for the gas delivery were
purged 3 times by evacuation/flush cycles. The regulating needle valves were
open during these cycles and only closed during the last evacuation step. After that the lines were filled with the gas of choice. The collision cell was then
filled with approx. 500 µTorr of the gas and left to purge for 30 min before
starting the measurement.
The transmission evaluation experiments were done always at the background pressure (approx. 1.5 µTorr to 2.5 µTorr). The T-CID experiments
were done at 7 different pressures: 110, 80, 50, 20, 35, 65 and 95 µTorr. The
highest-lowest-highest order was chosen deliberately to minimize any effects
of hysteresis of the pressure readouts. Despite that, the pressure can slightly
drift during the whole experiment and one or two of the pressures are then
removed. At least five pressures should always be used for the data evaluation. In addition to the T-CID curves, two retardation potential analyses were
measured to determine KED FWHM. These values are obtained by recording
the onset of the reactant ion signal and taking its derivative. One KED measurement is done before the first T-CID and one is done at the end. For data
deconvolution they are averaged. The pressure readouts on the capacitance
and hot cathode gauges were recorded at the beginning and at the end of each
T-CID or KED measurement in a comma-separated values (CSV) file.

3.3.3 Data Deconvolution
The recorded data were processed with a custom Python script to obtain the
extrapolated σR values and the input file for the L-CID program [34], which
is used to fit the data and obtain the BDE. The script first converts the data
from the manufacturer’s proprietary ICU file format to CSV format. The next
step is calculation of the calibrated pressure from the readouts of the capacitance and the hot cathode gauges using a linear function. Afterwards, the KED
measured at the beginning and at the end of the measurement are averaged,
differentiated and fitted with a Gaussian function to obtain the KED mean
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and FWHM values. Next the intensities for each set of reactant and product
intensities are corrected for the detector baseline level by subtracting the average of the first 15 intensity values for each channel. The intensities are then
normalized by factor I max = max (max IR , max I P1 , max I P2 ) and converted to
σ according to eq
P


RT
i IPi
σ t ot =
log 1 +
(3.2a)
pl
IR
mP i
σi = σ t ot P
(3.2b)
i mP i
where T , p and l are temperature, pressure and collision cell length respectively and I P i and IR are product and reactant intensities. The calculated σi
are corrected for background reactions by subtracting min σ and extrapolated
to zero pressure using the equation:
σR,p = ap + σR,0

(3.3)

where p denotes pressure and a and σR,0 are the fitting parameters. The extrapolated σR,0 represents the so-called single collision conditions. These are
easier to model because deconvoluting BDE from dissociation due to multiple
collisions is problematic, as it is difficult to model the energy content of the
ion after the first collision. Finally, the script converts the energy scale of the
experiment from laboratory frame of reference to center-of-mass reference
frame by subtracting the KED mean from the recorded energies to get the Elab
and plugging that into the equation
mN
Ecm = Elab
(3.4)
mN + m I
where mN and m I are the masses of the neutral collision gas and the reactant
ion.
The script gives at the end the converted .icu files, the extrapolated σex p
along with the Ecm energies and the input file for the L-CID program [34] with
the required parameters (these will be described in a later part of the thesis).

3.3.4 TSQ 700 data acquisition differences
The older instrument allows to use only 4 user lists and so the energies must be
stored separately by acquiring a spectrum when the instrument is in the DAC
scanning mode. The recorded .icu files are then converted to .txt files and
the corresponding energy scale is attached to each one of them. The content
of the .txt files together with the measured pressures is then copied into an
Excel file template which does the same baseline correction, σ calculation
and extrapolation as was described above. The pressures calibration is done
using only two points linear model with the maximum and minimum pressure
values. The KED files are worked up in a separate Excel file.
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Parameter
Spray Voltage
Sheath Gas
Auxiliary Gas
Capillary Temperature
Capillary Voltage
Tube Lens
Skimmer Offset
Q00 RF
Q00
L0
Q0
L11
L12
Q1 Bias
L21
L22
L23
Q2 RF
COFF
L31
L32
L33
Q3 Bias
MSMSC
Flow Rate
Q1 resolution
Q3 resolution
Scan Time
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Value
3500 V
0 a. u.
0 a. u.
200 ◦C
30 V
120 V
−15 V
300 V
−3 V
−1 V
−1.8 V
−1 V
−2 V
−2.5 V
−0.5 V
−225 V
−1 V
825 V
−10 V
−15 V
−225 V
−15 V
−3 V
-1.5
5 µl
10
10
1s

Tab. 3.1: Typical instrument voltage and related settings for a T-CID experiment.

User List 1

User List 2

User List 3

User List 4

User List 5

energies
..
.

reactant int.
..
.

product 1 int.
..
.

product 2 int.
..
.

settings
..
.

Tab. 3.2: Format of .icu files for data storage.

4. RESULTS

4.1 Design and Construction
The choice of 3D printing as a construction method proved very useful as it
was easy to construct the octopoles and allowed for quick design iterations to
overcome various problems. It does suffer from a few drawbacks though. The
major one is the inability to use the photopolymerization multijet printing for
vacuum application and the need to choose SLS printing. The lower accuracy
of the SLS printing means that the final octopole has a slightly smaller r0
and the overall geometry might be distorted in the sections where the rods
are mounted to the grooves. However, this is not such a big concern as the
rf only operated octopolar fields are much less sensitive to distortions than
quadrupolar fields as shown by Gerlich [25]. The only problem could be due
to slightly larger d/r0 which increases the non-ideality of the field and thus
the overall transmission. The change r0 due to the melting during the SLS
process is very small though and so the effect is presumed to be negligible.
A bigger concern with respect to the field distortions could be the leftover
glue that is used to hold the rods in the grooves since it would act as an
insulator and could also collect charge. The rods were thus carefully inspected
and any glue spots found were removed. Distortions could be also caused by
the improper shaping of the rods. However, the combination of annealing and
shaping in the multijet printed molds produces rods which are very close to
the correct geometry without any major deformations (bending, warping).

4.2 Ion Transmission
With the finished octopole we were able to proceed to check whether the
ion noding issue was resolved. To this end we measured transmission curves
of several ions of different masses: 194 Da (adamantyltrimethylammonium),
339 Da (tetraphenylphosphonium), 744 Da (proton bound dimer of 2,6-bis(3tert-butylbenzyl)pyridine) and 969 Da (proton bound dimer of 2,6-bis(3,5-ditert-butylbenzyl)pyridine). Transmission was measured both with the custom
octopole and the original flatapole for comparison. The measurement range
was set to −10 V to 90 V which corresponds to the range typically used for a

4.2. Ion Transmission
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T-CID experiment. The results are shown in fig. 4.1.

(a) 194 Da

(b) 339 Da

(c) 744 Da

(d) 969 Da

Fig. 4.1: Comparison of transmission for ions of different masses.

In the case of the lower masses (??) the ion noding is unfortunately still
present in the new octopole. The onset of the noding appears at similar COFF
values in both multipoles, but the amplitude of the noding is smaller in the
octopole than in the flatapole. The situation is much better in the case of the
??, where the ion noding has completely disappeared for the octopole in the
measured range. It is quite possible that the noding might appear at higher
voltages, but we do not usually measure in that range.
The ion noding was found to be dependent on the voltage settings of the
instrument, and the transmission curves in fig. 4.1 were therefore measured
with settings optimized for minimal noding. The biggest influence on the ion
noding amongst the various instrument voltages (see tab. 3.1) was the Q2
RF value, which sets the rf amplitude of the flatapole or the octopole and
influences its axial trapping ability. The noding was minimized when the Q2
RF was set to its maximum 825 V. Apart from the Q2 RF, the noding was
also slightly influenced by the L11, L12 and Q1 Bias settings, which affect
the KED of the ion beam. Lower values would improve the noding to some
degree, but this improvement was insignificant compared to the influence of
the Q2 RF setting. The rest of the voltage settings had a negligible effect on
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the noding, but were still optimized to provide the best possible transmission,
while keeping the KED narrow (see section 3.3).
The transmission curves for the octopole show a loss of intensity at higher
voltages of about 20%. This could be caused by dissociations due to background gas (≈ 2 µTorr). This is though unlikely, because we should then see
this also in the case of the flatapole and there the intensity loss is not so pronounced, in fact the intensity even rises with COFF for the higher masses.
This indicates that the cause is rather the diminished ability of the octopole to
contain the ions at higher kinetic energies, which then collide with the poles
or are ejected from the cavity.
Since the 3D printing allowed us to quickly change the design and construct a new octopole we decided to see if increasing the cavity size from
2.8 mm to 3 mm could resolve the ion noding also for the lighter ions. The assumption was that the larger cavity size would provide a more homogeneous
beam given its larger field free region.

4.2.1 Octopole with larger r0
The new octopole was designed and built in the same manner as design #3
described in section 2.4 with the r0 = 3 mm (d/r0 = 0.467) being the only
difference. After installation and tuning of the rf frequency, the transmission
curves for all the ions were measured. The voltage settings were optimized
and again the Q2 RF was found to minimize the noding at its maximum value
825 V. For better transmission the skimmer offset had to be set to −15 V,
which results in a shift of the COFF scale. The measurement range was therefore extended to 100 V. The fig. 4.2 shows that the ion noding is unfortunately still present for lower masses. Moreover, the heavier ions now also
exhibit slight noding at higher energies. In addition, there is a dip in intensity
at the lower energies for the heavier ions.
Overall, the larger cavity does not resolve the noding and moreover it has
worse transmission properties.

4.2.2 Decapole
As was discussed in chapter 1, another way to increase the field free region
is to increase the order of the multipole. The octopole design was therefore
turned into a decapole while keeping the r0 at 2.8 mm. The construction procedure was again the same as in the previous cases exception for the type
of glue used. On the first try, the Araldite Standard Ultra turned unsuitable.
When the decapole was installed and tuned in, it worked only for a few short
moments, before the signal was lost and the background pressure in the collision cell rapidly increased and began to oscillate. Upon disassembly there
was no visible damage to the decapole or other parts of the instrument and

4.2. Ion Transmission

39

Fig. 4.2: Transmission of the octopole with larger cavity (3 mm).

so it was installed again. However, the situation repeated and this led us to
speculate that the cause might be decomposition of the glue by heat. The
capacitance of the decapole is higher, which causes it to heat up more than
the octopole. The Araldite Standard Ultra has heat resistance of only 65 ◦C,
which is already close to the temperature of the manifold (40 ◦C). It is thus
likely that the temperature of the rods of the decapole can easily reach the
heat resistance value of the used glue.
We therefore constructed another decapole, this time using the Torr Seal
glue which is designed for vacuum applications. It outgasses much less than
conventional glues and has much higher heat resistance of 120 ◦C. After installation of the second decapole, the signal did not disappear and the background
pressure settled at stable 2 µTorr.
The choice of decapole had another beneficial aspect, that is the deviation
from the ideal field due to use of circular rods was much lower than in the case
of the octopole. The combination of r0 = 2.8 mm and d = 1.4 mm gives ratio
0.5 which is much closer to the ideal ratio of 0.556 as reported in ref. [38].
The field deviation is estimated to be only 0.5% at this value which is much
lower than the field deviation of 6%, that was achieved with the octopole.
Finally, the ion transmission curves were measured for the lighter ions to
test whether the decapole could resolve the ion noding effect. As fig. 4.3, the
ion noding is diminished but still present. Interestingly, the decapole shows
a similar dip at transmission at lower voltages as in the case of the octopole
with the larger cavity. Also, the overall transmission is worse at high Q2 RF
which can be seen from the large signal variance. Lowering the Q2 RF to 250
V, the transmission improves greatly, the dip becomes less pronounced, but
the noding becomes somewhat stronger.
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Fig. 4.3: Transmission of lighter ions in decapole at conditions minimizing the noding
(left) and conditions with best transmission (right, RF set to 250 V).

4.3 Comparison of T-CIDs with TSQ 700
From the three multipoles we built and tried we chose the first octopole (r0 =
2.8 mm) even though, it did not fully resolve the ion noding problem and
because it had overall the best transmission as it did not show any dips at low
energies and the loss at higher energies was not large. For the lighter ions
the parts of the measured data where the ion noding appears can be cut if
it appears only at higher energies and the onset region is not affected. The
position of the onset can be also varied by using heavier collision gas, which
will shift it to lower kinetic energies, because the energy transfer to the ion
will be more efficient. To see if the new bent octopole was usable we measured
several T-CIDs that were previously measured on the older TSQ 700, which
had a slightly angled octopole and did not suffer from the ion noding.
The first measurement was done with adamantyltrimethylammonium (m/z =
194 Da), which dissociates into adamantyl cation and trimethylamine. The
measured and extrapolated σ curves are shown in fig. 4.4. The data is
of low quality, because of low signal intensity and high background pressure (15 µTorr). Moreover, the KED FWHM was much broader than usual
(3.4 eV) and only four pressures were used for the extrapolation instead of
the usual 7. The data was then cut at 65 V to exclude the part of the curve
where the noding occurs and fitted with the L-CID program to give a BDE of
45.9 ± 1.0 kcal mol−1 . Despite the low quality of this measurement, the fitted value agrees very well with BDE of 46.4 ± 1.4 kcal mol−1 obtained from a
measurement on the TSQ 700.
Next we measured the proton-bound dimer of aza[6]helicene with m/z of
665 Da. The measurement was done with a much lower background pressure
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(4 µTorr) then the previous one and the overall quality of data was much
better. Despite the higher mass the reactant intensities (fig. 4.5a) at higher
energies exhibit minor noding. The extrapolated σex p is however affected
only slightly (fig. 4.5b) and therefore no data was cut. Fitting the data with
the L-CID program yields BDE of 32.1 ± 1.3 kcal mol−1 . This value is also in a
good agreement with the BDE = 32.6 ± 0.6 kcal mol−1 measured on the TSQ
700.
The last ion for which we compared the BDE from the TSQ Quantum Ultra
and the TSQ 700 was proton-bound dimer of 2,6-bis-(3,5-di-tert-butylbenzyl)pyridine. This time the ion noding is not present at all (fig. 4.6a) and it
also was not necessary to cut any data. The BDE = 35.7 ± 0.9 kcal mol−1 the
compares again favorably with the BDE = 35.3 ± 0.8 kcal mol−1 measured on
the TSQ 700.
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(a) Reactant and product intensities.

(b) Extrapolation to zero pressure.

(c) L-CID fits of the σR .
Fig. 4.4: T-CID of adamantyltrimethylammonium cation.
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(a) Reactant and product intensities.

(b) Extrapolation to zero pressure.

(c) L-CID fits of the σex p .
Fig. 4.5: T-CID of Aza[6]helicene proton-bound dimer.
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(a) Reactant and product intensities.

(b) Extrapolation to zero pressure.

(c) L-CID fits of the σex p .
Fig. 4.6: T-CID of 2,6-bis-(3,5-di-tert-butylbenzyl)pyridine proton-bound dimer.

5. DISCUSSION

5.1 Design and Construction
The method developed for the construction of the octopole proved successful as we managed to build a working octopole. Given the flexibility of the
method we were able to iterate quickly on the design in order to test different
ideas about resolving the ion noding issue. Unfortunately, neither increasing the r0 nor switching to decapole resolved the issue completely. The SLS
printing method has the drawback of lower resolution than the photopolymerization based multijet method, but we had to compromise in order to have a
material that would be suitable for high vacuum. The lower resolution seems
not be a problem as both octopoles and the decapole could transmit ions,
although not perfectly across the range of COFF values that we use for TCID measurements. The method might not be suitable though for quadrupole
mass filters, as those would require much higher precision of the field geometry than higher order multipoles operated in rf only mode.
The method of electroplating a plastic structure printed by one of the more
precise 3D printing methods might be more useful when higher precision is
necessary. While in our hands the method did not work out, Gordon and Osterwalder demonstrated that it is feasible [39] and later this method was also
used by Rizzo et al. for fabrication of a ion funnel guides [44]. Their approach differed in the choice of the printing method – stereolitography (SLA)
– and the choice of material – PMMA. The SLA printing often needs support
structures to be added if the model has too many overhanging parts, in order
to prevent formation of defects like shearing or warping. The supports are
then cut off and the model is sanded in the spots, where the supports were
attached. The design of Gordon and Osterwalder is linear along the axis of
the device and could be thus oriented in a way, where only few supports were
needed and could be placed in noncritical parts of the device. For our design
this would not be possible as the supports would always need to be placed
inside the cavity because of the curvature of the octopole.
The design #2 (rods held by grooves along the whole length, see section
2.3) would be in principle feasible. In our case the outgassing either from the
incomplete polymerization or from the leftover wax prevented us from using
the design for T-CID measurements. Otherwise the octopole worked normally
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and showed good ion signal. If another material suitable for high vacuum as
well as high precision 3D printing is found or developed in the future, it might
be worth to revisit this approach. The assembly process is much easier and
the geometry is more precise than in the case of the final design #3.
The biggest limitation of the design #3 turned to be the preshaping of the
rods and the assembly, especially the tedious gluing process. This could be
potentially overcome by combining the 3D printed scaffold with a set of 3D
printed rods.
Methods for 3D printing metals already exist and are based on three main
approaches: melting, sintering and lost wax casting. The last one is an iteration on a traditional technique where the only difference is that the wax model
is created by 3D printing. It is then placed into a mold material, melted away
and the cavity is then filled with metal. The melting and sintering processes
share a similarity in using laser or electron beam to irradiate a cross-section
of a chamber filled with metal powder. By lowering the bed and repeating the
process a 3D object is formed. Depending on the temperature the particles are
either sintered (only particle surface is melted) or melted (bulk of the particle
liquefies). Unfortunately, long thin and bent wires are troublesome designs
for all three methods from the precision point of view. The lost wax casting
would require many filling channels (spruces) for the mold, which would have
to be broken off and sanded. The metal might also not fill the cavity evenly
resulting in tension of the final product. The dimensions of the final product
might be also slightly different as the mold needs to be heated to harden. The
sintering and melting processes have two main drawbacks. The first problem
is that the metal is often not pure but mixed with a filler material that helps
the sintering process. The second problem is that the melted metal can easily
overflow in the finer parts of the model thus distorting the geometry.
The 3D printing field is developing rapidly though, and it is possible that
in the near future a material or process will be found which will be suitable for
printing of the poles. In that case, it should replace the process of preshaping
the rods by annealing and passing them through a mold. 3D printing of the
poles would also extend the possibilities of this design, as it would be easier to
produce poles with more bulk, which cannot be easily shaped by passing them
through a mold, or geometries with more complicated designs that cannot be
simply made from shaping a copper wire.

5.2 Ion Transmission
The octopole with the cavity radius r0 = 2.8 mm and rod diameter d = 1.4 mm
reduced the noding for ions of higher m/z values (> 500 Da) significantly in
the typical T-CID measurement energy range. In the case of the lighter ions,
the ion noding was still present unfortunately and of approximately the same
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extent as in the case of the flatapole. The dependence of the noding on the m/z
is expected as the heavier ions develop fewer nodes than lighter ions, therefore
the transmission oscillates less. At the same time its overall transmission only
shows a small to moderate (up to 20%) loss at higher energies.
We made two attempts to further reduce the ion noding also for the lighter
ions. Both approaches were based on our hypothesis that the ion noding is
caused by the field free region of the multipole not being large enough. At
first we therefore tried to increase the r0 of the octopole to 3 mm. Increasing the cavity radius unfortunately did not improve the situation as the ion
noding was still present. Furthermore, the transmission exhibited a dip at
low energies for heavier ions. The occurrence of the dip is unusual, because
the transmission of octopoles is usually constant at low energies and monotonically decreasing at higher energies as more trajectories become unstable.
Looking at the trajectory simulations for the octopoles (fig. 1.5) one can notice that there is indeed a small dip at low energies for both the straight and
bent geometries. Perhaps this is caused by one of the nodes of the octopole
coinciding with the exit lens at low energies.
The next attempt was to increase the order of the multipole from 8 to 10
as this also leads to larger field free region. The ion noding seems to be diminished for the lower masses, however, this can be also confounded by the lower
signal-to-noise ratio. The low signal was a byproduct of using conditions that
minimized the noding. When the conditions were optimized to increase the
overall intensity, the noding was present at similar extent as in the case of
the octopoles. Because of the worse transmission at conditions minimizing
the ion noding and because of the dip at lower energies, the decapole is not
suitable for the T-CID measurements. During the transmission studies with
three multipoles it was found out that the rf amplitude V of the multipole (set
by the Q2 RF setting in the instrument software) has a strong influence on
the extent of noding. Comparing the beam profiles for an ion with 200 Da at
250 V and 825 V (see fig. 5.1), we can see that the main effect of the higher
V on the beam profile is the smaller beam cross section. In other words, the
ions are more strongly confined in the region close to the cavity axis rather
than in the region close to the rods. In addition, the are also more unstable
trajectories where the ions hit the rods before reaching the end of the multipole. This explains why the intensity drops when the V is increased. The
fact that the ion noding is minimized when the ions are confined closer to
the cavity axis indicates that our hypothesis of reducing the ion noding by
increasing the field free region was not the complete story. The oscillations
in transmission are caused by the shifting of the nodes and antinodes while
varying the kinetic energy of the ions. When the antinodes coincide with the
entrance of the Q3, the intensity drops as some of the ions will lie outside the
acceptance area of the quadrupole. The noding is reduced when an octopole
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(a) Ion trajectories (m/z = 200 Da) at V = 250 V.

(b) Ion trajectories (m/z = 200 Da) at V = 825 V.
Fig. 5.1: Comparison of beam profiles at low and high V values.

is used instead of the flatapole, because there many fewer nodes. However,
the beam cross section also increases and therefore the overall intensity is
lowered. Increasing the r0 or switching to decapole makes the beam cross
section even larger and therefore the intensity loss is even greater. Perhaps it
would be then beneficial to construct an octopole with smaller cavity radius,
which could potentially further reduce the ion noding issue while maintaining
good transmission. However, this would require rods with a smaller diameter
in order to match the capacitance of the rf generator of the instrument and
therefore also a 3D scaffold with narrower grooves for holding the rods. This
is not possible at the moment with the construction method that was described
in section 2.4, because the SLS printing does not have sufficient resolution.

5.3 Comparison of T-CID experiments
Based on the results of the transmission studies we chose the first octopole
(r0 = 2.8 mm) for T-CID experiments. Even though the noding is still present
for the lower m/z values, the modified TSQ Quantum Ultra is capable of providing data of only slightly worse quality than the older TSQ 700. There are
two reasons for the lower quality.
The first shortcoming of the new instrument are the broader KEDs. These
distributions are measured by recording the transmission around the signal
onset and taking its derivative with respect to kinetic energy (collision off-
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set setting). The KED thus corresponds to the motion along the axis of the
octopole. In the case of the bent geometry the initial KED of ions is probably
broadened due to the curvature and the associated change in the acceleration. This effect is not present or not to such an extent in the case of the
older TSQ 700 where the rf octopole is only slightly bent (15°). Alternatively,
the broader KEDs could be also caused by using an 18-pole instead of a 24pole for thermalization of the ions. The higher the order of the multipole the
narrower energy can be achieved. The difference between n-th and n+2-th
multipole, however, gets progressively smaller with increasing n. Presumably
both effects contribute to the broader KEDs, which remain in an acceptable
range though.
The second shortcoming is the larger variance of the signal compared to
the older instrument. This is likely due to the use of non-native multipole in
the collision cell whose emittance area does not match the acceptance area
of the Q3. Furthermore, it is operated at high Q2 RF values which minimize
the ion noding but also lower the overall signal. The low intensity can be
overcome by using more concentrated solutions when needed, although this
often leads to quick contamination of the ion optics and the 18-pole, which
then need to be cleaned more frequently.
Despite the abovementioned shortcomings the BDEs measured on the modified TSQ Quantum Ultra agree very well with the values measured on the
older TSQ 700. For the heavier ions the data can be considered as reliable
as the data from the older instrument. For the lower masses the data can be
also considered reliable when it is possible to measure the dissociation curves
in a range where the ion noding is not present (low collision offset values).
This can be often easily achieved by using a heavier collision gas, which will
shift the onset of the dissociation to lower kinetic energies as more energy is
transferred during the collision event.
Tab. 5.1: Comparison of BDEs measured on the TSQ Quantum Ultra and TSQ 700
instruments.
TSQ Quantum Ultra

TSQ 700

System

m/z
(Da)

BDE
(kcal mol−1 )

KEDfwhm
(eV)

BDE
(kcal mol−1 )

KEDfwhm
(eV)

AdNMe3+
(aza[6]helicene)2 H+
(o-(m-tBu2 Bn)Py)2 H+

194
665
969

45.9 ś 1.0
32.1 ś 1.3
35.7 ś 0.9

3.4
1.8
1.9

46.4 ś 1.4
32.6 ś 0.6
35.3 ś 0.8

1.5
1.3
1.6

6. CONCLUSIONS AND OUTLOOK

In the first part of this thesis we described a new construction method for
a bent octopole that utilizes 3D printing for achieving the desired geometry.
The method is general and could be in principle used also for other ion guide
configurations. The developed method is not ideal as we had to compromise
and resort to the SLS based printing, which has lower resolution than other
3D printing methods. The second drawback of our method is the need to use
metal wires and to shape them with 3D printed molds. This need arises from
the fact that currently there is no good method for precise printing of long thin
wires from pure metal. The 3D printing is developing quickly though and a
new vacuum compatible material suitable for more precise printing might be
found soon as well as a better solution for 3D printing of pure metals. With
such developments our method of combining a 3D printed plastic scaffold with
3D printed metal electrodes might be extended to more complicated geometries.
The bent octopole was constructed as a replacement for a flat quadrupole inside a QqQ mass spectrometer. The replacement was necessary in order to adapt the instrument for performing the T-CID experiments. With the
original quadrupole the instrument suffers from the so-called ion noding effect, which can be described as unwanted oscillations in the ion transmission
curves. Moreover, the quadrupole would not be suitable for T-CID experiments even if it did not exhibit the ion noding effect, because the ions in a
quadrupole reach higher kinetic energies in the radial direction compared to
an octopole. This can lead to the so called rf heating when the ions collide
with the background gas and this then distorts the KED or can even cause dissociations. Both effects are difficult to account for when modelling the T-CID
in order to obtain BDE and should be therefore avoided. Using the octopole
instead of quadrupole solved this issue, because the ions are not so strongly
focused in the octopole and have narrower KEDs.
The octopole that was in the end used as a replacement for the quadrupole
resolved the noding issue completely only for heavier ions (m/z > 500 Da)
with the lighter ions still showing oscillations in the transmission curves. This
was unexpected as the SIMION calculations indicated that the octopole should
not show any noding. To probe whether the noding could be removed completely we constructed and tested an octopole with larger R0 and a decapole.
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The octopole with larger cavity also exhibited the ion noding and while the
decapole minimized the noding for the lighter ions this was at the cost of
signal intensity. During these transmission tests it turned out that the noding
was minimized when the applied rf voltage was set to high values which more
strongly confine the ions to the cavity center. This indicates that an octopole
with a smaller R0 (< 2.8 mm) might improve the transmission and possibly
also further reduce the noding, since the beam profile could better match the
acceptance area of the Q3. This would though require more precise printing
method, as such octopole would need thinner rods. Perhaps this could be
realized in near future when vacuum compatible materials for more precise
printing methods are found.
Finally, we tested the suitability of the 3D printed bent octopole by measuring three BDEs which were previously measured also on the older TSQ
700. The data from the modified TSQ Quantum Ultra with the new octopole
are in an excellent agreement with the data from TSQ 700 thus showing that
the new instrument can be used to obtain reliable BDEs. Care must be taken
though in the case of the lighter ions, where the noding is still present, but
where the experimental conditions can be set in such a way that the noding
does not influence the T-CID measurement.
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Part II
DISPERSION-BOUND COMPLEXES

7. INTRODUCTION

The T-CID experiment introduced in detail in the previous part is only one
of many methods to determine gas-phase thermochemical values. The attractiveness of gas-phase measurements lies in their direct comparability with
computational results. Unlike the thermochemical data obtained from condensed phase methods, they are not affected by solvent effects, which are
very difficult to calculate accurately, since only implicit solvent models are
currently used, because the explicit solvent models are usually too expensive.
There are already pioneering studies in development and application of the explicit solvent models, but these are often based on force-fields and molecular
dynamics. System for which these force-fields are not parameterized cannot
be thus studied.
The gas phase methods for determining BDEs can be divided into two
categories: Second Law and Third Law methods named after the well-known
laws of thermodynamics. The Second Law methods typically involve measurement of the rate of dissociation from which the activation energy is derived.
For dissociations with no reverse barrier, this activation energy corresponds
to the BDE. The Third Law measurements involve simple determination of
the dissociation constant K D from the relative concentrations of reactants and
products at several temperatures. The BDE is then obtained from the corresponding van’t Hoff plots. The latter method has the advantage of relying on
much simpler and safer assumptions as it requires only the condition that the
systems are in equilibrium and that the species have a Boltzmann distribution
of internal energies. Practically speaking though, the method has many disadvantages. It is limited to very small molecules, which are volatile enough and
which do not undergo other reactions than reversible association and dissociation. Also, both the reactant and the product must be detectable in the gas
phase with similar detection efficiency across the whole measurement range.
For some species very high temperatures (up to 2000 K) are necessary, which
the instrument or its parts must withstand. An example of such an instrument
that is often used for the equilibrium studies is the Knudsen cell–MS setup.
The Second Law measurements methods are more broadly applicable, as
they do not require high temperatures and therefore also more labile species
can be measured including reactive species, if they are prepared in situ. Thanks
to ESI-MS very large species can be studied too, however, BDE of only the
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few most labile bonds (1 to 3) can be determined. If too many bonds fragmented, the unambiguous interpretation of data would be difficult. The Second Law measurements include the T-CID method, as well as photoionization
mass spectroscopy (PIMS) [45, 46], photoelectron spectroscopy (PES) [47–
49], threshold photoelectron photoion coincidence spectroscopy (TPEPICO)
[10, 50], etc. The unifying feature of these techniques is that they provide
means of controlling the energy at which the dissociation happens instead of
the temperature. This way they measure the microcanonical dissociation rate
rather than the canonical one. While there are few experimental drawbacks
for many of the Second Law methods, the biggest drawback common to all
of them is the need for a theoretical model of the microcanonical dissociation rate. Almost all approaches turn to statistical rate theory which assumes
that the energy transferred to the reactant upon activation is randomized over
its rotational and vibrational modes faster than the rate of dissociation. The
randomization happens due to the anharmonic coupling of the vibrational
modes and this process is known as internal vibrational redistribution (IVR).
The larger the molecule is the faster the IVR is assumed to be as there are
more ways for the vibrational modes to couple which leads to higher densityof-states. The cases of nonstatistical behavior are rare and limited to small
systems [51, 52]. There exist several implementations of the statistical rate
theory (Rice-Ramsperger-Kassel-Marcus (RRKM) [53], quasi-equilibrium theory (QET) [54], phase space theory (PST) [55, 56], statistical adiabatic channel model (SACM) [57], etc.) of which RRKM is the most commonly used
one. All of the mentioned methods work under the assumption that the entire
phase space of the reactant is sampled and that there is a critical hypersurface that separates the reactants from the products and that it can be crossed
only once. The goal is then to find an expression describing the flux of the
reactants through the critical hypersurface. This flux corresponds to the rate
constant k(E) which contains the activation energy as a parameter. Finding
the expression of k(E) involves yet another layer of simplifying assumptions,
but despite that the Second Law measurements have been successfully used
to determine BDE of many species.
The accuracy of the experimentally determined BDE can be assessed only
by cross-validation with theory or with another experiment. Sets of these data
are then organized into thermochemical databases/tables such as JANAF or
Active Thermochemistry Tables (ATcT) developed by Rui [58]. The approach
of ATcT is particularly innovative as it organizes the tabulated data into an
interconnected network. This makes the data internally consistent and the
quantities derived from the data in ATcT utilize information from the whole
network rather than the information associated just with the values necessary
for the calculation. The experimental databases are, however, limited to atoms
and small molecules, because reliable data for large systems are scarce. This
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is less due to experimental difficulties and more due to the need for careful interpretation of the results. Apart from experimental databases there exist also
numeral computational benchmark databases (S66 [59], Minnesota DB [60],
GMTKN55 [61]), that heavily rely on the "gold standard" of computational
chemistry – the coupled cluster with singles, doubles and perturbative triples
(CCSD(T)) theory with complete basis set (CBS) extrapolation – or a similar
high-level method. These calculations are very expensive though and therefore the computational databases also comprise of almost exclusively small
molecules. One of the primary uses of these databases is the development
of new computational methods, especially DFT functionals. DFT is routinely
used for large systems and calculated results are used to support interpretation
of experiments in a variety of fields (catalysis, solid state physics, photochemistry, etc.), despite being validated mostly against databases containing only
small molecules. Predictive applications of DFT, and in fact also of ab initio
methods, are rare, because the results often depend on the chosen method.
It could be argued that the reliability of the computational methods would
be improved if the benchmark databases included also experimental data for
large molecules.

Fig. 7.1: Measured BDEs of adenosyl- and methylcobinamides in kcal mol−1 . PBE and
PBE-D3 values given as differences from the experiment. Adapted from [62]

In a recent paper [62], our group has used the T-CID method and LCID software to determine the BDEs of methyl- and adenosylcobinamides
(44.6 ± 0.8 kcal mol−1 and 41.5 ± 1.2 kcal mol−1 ) which serve as simplified
models of cobalamin (vitamin B12) and which are much larger (≈150 atoms)
than the systems typically measured with this technique (≈50 atoms). The
experimentally determined values were compared with several DFT methods
and while the PBE functional showed good agreement, many other commonly
used functionals (B3LYP, M06, TPSS, etc.) gave significantly deviating values.
At the time of the study various dispersion interaction corrections [63, 64] for
DFT were introduced. These were also tested, because the cobinamides are
certainly large enough to have a significant dispersion contribution in their
BDEs. Indeed, the use of the corrections increased the bond energies for
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both cobinamides, but none of the dispersion corrected functionals gave good
agreement with the experiment. In fact, almost all the corrected functionals severely overestimated the BDE of adenosylcobinamide by approximately
10 kcal mol−1 (see fig. 7.1). We note in passing that the T-CID experimental
results were in qualitative agreement with the results determined in solution
by photoacoustic calorimetry (PAC).
The discrepancy between theory and experiment was later revisited computationally by Grimme et al. [65] who performed an additional conformational search, tested other DFT dispersion correction methods as well as the
LPNO-CCSD method [66] (linearly scaling implementation of CCSD). They
found a more stable conformer, but it did not alter the results significantly.
The nonlocal dispersion correction methods gave very close results to the ones
using the pairwise D3 method and both agreed also with the LPNO-CCSD values. Apart from cobinamide complexes they also looked at complexes with
cobalamin and methyl radical in order to compare the trends between them.
They came to the conclusion that the T-CID value for the adenosylcobinamide
is experimentally underestimated, noting that the cause might be because LCID was developed and tested for dissociations of small ligands from larger
complexes up to 50 atoms. In principle, the question whether L-CID is valid
for larger complexes than those for which it was developed is well justified,
although in the case of the methyl- and adenosylcobinamides it should equally
affect both measurements and not just one, because both complexes are much
larger than 50 atoms. It is worth pointing out that even the revised calculations including the implicit solvent model are in disagreement with the PAC
studies as well with an equilibrium study by Kräutler [67] who found that
cobalamin binds methyl radical stronger than cobinamides. These comparisons should be taken though with a grain of salt, because the implicit solvent
model probably introduces errors larger than any errors in the treatment of
the dispersion (e.g. three body interactions).
We decided to investigate the issue of large complexes stabilized by dispersion interactions further. With such a study we seek cross-validation between
experiment and theory which would mutually reinforce each other if agreement is found. Furthermore, these gas-phase BDEs could partially alleviate
the lack of data for large molecules in the thermochemical databases. Finally,
the study of dispersion interactions is an opportunity to explore the possibility
of using them as a handle for tuning of chemical reactivity and properties.
Dispersion interactions (also known as London forces [68]) have been
known for a long time and been generally recognized as the main binding
interaction for noble gas dimers since they are always attractive and omnipresent. This notion did not translate, though, to larger compounds where
the structure is dominated by covalent bonds and the contribution of dispersion forces was for a long time considered small and therefore neglected. In
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fact, added bulk to the molecule was often viewed only as steric hindrance
caused by the Pauli repulsion. How undeserved the neglect of dispersion
forces in large molecules was can be best illustrated with the case of the
so-called hexaphenylethane riddle [69]. In 1900 Gomberg reported [70] on
the unprecedented stability of the triphenylmethyl radical which only dimerized upon removal of the solvent. Two suggestions for the structure of the
dimer were proposed early on: hexaphenylethane and asymmetric quinoid
type structure. The hexaphenylethane prevailed until 1968 when experimental evidence in support of the quinoid structure emerged [71]. The hexaphenylethane then became a model of a compound that cannot be synthesized due to high steric hindrance. In 1986 Mislow et al. published a crystal structure of the closely related hexa(3,5-di-tert-butylphenyl)ethane in a
study focusing on the comparison of force field bond lengths predictions and
their comparison to the experimental values [72]. The presumed impossibility of a hexaphenylethane type structure was left without a comment from
the authors, in fact in a previous paper they noted that the “the tert-butyl
groups have no special effect on the bonding parameters of ” the substituted
hexaphenylethane [73]. In 2011 Grimme and Schreiner showed [74] that
the increased stability of the substituted hexaphenylethane is indeed due to
the dispersion interactions between the tBu groups which contribute an estimated 23 kcal mol−1 to the BDE relative to the unsubstituted compound (see
fig. 7.2). Since then the interest in dispersion stabilized systems increased
and each year new examples are found (see for examples reviews [75] and
[76]). Control of reactivity by dispersion interactions has been successfully
demonstrated only in one case so far [77].

Fig. 7.2: Stabilization of hexaphenylethane by dispersion interactions of tBu groups.
∆G298 calculated at TPSS-D3/TZV2P level of theory. Adapted from [74].

The proliferation of the studies on dispersion interactions is partially fueled by the wider availability of computational methods which can adequately
treat them. In 2006 Zhao and Truhlar showed [78] that many of then common
functionals seriously underestimated the Ar2 interaction energy with some
even predicting no bound minimum. Since then several schemes for treating
the dispersion interactions within DFT were published. They usually follow
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one of the following approaches: 1) nonlocal density functionals (DFT-NL), 2)
DFTs parametrized for non-covalent interactions, 3) semiclassical approaches
based on atomic C6 coefficients and 4) one-electron core potentials. The most
widely used correction at the moment is the pairwise correction D3 [64] and
its updated version D4 [79] from Grimme, which use a set of precalculated
atomic pair CnAB coefficients. Contribution of two-body dispersion interactions
to the total energy in their approach is expressed as
Edisp =

X X
AB n=6,8

sn

CnAB
n
rAB

f d,n (rAB )

(7.1)

where A and B denote atoms, rAB is the interatomic distance, sn is the functional dependent scaling parameter and f d,n is a damping function which ensures that there is no double counting at intermediate distances or singularities at small distances. The C6AB is defined using the modified Casimir–Polder
formula
Z∞
 1

3
1  A m Hn
n
n
C6AB =
dω
α
(iω) − αH2 (iω) ×
αBk Hl (iω) − αH2 (iω)
π 0
m
2
k
2
(7.2)
where α(iω) is an averaged molecular polarizability. Grimme’s approach utilizes molecular polarizabilities of AmHk and BnHl hydrides corrected for the
corresponding amount of H2 polarizability as a reference. This is done to remove the influence of low-lying excited states on the atomic polarizabilities.
The C6 coefficients are then expressed in terms of a coordination number C N
to account for differences in the molecular environment of each atom. The
D3 method did not account in any way for possible influence of partial atomic
charges but this was remedied in D4 by modifying the C6 formula with a partial charge dependent term. The partial charges are calculated with a semiempirical quantum mechanical tight binding model which helps to preserve
speed performance of the method. The sn coefficients are weight factors optimized for different functionals to reproduce results from ab initio computational benchmarks.
Another way to treat the dispersion interactions computationally is to use
ab initio methods which treat correlation energy (post-Hartree–Fock (HF)
methods). Dispersion interactions do not have a special term in the Hamiltonian, they are simply a part of electronic correlation that we chemists decided
to classify separately to help us conceptualize chemical phenomena such as
the stability of noble gas dimers. Any wavefunction theory (WFT) method
that treats electronic correlation is thus capable to account for these interactions, at least in principle. For a long time the problem was that large systems
with strong dispersion interactions were too expensive for most of the WFT
methods with the exception of the MP2 (Møller-Plesset perturbation theory)
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method. Unfortunately, the MP2 method is known to often overestimate the
dispersion interaction energy [80] and thus dispersion corrected DFT is often
preferred.
Recently, several methods were developed that reduce the computational
cost of the post-HF methods by using so-called local correlation theories. These
theories utilize the fact that electronic correlation is sparse as only close electron pairs contribute to correlation energy significantly. Various schemes are
then used to divide the molecule into fragments and categorize pairs of electrons as strongly or weakly interacting. The strongly interacting pairs are then
treated with high-level theoretical method while the weakly interacting ones
are treated at lower level of theory (typically MP2). The calculations are also
done on fragment by fragment basis to reduce the overall computational cost.
One of the most successful methods utilizing this approach is DLPNO-CCSD(T)
(domain based local pair-natural orbitals singles and doubles coupled cluster)
method developed by Neese and coworkers [81–83]. It achieves almost linear scaling with size of the system instead of O(N 7 ) of the canonical CCSD(T).
The computational costs are in fact comparable to those of DFT. The DLPNOCCSD(T) method was tested against two experimental benchmark databases
and was found to give mean unsigned error (MUE) smaller than 2 kcal mol−1 .
Recently, DLPNO-CCSD(T) calculations were deemed accurate enough to be
incorporated into the GMTKN55 benchmark database [61].
To be able to investigate the dispersion interactions in the gas phase with
the T-CID method we needed compounds that would be ionizable and have
a weak bond that could be stabilized by dispersion interactions using suitable
substituents. The BDEs should lie in the range 25 – 50 kcal mol−1 . The lower
bound is determined by the harshness of the ESI process which breaks too
weak bonds. The upper bound is determined by the amount of energy that
can be transferred to the ion by collisions. Also, at high collision energies
other bonds might start to break which would then require consideration of
competing dissociation channels. The compound should be larger than 50
atoms, so we can test the validity of using L-CID for big systems by comparing
it to the dispersion corrected DFT and DLPNO-CCSD(T) calculations. Mutual
agreement between the dispersion corrected DFT and DLPNO-CCSD(T) BDEs
on one side and the L-CID derived ones on the other side would boost confidence in validity of both approaches when used for large systems.
We identified proton-bound dimers of substituted pyridines as promising
candidates, because they are ionic in nature and can be easily substituted by
common cross-coupling reactions in the ortho position. BDEs of several of
these dimers were measured with the T-CID method and compared to the values calculated with dispersion corrected DFT and DLPNO-CCSD(T). BDEs of
two smaller pyridines were also compared with the previously published data
[84] from high temperature equilibrium MS (Third Law measurement). Apart
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Fig. 7.3: Illustration of the idea of stabilizing the proton-bound dimer with dispersion
interactions between large substituents around the hydrogen bond.

from the gas phase studies, these dimers were also investigated by variable
temperature nuclear magnetic resonance (NMR) and isothermal calorimetry
(ITC) to compare the amount of stabilization due to dispersion also in the
condensed phase. The condensed phase studies were done by our colleagues
and their results will not presented in this thesis. More details about them can
be found in references [85] [86].
Before we proceed to the results and discussion we present here a brief
overview of the theory of CID and the design of the L-CID program as we will
refer to some of these concepts in later chapters.

7.1 Theoretical description of CID
CID is a process during which ion is energetically activated by a collision with
a neutral particle, usually a rare gas atom. If the total energy of the activated
ion is higher than threshold energy E0 , the ion dissociates into fragments. This
can be expressed by the following equations
AB + N
[A B]

*

[A B]* + N

(7.3a)

A+B

(7.3b)

The idea to split the process into two elementary steps was proposed by Lindemann and developed by Hinshelwood [87]. The rate of the reaction can
be then found by examining the rates of the elementary steps. For most collisions of ions with rare gas atoms, the activation step is much faster than the
subsequent dissociation. Therefore the overall reaction can be treated as a
unimolecular process. Rice, Rampsperger and Kassel [88, 89] simultaneously

7.1. Theoretical description of CID

63

proposed an improved model in which the activated ion is treated as a set
of loosely coupled oscillators. The term loosely coupled implies that the energy can flow freely between the oscillators while not perturbing each other’s
energy levels too strongly. Even later Rice and Marcus decided to include an
additional step [90], in which both [A B]* and [A B]‡ lie energetically above
the threshold (E > E0 ), but only [A B]‡ has a specific configuration that can
lead to the dissociation (see eq. 7.4). Rice and Marcus used the words active and activated complexes for these two species. Today we would call the
activated complex a transition state.
AB + N

[A B]* + N

[A B]

*

[A B]

[A B]

‡

A+B

‡

(7.4a)
(7.4b)
(7.4c)

The RRKM model then uses statistical mechanics to calculate the probability
of crossing from the reactants to the products through the critical configuration. When this probability is multiplied by the velocity along the reaction
coordinate, one obtains a flux, which is the rate of the dissociation. The widely
used RRKM formula for the rate of unimolecular dissociation is
R E−E0
k(E) =

0

ρ ‡ (E − E0 − ε) dε
hρ(E)

=

W ‡ (E − E0 )
hρ(E)

(7.5)

where ρ and ρ ‡ are the density-of-states functions of the reactant and the
transition state respectively, E0 is the threshold energy and h is the Planck’s
constant. Proper calculation of the rate constant is important, because the
experimental setup has a limit of detection. Signal corresponding to the dissociated fragments is observed only when the reaction is fast enough to produce sufficient amount of fragments within the timespan of the experiment
(typically on the order of 1 × 10−5 s). The energy, at which the signal is first
observed, is called the appearance energy EA and is always higher than the
true threshold energy E0 . The difference between these two is called “kinetic
shift”, first recognized by Chupka [91]. Correctly modelling the rate of the
dissociation allows us thus to obtain the threshold energy, which for simple
dissociations corresponds to the BDE. To calculate the rate constant we need
one additional piece of information – the amount of excess energy that is
available for the dissociation. To obtain this quantity we need to determine
the amount of internal energy before the collision and the amount of energy
that was transferred to the ion during the collision. We will start with the
latter and leave the internal energy for later.
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7.1.1 Collision theory
The dynamics of collisions between an ion and a neutral was developed by
Gioumousis and Stevenson [92] who were building upon the results of Langevin’s kinetic theory [93]. The equations presented in this section follow
their approach.
In the laboratory reference frame the ion and the rare gas atom have
masses m I , mN and velocities vI , vN respectively. The kinetic energy Ek of
the whole system can be expressed as
m I 2 mN 2
v +
v
2 I
2 N

(7.6)

m I + mN 2
µ
vC M + vr2el
2
2

(7.7)

Ek =
which can be rearranged as
Ek =

using the following substitutions
m I vI + mN vN
m I + mN
m I mN
µ=
m I + mN

vC M =

vr el = vI − vN

(7.8a)
(7.8b)
(7.8c)

Eq. 7.7 expresses the total kinetic energy as a sum of kinetic energy associated
with the movement of the center-of-mass and kinetic energy associated with
relative movement of the colliding partners. This energy must be conserved
and so only the last term in the eq. 7.7 represents the energy that can be
transferred between the colliding partners and we will denote it
Ecoll =

µ 2
v
2 r el

(7.9)

Next we consider the conservation of the angular momentum or more
specifically conservation of the rotational energy associated with the angular momentum of the colliding particles. The rotational energy is given as
E r ot =

L2
2µr 2

(7.10)

where
L = |µv rel × r| = µvr el r sin θ = µvrel b
L 2 = 2µ

µν2rel
2

b2 = 2µEcoll b2

(7.11a)
(7.11b)
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Fig. 7.4: Diagram of the collision trajectories (solid black line) at several b values. The
red dashed line shows the trajectory that ends in the orbiting transition state
with the corresponding bmax . Blue arrows denote velocities of the approaching particles.

The variable r is the distance between the centers of the colliding partners
and the variable b is the so-called impact parameter. They are depicted in fig.
7.4 (the lowest trajectory). Using the eq. 7.11 we can now write the equation
for conservation of total energy as
E

Ecol l =

µ 2
vr el,0
|2 {z }

large separation

r ot
z }|
{
µd r
µ d2 r Ecoll b2
L2
=
+
=
+
2 dt 2 2µr 2
2 dt 2
r2
|
{z
}

2

(7.12)

close separation

It expresses the fact that the sum of the kinetic energy of the approaching
particles and the kinetic energy associated with change of the angular momentum must equal the Ecoll before the collision (indicated by the 0 in the
vr el,0 ). Now we see that the energy available for the reaction is even smaller
than Ecol l , because some of it will be used to conserve the angular momentum.
Therefore only the first term in eq. 7.12, which we denote Eloc , is available for
the reaction and the second term represents the so-called centrifugal barrier.
Eloc is then
Ecoll b2
r2 
b2
1− 2
r

Ecoll = Eloc +


Eloc = Ecoll

(7.13a)
(7.13b)
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Furthermore, we have to account for the ion – induced dipole attraction
between the colliding particles. The ion – induced dipole potential is proportional to ≈ r −4 and thus affects the trajectories already at large separations.
It is customary to add to it the second term of the eq. 7.12 to obtain the socalled effective potential which can be used to determine the ion trajectories.
Ve f f (r) =

Ecoll b2
αz 2 z 2
−
r2
2r 4 (4πε0 )2

(7.14)

Fig. 7.4 shows several trajectories at different b values. The red trajectory
at bma x corresponds to the situation when the attractive ion–induced dipole
potential is balanced out by the fictious centrifugal force and the ion and the
neutral end up in a metastable orbiting state. The trajectories for which b <
bma x lead to collisions while trajectories with b > bmax are only bent and do
not lead to collisions as the attraction between the ion and the neutral is not
strong enough to overcome the centrifugal force.
The effective potential is depicted in fig. 7.5 again for several values of
b/bma x . For head-on collisions there is only the attractive part of the potential.
For b/bma x > 0 there appears a maximum due to the centrifugal force. For
b = bma x this maximum is known as centrifugal barrier. Because the potential
resembles a reaction coordinate, the state associated with bmax where the
collision partners remain rotating is often called an orbiting transition state
(OTS).

Fig. 7.5: Effective potential for an ion – induced dipole collision. Thick black line belongs to the orbiting transition state. Red line shows the repulsive part of the
potential and blue line shows the attractive part of the potential.
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To know which trajectories lead to collisions we need to find a formula for
bma x . In the metastable state the Ve f f has a maximum and the kinetic energy
must be equal to the potential energy. This is expressed in the following two
equations:
dVe f f
dr

2Ecoll b2
2αZ 2 q2
+
=0
r3
r 5 (4πε0 )2

(7.15a)

Ecoll b2
αZ 2 q2
−
= Ecoll
r2
2r 4 (4πε0 )2

(7.15b)

=−

Ve f f (r) =

Solving them for r and b and denoting the results r0 and bmax we obtain
1/4
2α(Zq)2
bmax =
Ecoll (4πε0 )2

1/4
α(Zq)2
r0 =
2Ecoll (4πε0 )2


(7.16a)
(7.16b)

With a formula for the bmax set we now know how much energy can be
transferred by the collision. The next step is therefore to treat the internal
energy. We will also treat several effects that are related to the fact that we
are working with an ion beam which has to be described in terms of energy
distributions.

7.2 Energy deconvolution
The internal energy of the ion is simply assumed to have a Boltzmann distribution (P(Eν )). This is actually ensured by using the thermalization multipole
to transfer the ions into the mass spectrometer. While passing through the
multipole the ions collide several hundred times with gas at very low kinetic
energies, which thermalizes them to the temperature of the gas. P(Eν ) is defined by equation
ρ(Eν ) −Eν
P(Eν ) =
e RT
(7.17)
Q(T )
where ν is the vibrational frequency, ρ(Eν ) is the density-of-states and Q(T ) is
the vibrational partition function. Another effect of passing through the multipole is that the ions have a well defined and narrow KED. The experimental
F W H Me x p of this distribution is determined by a retarding potential analysis
and is used to define the width the simulated P(Ecoll ). For a given nominal
collision energy EC M , the P(Ecoll ) is generated so that EC M is its mean value
and F W H Mcol l satisfies the following equation
2
2
2
F W H Mcoll
= F W H Mex
p + F W H M Doppler

(7.18)
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The term F W H M Doppler represents the energy distribution associated with
the thermal motion of the collision gas and is calculated from the following
expression
F W H M Doppler =

Æ

11.1γkT EC M γ =

mI
m I + mN

(7.19a)

The next step is the generation of the P(b) distribution, which is chosen to be
triangular with the maximum given by bmax .
P(b) = b/bmax

(7.20)

Mathematically it represents the fact that grazing collisions at large b values
are more probable than head-on collisions (b = 0).
With P(b) it is now possible to transform P(Ecoll ) by using the eq. 7.12
to obtain distribution of P(Eloc ). The resulting distribution P(Eloc ) is then
convoluted with the Boltzmann distribution
P(Econv ) = P(Eν ) ∗ P(Eloc )

(7.21)

The last effect that needs to be treated is the kinetic energy release distribution
(KERD). The rare gas atom does not stay bound to the ion and as it leaves,
energy associated with that translation is released. This energy is thus also
not available for the dissociation and needs to be subtracted. Distribution
of energy released during the separation of the ion and the neutral can be
modelled with a function proposed by Lorquet [94]
p
P 0 (ε, Econv ) = C(Econv ) ερs+2 (Econv − ε)

(7.22)

where ε is the translational kinetic energy, C is a normalization factor and ρs+2
is a density-of-states function of the reactant with two vibrational modes due
to the attached rare gas atom. The final distribution of energy available for
the dissociation is therefore obtained by deconvoluting the P 0 (ε, Econv ) from
P(Econv ).
P(Edeconv ) = P(Econv ) ∗ P 0 (ε, Econv )
(7.23)
Knowing now the energy available for the reaction we can use eq. 7.5
to calculate the reactive cross-section and fit the experimental data to obtain
E0 . Traditionally, this is done by calculating the vibrational frequencies and
then using the Beyer–Swinehart algorithm [95] to obtain ρ and W ‡ . Vibrational frequencies for large complexes are usually calculated by DFT and the
calculations can become costly already for complexes with 100 atoms. The
resulting frequencies also depend quite strongly on the chosen functional, although this usually does not affect the result as the accuracy of frequencies
matters less then their overall number. A simpler approach for obtaining the
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density-of-states functions was previously developed in our group and implemented in the L-CID software [34]. In the next section we are going to explain
the new approach together with the fitting procedure that is used in L-CID to
determine the E0 .

7.3 L-CID program
The innovation in L-CID lies in the derivation of a general 2-parameter formula
for the density of states function for both the ground state and the dissociation
transition state, that is ρ(E) and ρ ‡ (E) respectively.
The formulas are:


βE
ρ(E) = exp p
(7.24a)
E +α
v


t E(E + α0 )
ρ ‡ (E) = exp β T S
(7.24b)
E +α
The derivation of the factors α and β is a bit complicated but in principle
follows the suggestion of Lorquet that the logarithm of density-of-states in the
higher energy region can by approximated by a linear function:
p
log(ρ(E)) = C E

(7.25)

The factors α and β together with α0 , which is a fitting parameter, correct for
the behavior in the lower energy region, where the log(ρ)2 shows concave
behavior in case of the ground state and convex behavior in case of the dissociation TS. They were shown to be related to the effective frequency νe f f
of the ground state, the number of degrees of freedom and the number of
free rotors. The νe f f represents average frequency of the reactant, the degrees of freedom are simply 3N-6 vibrational modes and the free rotors are
meant to be all of the freely rotating single bonds in the reactant. The coefficients α and β in the equations above were determined by fitting a set of 22
molecules, including 4 transition states (see fig. 7.6), for which ρ functions
were obtained by using the Beyer-Swinehart algorithm [95]. The molecules
in the fitting set span only up to 51 atoms, which was the basis of the objection
mentioned in [65]. It is worth noting here, that the larger molecules will have
more degrees of freedom and will thus have smaller region where (log(ρ))2
is nonlinear. Based on the model that is used in L-CID we would expect more
problems with small rigid molecules that would have large nonlinear regions.
More details about this issue can be found in the supplementary information
S1 in ref. [34]. The final forms of factors α and β are
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Fig. 7.6: Structures used for fitting the ρ (blue) and ρ ‡ (red) functions.

α = νe f f exp(1.546 − 0.1593n r ot )
q
β = s/(0.5190νe f f )
v
u
s−1
t
βT S =
0.5190νe f f

(7.26a)
(7.26b)
(7.26c)

where n r ot is the number of free rotors, s is the number of degrees of freedom
of and νe f f is the effective frequency. The parameters νe f f and α0 are then
fitted together with E0 in L-CID using a genetic algorithm. E0 represents simply the threshold energy for the reaction and α0 characterizes the transition
state type: a loose one based on the OTS1 and a tight one which lies closer
to the reactant on the dissociation coordinate and usually is associated with
a significant rearrangement of the reactant. The E0 can be seen as the microcanonical version of ∆H ‡ that is encountered in the transitions state theory.
The analogues of ∆S ‡ would then be parameters νe f f and α0 . The former represents the rigidity or flexibility of the molecule and together while the latter
determines how much ρ ‡ increases due to the loss of 6 vibrational modes
that will become rotational and translational modes of the products. As the
loose TS lies very close to the dissociation limit, its ρ ‡ increases considerably
1

Here the orbiting transition state does not refer to the ion–neutral collision pair. It refers to
the pair of fragments that will be formed upon dissociation. Since one of the fragments is still
charged the interaction potential can be also described as ion–neutral potential and there will be
also a centrifugal barrier. Therefore the OTS term can be applied also to the dissociation of the
ion.
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more than in a tight TS. In TST this would correspond to ∆S ‡ being large and
positive for the loose TS and small or even negative for the tight TS. Since
loose TS are typically simple dissociation reactions, the fitted E0 corresponds
to the BDE. In the case of tight TS the E0 would more likely correspond to the
activation energy Ea , that is the largest energy difference along the reaction
coordinate. With the knowledge of the available energy and a procedure for
calculating the rate we can now calculate the reactive cross-section and fit the
experimental data in order to extract the E0 .

7.4 Reactive cross-section
L-CID uses the following function to calculate the reactive cross-section σR as
a function of the nominal collision energy
σR (EC M ) = σ0

bmax
X
b=0

πb2 Pcoll (b)
|
{z
}

ion – neutral collision cross section

×

(1 − e−k(E0 −Edeconv )τ )
|
{z
}

kinetic shift from dissociation rate

(7.27)
where τ is the reaction time determined by the velocity of the ion and the
dimensions of the instrument (entered as input parameter of L-CID) and σ0 is
a scaling parameter determined from the experimental data. L-CID can also
treat two channel dissociations for which eq. 7.27 becomes
σR,i (EC M ) = σ0,i

bmax
X
b=0

πb2 Pcoll (b)


ki
1 − e−kt ot (E0 −Edeconv )τ
k t ot

(7.28a)

To calculate the whole σR curve the program uses Monte Carlo technique.
It starts by generating the Boltzmann distribution P(Eν ) with 10000 values
(adjustable in program input) using the rejection sampling method. Next it
enters the loop over the EC M range. For each EC M value it generates P(Ecoll )
distribution and passes it through the series of convolutions and deconvolutions to obtain P(Edeconv ). For each energy in the final distribution σR is calculated. The values are averaged and the mean is assigned as a result to the
EC M . The loop then proceeds to the next EC M value, until all are calculated.
Fitting of E0 , νe f f and α0 is done with genetic algorithm optimization. At
the beginning the program initializes a population of 200 individuals each
representing a unique set of the three fitting parameters as a binary string.
For each of the individuals the σR is calculated and its fitness is evaluated by
comparing the calculated σR against the experimental one. It is worth pointing out that internally L-CID normalizes both the experimental and calculated
σR curves before calculating the fitness. This means that the absolute values
of σR do not determine their fitness. The shape of the curve and the position of the fragmentation onset are the deciding factors for the fitness of the
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solution. This is, however, standard practice also in other groups and it is
warranted by the fact that despite the extensive theoretical treatment, many
effects are still neglected or approximated. For example, most of the collision
dynamics treats the ion as a point charge and the motion is considered only
in two dimensions instead of three, while one might /expect the shape of the
ion and the charge distribution to influence the Ve f f and thus the trajectories.
Once the fitness is evaluated the best individuals are selected into the mating pool from which pairs are randomly chosen to mate. During the mating
mutations (p =0.0025) or crossover (p =0.6) events can happen. At the end
a new generation is formed and the evaluation, mating, mutation cycle starts
again. The accuracy of the fitting depends on the variance of the experimental data. The optimization stops when desired variance is reached or when
the diversity between generations is lost and further convergence cannot be
reached.
L-CID was tested in the initial publication by Narani [34] against the CRUNCH
software which was at the time the standard for data analysis of T-CID results.
Four Pt organometallic complexes and two crown ethers were measured and
fitted with both programs to give results that were within the experimental error (less than 2 kcal mol−1 ), which was an indication that the simpler approach
towards calculating k(E) is justified and can provide same results quicker as
it eliminated the need to calculate frequencies and was also able to treat the
fall-off region at higher energies.

8. EXPERIMENTAL AND COMPUTATIONAL DETAILS

8.1 Synthesis and Materials
Pyridine, 2,6-lutidine, p-isopropylpyridine and p-tertbutylpyridine were purchased from commercial suppliers. p-adamantylpyridine was synthesized according to Ref. [96]. The meta-substituted pyridines were synthesized using
the standard Pd-catalyzed coupling reactions, especially the Negishi, Suzuki
and Sonagashira reactions. For more details see the Appendix.

8.2 T-CID Measurements and L-CID Fitting
Stock solutions for all the measured systems were prepared by diluting the
corresponding pyridine in MeOH with c ≈ 10−3 mol L−1 . Solutions for electrospraying were prepared by diluting the stock solutions 100×. For the weaker
bound complexes (2,6-lutidine, p-isopropylpyridine) the stock solution was
diluted only 10× or used directly. The silver-bound complexes were prepared by mixing the pyridine stock solutions with a stock solution of AgNO3 in
MeOH (c ≈ 10−3 mol L−1 ). The protonated 4-pyridinylmethylnitrite complex
was prepared in situ by mixing and diluting a stock solution of (4-pyridinyl)methanol with a stock solution of tert-butylnitrite (both in MeOH, c ≈ 10−3
mol L−1 ).
Proton-bound dimers of 2,6-bis(3,5-di-tert-butylbenzyl)pyridine, pyridine,
lutidine and both azahelicenes were measured on TSQ 700 and the data were
worked up manually in Excel. All the silver-bound dimers, the protonated (4pyridinyl)methylnitrite and proton-bound dimers of 3,5-bis(3,5-di-tert-butylbenzyl)pyridine, 3,5-bis(3,5-di-tert-butylphenyl)pyridine, 3,5-bis(triisopropylsilylethynyl)pyridine and 3,5-bis((1-adamantyl)ethynyl)pyridine were measured on TSQ Quantum Ultra EMR and the data were worked-up with a custom Python script.
All the data were fitted using the L-CID software [34] using at least 5
pressure curves (standard was 7) and at least 15 fits (standard was 24). All
the fittings used the loose transition state setting. The measurement for each
compound should be usually repeated 3x, however due to breakdown of the
instrument, some of the measurements were done only once or twice. The
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resulting BDEs typically do not vary between the measurements and so the
conclusions should not be affected.
For more details about the T-CID procedure see the Chapter 3.3. The principle of the L-CID fitting is explained in greater detail later in Chapter 7.1.

8.3 Computational Details
All of the computations were done with the ORCA software suite (version
4.1.1) [97] with the exceptions of the conformational searches, which were
done with the CREST (version 2.7.1) and XTB (version 6.1) programs [98,
99]. Initial structures for the dimers were obtained from the CREST conformational searches using the nci setting and two different starting structures –
linear and stacked. Structures that were not simply rotamers were then optimized with the B97-D3 functional [64] and the def2-TZVP basis set [100].
The optimization criteria were manually lowered to be stricter than the ones
set by the TightOPT keyword. All the DFT calculations used the resolution of
identity (RI) [101] approximation with the def2-J basis set [102]. Vibrational
frequencies and the zero-point energy (ZPE) corrections were obtained also
from the B97-D3/def2-TZVP calculations. The final DFT BDEs were calculated as single points with the def2-QZVP basis set. No CBS was used for the
DFT values, because the triple-ζ and quadruple-ζ values differed by less than
0.1 kcal mol−1 .
The DLPNO-CCSD(T) [81, 82] calculations were done using also the def2XVP basis sets and the associated def2-XVP/C Coloumb fitting basis sets [103,
104]. The final BDE values were extrapolated to the CBS limit using the 2point extrapolation scheme [105–107] with double-ζ and triple-ζ basis sets.

8.4 Cryogenic Ion Vibrational Predissociation Spectroscopy
The ions were generated by electrospraying the MeOH solutions of the precursor pyridines. The ions of interested were than pre-selected with the quadrupole mass filter and guided into the FT-ICR cell where they are cooled with
a buffer gas. Upon cooling the ions produce a distribution of untagged and
multiply tagged species. The ions are then irradiated with an IR laser for several seconds and the absorption causes the tags to dissociate thus generating
a new distribution of the tagged and untagged species. CIVP spectrum is then
recorded by varying the frequency of the IR laser and comparing the change
in ratio of the tagged and untagged species when the laser beamline is closed
and open. For more details see Ref. [108].

9. RESULTS

Our first idea was to explore o-alkylsubstituted pyridines. The effect of small
substituents (Me – tBu) on the BDE of the proton bound pyridine dimers was
previously investigated by Meot-Ner and Sieck [84]. They found that the increasing steric demands did not change the bond energy significantly. From
this, we knew that in order to stabilize significantly stabilize the bond we
will need bigger substituents. Aiming for as much stabilization as possible
and taking a hint from the all-meta-tert-butyl stabilized hexaphenylethane we
prepared o-bis(m-di-tert-butylbenzyl)pyridine (1). Furthermore, we decided
to use also aza[n]helicenes, which are known to form stacked dimers [109].
tBu
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tBu

tBu

tBu

1

N

N

2

3

N

N

4

5

Fig. 9.1: Structures of the pyridines that form dispersion-stabilized dimers.

We started with the measurement of the proton-bound dimers of pyridine
(2) and dimethylpyridine (3). BDE of both were very similar (26.1 ± 0.7
kcal mol−1 for [(2)2 H]+ and 26.1 ± 0.7 kcal mol−1 for [(3)2 H]+ and slightly
higher than the values reported in Ref. [84] (24.6 ± 0.5 and 23.3 ± 0.5 kcal mol−1
respectively).
The aza[5]- (4) and aza[6]helicenes (5) gave very similar BDEs of 32.5 ± 0.9
kcal mol−1 and 32.2 ± 0.5 kcal mol−1 respectively. The stabilization from the
dispersion interactions between the additional aryl rings is thus at least 6
kcal mol−1 . The most stabilization we found, however, in the case of pyridine
1, where the measured BDE was 35.8 ± 1.0 kcal mol−1 .
While we could compare the L-CID results for the small pyridines with
experimental values from equilibrium MS measurements (Ref. [84]), in the
case of the larger pyridines we could turn only to computational methods. We
employed two popular functionals B97-D3 [64] and M06-L [110]. The first
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Tab. 9.1: BDEs of proton-bound pyridine dimer and its dispersion
stabilized analogues.
[(R)2 H]+

B97-D3a

M06-La

DLPNO-CCSD(T)b

Exp.

1
2
3
4
5

45.5
27.5
25.8
39.9
38.5

35.9
24.8
23.2
32.0
29.2

46.4
26.0
24.6
48.8
47.5

35.8 ± 1.0
26.1 ± 0.7c
26.1 ± 0.7c
32.5 ± 0.9
32.2 ± 0.5

BDEs are in kcal mol−1 and ZPE corrected. Geometries were optimized with B97-D3/def2-TZVP.
a
Singlepoint calculations with def2-QZVP.
b
Singlepoint calculations using the CBS(2,3) extrapolation with
def2-XZVP basis sets.
c
From ref. [62].

represents the pairwise C6AB correction approach, while the latter is a representative of the parameterized DFT approach. In addition, we also calculated the
BDEs with the DLPNO-CCSD(T) method. Comparison of the results is shown
in table 9.1.
The calculated BDEs of the small pyridine dimers 2 and 3 agree very well
with the experimental values irrespective of the computational method. The
situation is starkly different for the large pyridines. M06-L gives overall the
best agreement with the measured values. B97-D3 and DLPNO-CCSD(T) overestimate the bond energies by up to 10 kcal mol−1 in the case of [(1)2 H]+ and
by up to 15 kcal mol−1 in the case of the aza[n]helicenes. The discord between the experiment and the calculations can be caused in princple by any
of them being wrong since both come with their own assumptions and approximations that might not be valid for such large systems. For the experiment
it was pointed out before that L-CID was tested only for small to moderatesized systems. The dispersion corrected DFT comes also with several known
shortcomings such as neglect of the three body dispersion interactions1 or the
influence of the partial atomic charges. The DLPNO-CCSD(T) method was
used with its default NormalPNO settings, which determine the size of the
domains and the cut-off threshold below which electron pair correlation is
considered weak. It is well possible that TightPNO settings might improve the
results, however, we could not test this as the increased computational costs
make such calculations for the larger pyridine dimers unfeasible at this time.
Instead we decided to design an experimental test to probe whether the
experiment or the calculations provide erroneous results. The fundamental
1
The D3 method can in fact treat the three body interactions, but this has to be specified by
the user. By default they are turned off.
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idea of the test is to synthesize and measure similarly large pyridines but with
the substituents in such position, which prevent them from interacting and
thus from stabilizing the dimer. Such large pyridines should have virtually the
same BDE as the bare pyridine. Should the experimental BDE of these dimers
be around 25 kcal mol−1 , the validity of using L-CID for large ions could be
safely assumed. The discrepancy would be then likely caused by the improper
treatment of the dispersion interactions by the computational methods. If the
experimental BDE were higher than approximately 25 kcal mol−1 , we would
need to investigate the approximations used in L-CID as the possible cause of
the discrepancy.
tBu
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Fig. 9.2: Schematic representation of the design of pyridines with large mass, weak
N H N bond and no stabilization from the dispersion interactions.

Fig. 9.2 shows the concept and the substituted pyridines we synthesized
and measured. The first pyridine (6) we tested was an analogue of 1 with the
m-di-tert-butylbenzyl substituents in the meta positions where we assumed
they would not interact. The BDE of [(6)2 H]+ was measured to be 35.1 ± 0.7
kcal mol−1 , which surprised us. As mentioned above, this finding could indicate possible problems in the L-CID treatment. Before we proceeded with such
investigation, we performed a conformational search with the recently published CREST program [98]. The program utilizes semiempirical tight-binding
quantum chemistry method GFN2-xTB [111] and meta-dynamics [112] to explore the conformational space of the molecule and gives as a result a set of
local minima within a specified energy window (by default 6 kcal mol−1 ).
The conformational search indeed revealed two energetically more stable
structures in which the substituents could interact (see fig. 9.3). The most
stable conformer 6-B was in fact not even bound by the hydrogen bound.
Instead, the central pyridine rings stack on top of each other while the side
phenyl rings rotate in such way to maximize the number of CH-π interactions.
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Mere 0.9 kcal mol−1 above it lies conformer 6-C, which is proton bound as well
as dispersion stabilized. The dihedral angle between the rings is close to 180°
(in bare pyridine 90°) and the meta-substituents are folded above the plane of
the pyridine rings to allow for the stabilizing CH-π bonds. The conformer 6-A,
which we assumed would be the most stable one, was in fact 9.1 kcal mol−1
above 6-B.

H
N H

N

N

N
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N

N

A (9.1)

B (0.0)

C (0.9)

+

Fig. 9.3: Conformers of [(6)2 H] . Numbers in parentheses show relative energies in
kcal mol−1 calculated at B97-D3/def2-TZVP level.

The calculations done with the most stable conformer 6-B in fact corresponded quite well to the measured BDE. The B97-D3 value gave the best
agreement (35.2 kcal mol−1 ), while M06-L (31.9 kcal mol−1 ) underbound the
experimental BDE and DLPNO-CCSD(T) (37.9 kcal mol−1 ) overbound it slightly.
Although we were able to find an explanation for the unexpectedly high measured BDE by discovering more stable conformers, we did not meet the conditions of our designed test with 6.
We therefore decided to remove the CH2 linker and synthesize m-bis(m-ditert-butylphenyl)pyridine (7). Our hypothesis was the increased rigidity of the
system would prevent an arrangement in which the substituents could interact. The measured value turned out to be 35.6 ± 1.1 kcal mol−1 . We therefore
performed again a conformational search and also in this case we found more
stable conformers than the assumed linear structure 7-A (see fig. 9.4). The
most stable conformer 7-B has the stacked arrangement with no hydrogen
bond and is 6.3 kcal mol−1 more stable than the linear conformer 7-A. The
stacked conformer has a close-lying analogue 7-C (∆E = 0.7 kcal mol−1 ) in
which the pyridine rings are stacked anti rather than syn.
The calculations utilizing the most stable conformer again give a good
agreement with the experimental value. B97-D3 and DLPNO-CCSD(T) slightly
underestimated (33.2 and 35.8 kcal mol−1 respectively) the experimental value,
while M06-L underestimated it significantly (27.4 kcal mol−1 ). As also [(7)2 H]+
did not give a structure with no dispersion stabilization, we looked for yet a
different type of system that would meet our test criterium.
In addition to the determination of the BDE, we were also able to measure
the IR spectrum of the dimer [(7)2 H]+ using the cryogenic ion vibrational pre-
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Fig. 9.4: Conformers of [(7)2 H]+ . Numbers in parentheses show relative energies in
kcal mol−1 calculated at B97-D3/def2-TZVP level.

dissociation spectroscopy. In cryogenic ion vibrational predissociation (CIVP)
the ions are stored in a FT ICR cell at low temperature (<30 K) where they
form tagged complexes with the background gas (rare gases, N2, H2). These
complexes are then irradiated with a tunable laser which causes the tag to
dissociate when the ion absorbs a photon. The IR spectrum of the ion is then
obtained by monitoring the ratio of intensities of the tagged and untagged
species as a function of the laser wavenumber.
We chose [(7)2 H]+ , because the calculated spectra at B97-D3/def2-TZVP
eN−H should be sensitive to the presence or
level of theory indicated that the ν
absence of the N H N bond and because the linear and stacked conformers
were energetically well separated. Bonding to the second hydrogen red-shifts
eN−H . Fig. 9.5 shows the calculated spectra (unscaled) for all three conthe ν
formers. The stacked conformers B and C have very similar spectra and could
not be distinguished one from another, but would be clearly distinguishable
from the linear conformer A.
The measured spectrum of the dimer and the monomer is shown in fig.
9.6. The dimer (green solid trace) shows a small peak at 3245 cm−1 and the
monomer (blue solid trace) has a peak at 3360 cm−1 . The calculated spectra (dashed lines) were scaled so the CH3 peaks were aligned and compared
to the experimental spectra. The predicted shift of 23 cm−1 (scaled with the
eN−H is much smaller than the observed shift of
same factor as in Fig. 9.6) ν
130 cm−1 . It is worth noting, that the calculated wavenumbers are strongly
dependent on the choice of the functional and a different choice could yield a
smaller or larger shift. The absolute values are not important though, as the
mere presence of the 3245 cm−1 peak in the dimer spectrum strongly suggests
that we indeed observed one of the stacked dimers in the gas phase. Unfore
tunately, we could not measure with our experimental setup in the lower ν
region and thus we could not completely exclude the possible presence of
the linear proton-bound conformer. However, given the computationally predicted high ∆E, we consider it unlikely.
To meet our goal of measuring a large pyridine dimer with little stabiliza-
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Fig. 9.5: Comparison of unscaled computed spectra for conformers of [(7)2 H]+ .

tion we changed the molecular design again. As both of the previous compounds were stabilized chiefly by the CH-π we decided to substitute the aryl
rings with C C linkers, which would not interact as much as the aryl groups.
This decreased though the total mass of the ion, therefore we needed heavier
substituents on the C C linkers than tert-butyl groups. In the end, we used
the adamantylethynyl- (8) and (triisopropylsilyl)ethynylpyridine (9).
Dimers of both 8 and 9 gave very similar experimental values, 34.1 ± 1.4
kcal mol−1 for [(8)2 H]+ and 34.6 ± 1.3 kcal mol−1 for [(9)2 H]+ . Conformational searches revealed also stable stacked conformers. In the case of [(8)2 H]+
the stacked conformer B is more stable than the linear conformer A by 11.3
kcal mol−1 (see fig. 9.7). The computed values for the most stable dimer
agreed very well with experiment for B97-D3 (35.8 kcal mol−1 ) and DLPNOCCSD(T) (34.9 kcal mol−1 ), while M06-L gives an underestimated value of
28.9 kcal mol−1 .
The situation is very different though for the adamantyl substituted pyridine 9. There is indeed a stacked conformer B, but it is 0.8 kcal mol−1 less stable than the linear conformer A. All calculated values (B97-D3 – 27.3 , M06-L
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Fig. 9.6: Comparison of spectra of monomer and dimer of [(7)2 H]+ . Calculated spectra are scaled by a factor of 0.951 that was obtained by aligning the (C-H)
peaks.

– 24.0 and DLPNO-CCSD(T) – 25.9 kcal mol−1 ) are significantly lower than
the measured BDE
The data for the meta-pyridines are summarized in tab. 9.2. Overall, B97D3 and DLPNO-CCSD(T) gave a very good agreement with the experimental
values, while M06-L underbound them. The exception to these results was
the case of [(9)2 H]+ , for which all the computational methods underestimated
the measured value. This could indicate that the L-CID fitting algorithm might
have problems with larger complexes.
To confirm this hypothesis, we designed a series of progressively heavier
pyridines that would form exclusively linear dimers without the possibility to
stack. The increase in mass was achieved by putting larger substituents in the
para position of the pyridine. The linear structure was ensured by using Ag+
instead of proton. The N Ag N bond is about 20 kcal mol−1 stronger than the
N H N bond. Any stabilization due to the dispersion would have to become
much stronger in order to outcompete with the N Ag N bond. Placement of
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Fig. 9.7: Conformers of [(8)2 H]+ . Numbers in parentheses show relative energies in
kcal mol−1 calculated at B97-D3/def2-TZVP level.
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Fig. 9.8: Conformers of [(9)2 H]+ . Numbers in parentheses show relative energies in
kcal mol−1 calculated at B97-D3/def2-TZVP level.

the alkyl group in the para position then prevents them from interacting and
thus stabilizing the bond in any way. The design of these pyridines should
therefore lead to a set of dimers with different masses but constant BDE. The
test for L-CID was then whether the deconvoluted BDEs would be dependent
on the mass of the dimer or not.
The measured and computational BDEs for pyridine (2), p-isopropyl- (10),
p-tert-butyl- (11) and p-adamantylpyridine (12) are summarized in tab. 9.3.
As expected, the computational methods predict very similar BDEs for all the
pyridines irrespective of the alkyl substituent. All three computational methods slightly overestimate the experimental values by 3 to 6 kcal mol−1 . The
important finding is, however, that the experimental values indeed remain
constant and are not affected by the size of the alkyl substituent.
Having the series of p-alkylpyridines at hand we decided to measure also
their proton-bound dimers, whose results are given in tab. 9.4. The computational values again all predict similar energies across the range of pyridines
with M06-L giving slightly lower values than B97-D3 and DLPNO-CCSD(T).
The experimental values, however, show a surprising trend of increasing BDEs
with the size of the alkyl substituent.
Our initial thought was that there is a more stable conformer stabilized
by the dispersion interactions between the alkyl groups. To find this con-
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Tab. 9.2: BDEs of meta-substituted dimers.
[(R)2 H]+

B97-D3a

M06-La

DLPNO-CCSD(T)b

Exp.

6
7
8
9

35.2
33.2
35.8
27.3

31.9
27.4
28.9
24.0

37.9
35.8
34.9
25.9

35.1 ± 0.7
35.6 ± 1.1
34.1 ± 1.4
34.6 ± 1.3

BDEs are in kcal mol−1 and ZPE corrected. Geometries were optimized with B97-D3/def2-TZVP.
a
Singlepoint calculations with def2-QZVP.
b
Singlepoint calculations using the CBS(2,3) extrapolation with
def2-XZVP basis sets.

Tab. 9.3: BDEs of silver-bound para-alkylpyridine dimers.
[(p − R − Py)2 Ag]+

B97-D3a

M06-La

DLPNO-CCSD(T)b

Exp.

H
iPr
tBu
Ad

47.8
49.9
50.2
50.9

45.6
47.7
48.0
48.7

47.1
49.1
49.3
50.3

44.4 ± 0.5
43.0 ± 1.2
43.8 ± 1.3
46.2 ± 1.1

BDEs are in kcal mol−1 and ZPE corrected. Geometries were optimized with
B97-D3/def2-TZVP.
a
Singlepoint calculations with def2-QZVP.
b
Singlepoint calculations using the CBS(3,4) extrapolation with def2-XZVP basis sets.

Tab. 9.4: BDEs of proton-bound para-alkylpyridine dimers.
[(p − R − Py)2 H]+

B97-D3a

M06-La

DLPNO-CCSD(T)b

Exp.

H
iPr
tBu
Ad

27.5
27.8
27.8
27.9

24.3
24.7
24.7
24.8

26.0
26.9
26.9
27.0

26.1 ± 0.7c
29.2 ± 1.4
30.1 ± 0.8
33.6 ± 0.9

BDEs are in kcal mol−1 and ZPE corrected. Geometries were optimized with
B97-D3/def2-TZVP.
a
Singlepoint calculations with def2-QZVP.
b
Singlepoint calculations using the CBS(3,4) extrapolation with def2-XZVP
basis sets.
c
From Ref. [85].
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former, we performed an extensive conformer search with the CREST algorithm. The algorithm found new non-linear conformers, but all were at least
10 kcal mol−1 less table than the linear conformer. This left us in a very puzzling situation, because if we only had the series of proton-bound p-alkylpyridines, we would likely conclude that L-CID has problems with larger systems. However, having also the silver-bound series, where the BDEs remain
constant, we cannot unambiguously say that the discrepancy is caused by the
increasing size of the system.
We therefore turned to another type of experiment which can be employed
to test the validity of L-CID. In Ref. [85] we presented a competition experiment in which we modified 1 by adding the CH2 ONO moiety to the para
position. In the mixed dimer [(1)(1−CH2 − ONO)]+ either the NH H bond or
the O NO bond can break. The relative abundance of the peaks corresponding to these two dissociation channels would reflect the relative strength of
the bonds if we assume that both proceed through a loose transition state
(TS). We were not able to measure the BDE for the NO loss, because only the
products of the NH H could be observed. This was in discord with the predictions from the B97-D3 and DLPNO-CCSD(T) methods, which both indicated
the O NO bond as the weaker one. The M06-L functional gave the correct
ordering. Comparison of the peak ratios only assumes that both dissociations
are loose and that the energy in the activated ion is statistically redistributed,
therefore the B97-D3 and DLPNO-CCSD(T) must be giving an inaccurate BDE
for one or both of the channels.
As it was not possible to measure the O NO cleavage in the [(1)(1−CH2 ONO)H]+
complex, we decided to use (4-pyridyl)methylnitrite 13 in order to obtain the
corresponding experimental value. Moreover, we calculated the BDEs for the
related methyl-, ethyl-, tert-butylnitrite, whose experimental O NO BDEs are
tabulated in [113]. The experimental value obtained from L-CID for [(13)H]+
was in a good agreement with the alkylnitrite BDEs and was also well reproduced by all the computational methods. The only exception was the benzylnitrite, whose experimental BDE is quite low, but this can be attributed to low
quality of the very old experiment. The overall good agreement between the
computational and experimental values for the O NO dissociation strongly
suggests that B97-D3 and DLPNO-CCSD(T) likely overestimate the stabilization due to dispersion interactions between the aryl and alkyl substituents.
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Tab. 9.5: Computational and experimental BDEs for alkylnitrites.
System
Me ONO
Et ONO
tBu ONO
Bn ONO
[(13)H]+

B97-D3a

M06-La

DLPNO-CCSD(T)b

Exp.

41.9
41.5
41.5
39.3
43.4

40.5
40.4
41.7
38.7
41.6

38.9
39.4
40.7
39.5
40.0

42.2 ± 0.8c
44.3 ± 1.0c
42.1 ± 1.4c
34.2 ± 2.0d
42.5 ± 0.3

BDEs are in kcal mol−1 and ZPE corrected. Geometries were optimized with B97D3/pc-2-sp-(d).
a
Singlepoint calculations with pc-3 (quadruple-ζ) basis set [114].
b
Singlepoint calculations using the CBS(3,4) extrapolation with pc-X
basis sets.
c
From NIST Chemistry Webbook [115].
d
From [116]

10. DISCUSSION

Dispersion forces have been traditionally thought to be too weak to be useful
as a handle for designing molecules or reactivity. Although Ar2 is bound by
mere 0.3 kcal mol−1 , the dispersion interaction can reach tens of kcal mol−1
for 100 atoms, which is comparable to an interaction between two point
charges [117]. That is because London forces are omnipresent and scale
quickly with the number of electrons. We showed that the dispersion interactions can be successfully used to stabilize proton-bound pyridine dimers as
the experimental BDEs increased up to about 35 kcal mol−1 for the substituted
pyridines. Compared to the BDE of 26.1 ± 0.7 kcal mol−1 of bare pyridine, the
substituents bring about 10 kcal mol−1 of stabilization. This effect was previously demonstrated also in the condensed phase with substituted hexaphenylethanes [72, 118] and diamandoids [119]. In solution it is, however, much
more difficult to observe such stabilization, because the inter- or intramolecular dispersion forces are at least partially cancelled by solvation. Cockroft et
al. [120] claimed to observe complete cancellation of dispersion interactions
in solution, while our colleagues [85, 86] found the extent of cancellation to
be approximately 70 % for DCM and other aprotic solvents.
To utilize dispersion interactions for tuning the reactivity in the condensed
phase, one must thus use very large substituents or species where the reactive site cannot be accessed by the solvent. This likely explains the scarcity of
examples where the reactivity is increased by the dispersion forces. One such
example was found by Buchwald et al. [77], who showed that using large
bulky ligands enhanced the rate of Cu-catalyzed hydroamination of unactivated olefins. Later, Zipse et al. [121] demonstrated the same effect in the
case of silylation of secondary alcohols.
The studies cited above would not be possible without computational methods, that can treat dispersion interactions in large complexes. Without computations, it is very difficult to gather further insight into the role of dispersion interactions on the reactivity. Accounting for dispersion in small complexes is possible by utilizing high level ab initio methods, but large complexes
can be treated only with more approximate methods, such as the dispersioncorrected DFT or the near-linearly scaling DLPNO-CCSD(T).
Although the T-CID experimental BDEs can be directly compared to the
computations, their deconvolution from the experimental data is also depen-

87

dent on a set of approximations required to model the rate of the dissociation. The bigger the studied systems are, the stronger the dependence on
the rate modelling becomes. The original goal of our study was thus to crossvalidate the experimental and computational methods, whose eventual agreement would give credibility to both approaches when used for large systems.
Unfortunately, we found discrepancies between the computations and the experiment for several of the studied compounds. The deviations reached in
some cases up to 15 kcal mol−1 , which would correspond to a difference of
10 orders of magnitude in the reaction rate. Such disagreement required us
to assess what might be the possible cause. Either the computations or the
experiment could be wrong, or even both might fail at the same time.
We first encountered the discrepancy with the proton-bound dimer orthosubstituted pyridine 1 and the azahelicenes 4 and 5. All three compounds are
computationally overestimated by B97-D3 and DLPNO-CCSD(T) by 10 – 15
kcal mol−1 . In contrast, the smaller pyridines showed very good agreement,
which led us to suspect that the cause might be the larger size of the ion. As
was mentioned in Chapter 7, the kinetic shift becomes more important as the
number of degrees-of-freedom in the system rises. For very large systems, the
magnitude of the kinetic shift can become even larger than the BDE of interest.
Hence, we designed an experimental test in the form of large pyridine dimers
with no stabilization from the dispersion interactions. The compounds 6, 7, 8
and 9 had large substituents placed in the meta positions, where we assumed
they would not be able to interact. With only the N H N bond left, we expected that their dimers would have BDE values close to 26.1 ± 0.7 kcal mol−1
of the bare pyridine dimer and this was also predicted by the calculations. If
the bond remained unaffected by the substitution, it would have been an indication that L-CID treats the kinetic shift sufficiently and the deconvoluted
BDEs can be trusted. Surprisingly, all four substituted meta-pyridines gave
BDEs of about 35 kcal mol−1 .
The cause for the higher than expected BDEs of [(6)2 H]+ , [(7)2 H]+ and
[(8)2 H]+ turned out to be our wrong assumption about the most stable structure of the complexes. To find the correct structure we employed the CREST
algorithm [98], which found several conformers more stable than the linear
one, often based on advantageous stacking of the aryl rings and the C H
bonds (see Fig. 9.3 and 9.4). These stacked conformers again demonstrate,
how easy it is to underestimate the dispersion interactions, since they outcompeted the hydrogen bond between pyridines, which is traditionally considered
to be a rather strong non-covalent interaction. The problem of knowing the
structure of the studied species is particularly pertinent to the MS methods,
where usually only their mass-to-charge ratio is known. This can be partially
solved by coupling the MS to another technique, which can reveal more structural information. In our case we were able to measure CIVP spectra for the
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protonated monomer and dimer of pyridine 7. The CIVP spectra are obtained
by measuring the dissociation of a tag from the ion of interest as a function
of the irradiation wavelength. The tags are usually chosen to be small and
weakly bound in order not to perturb the structure of the ion of interest.
Such spectra correspond then to the absorption IR spectra and can be compared with computationally predicted spectra. For the proton-bound dimer
e(N − H) in
the B97-D3/def2-TZVP computation predicted a large red shift of ν
the N H N bound conformer A (see Fig. 9.5). The measured spectra of the
dimer show a peak at a position close to the N H peak in the monomer spectrum (see Fig. 9.6). This confirmed that we observed the stacked conformer
in the gas-phase. We could not completely exclude the possibility of simultaneous presence of the linear conformer, but since the predicted ∆E between
the conformers is less than 1 kcal mol−1 , we deemed it unlikely. Overall, the
discrepancies between B97-D3, DLPNO-CCSD(T) and the experiment for the
dimers [(6)2 H]+ , [(7)2 H]+ and [(8)2 H]+ disappeared once the correct conformers were identified.
For the dimer [(9)2 H]+ the conformational search found a stacked structure, but it was slightly less stable (0.8 kcal mol−1 ) than the linear one. The
CREST algorithm does not guarantee finding the global minimum and therefore there is a chance that a more stable, yet unlocated conformer exists. For
example using longer meta-dynamics (MTD) run times could lead to structures that were not accessed with the default settings. Another possibility is,
that the GFN2-xTB and DFT potential energy surfaces are not parallel and
therefore minima on one might be shifted or their relative energy ordering
might be different. Even with the DFT reoptimized geometries, one is not
guaranteed to find the correct geometry. Greisch et al. found [122, 123],
for example, that the most stable conformer predicted by Eu-AE complexes
(AE = alkaline earth) with three deprotonated 9-oxo-phenalen-1-one did not
correctly reproduce gas-phase photoluminescence spectra. The most stable
conformer predicted by the uncorrected BP86 on the other produced spectra
that matched the experiment. This was further confirmed by the comparison of the experimental ion mobility cross-sections with the calculated crosssections. The conformers predicted by BP86-D3 to be the most stable had
cross-sections about 50 Åtoo low compared to the experiment.
As we were unable to obtain a large dimer bound only by the N H bond
with no stabilization from the dispersion interactions, we devised a different test for the capability of L-CID to large systems treat properly. The test
consisted of measuring a series of silver-bound para-alkylpyridines (2, 10,
11, 12), which had constant BDE but different size. The higher BDE of the
N Ag N compared to N H N ensure that the dimer structure remains linear, as the dispersion interactions would have to be much stronger to outcompete the silver bond. The measured BDEs for the four silver-bound para-

89

alkylpyridine dimers remained indeed constant. We repeated this test also
with the proton-bound dimers and unfortunately in that case the BDEs slightly
increased with the size of the ion. We suspect that dimers of 11 and 12 might
also have a different lowest conformer than the linear one. We tried to locate
it with the CREST program, but so far we were unsuccessful to find it. As
mentioned before, the algorithm does not guarantee to find the global minimum.
Finally, we used one more experimental test to validate the computational
methods. The test comprised of installing a competing dissociation channel
(O NO moiety) into the dimer [(1)2 H]+ and measuring the relative abundance of the two products. The experiment showed exclusively the peaks corresponding to the products of the N H N dissociation, while the B97-D3 and
DLPNO-CCSD(T) calculations predicted, that the homolytic cleavage of the
O NO bond should be energetically more favourable. We then measured also
the BDE of O NO bond in protonated (4-pyridinyl)methylnitrite and found it
to be in excellent agreement with the experimental BDE values of the related
methyl-, ethyl-, tert-butyl- and benzylnitrites. Moreover, the DLPNO-CCSD(T)
reproduced all the experimental nitrite BDEs quite well, which indicates that
it is the dispersion-stabilized N H N bond in [(1)2 H]+ that is incorrectly predicted by the DLPNO-CCSD(T) method. While there might be still unresolved
errors in the L-CID treatment of large ions, the experimental BDEs are in qualitative agreement with the results of the competition test.

Fig. 10.1: Competition experiment between the N H N and O NO dissociation
channels. The spectrum shows the CID of [(1 − CH2 − ONO)(1)H]+ . Only
the fragments corresponding to the cleavege of the N H N are present.
The numbers in red are obtained from T-CID of related compounds shown
in black. The spectrum is adapated from Ref. [85].
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We shall now review the assumptions that are used throughout the deconvolution of BDE from the experimental data and discuss whether they might
explain some of the observed discrepancies. Afterwards, we will consider various aspects of the computational methods that pertain to their ability to predict BDEs of large systems.

10.1 Experimental Considerations
The first assumption we make when modelling the CID rate is that the redistribution of energy from the collision over the internal vibrational and rotational modes is much faster than the dissociation itself. If this were not true,
we would not be able to use the statistical rate theory. The non-statistical behavior was documented only in few rare cases usually concerning very small
systems [124, 125]. The rate of IVR increases with the size of the molecule,
because there are more couplings between the modes. The non-statistical behavior can occur, when the energy is transferred to a specific and localized
part of the molecule, that breaks off, before the energy can be redistributed.
In case of the collisions, such specificity is more difficult to achieve as the size
of the ion increases. If the non-statistical behavior really caused any discrepancies, we would have expected the problems to occur mainly with the smaller
systems, but this was not the case.
The second biggest assumption is the use of the RRKM equation and the
νe f f approximation for calculation of the rate constant. Normally, the rate
constant equation contains also terms accounting for the rotational energy
and for the symmetry of the system.

N ‡ E − E0 − E r‡ (J, K)
k(E, J, K) = fs
(10.1)
hρ (E − E r (J, K))
The terms E r (J, K) and E r‡ (J, K) represent the rotational energies of the ground
state and the TS and are calculated from the moments-of-inertia if both structures are known. Usually they are neglected in most statistical rate theory approaches. In L-CID they are neglected under the assumption, that the momentsof-inertia are similar for the reactant ion and the activated complex. In our
case, the moments-of-inertia might change considerably for the large symmetrical pyridine dimers, however, as this should affect already the small unsubstituted pyridine as well as the meta-substituted ones. Given that these do not
show any discrepancy, we consider it unlikely that the of the neglected rotational degrees-of-freedom are the cause of the discrepancy in the remaining
pyridines. The symmetry factor fs is simply a ratio of the symmetry numbers1
of the activated complex and the starting complex. These are often equal to
1

Determined by the order of the principal rotational axis.
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one, because many of the studied complexes belong to the symmetry point
group C1 or the symmetry number does not change while going from the reactant to the activated complex.
The most involved approximation is therefore the treatment of the vibrational levels by using a three-parameter prefitted function. The development
of this approximation was partially motivated by the idea, that there should be
a microcanonical version of the two-parameter transition state theory (TST).
The first parameter used to calculate k(E) is the threshold energy E0 which
corresponds to ∆H ‡ in TST, while ∆S ‡ is represented in L-CID’s terms by the
parameters νe f f and α0 . The former is related, together with the number
of degrees-of-freedom, to the overall flexibility of the reactant and also accounts partially for anharmonicity. The latter parameter α0 then represents
the change in ρ ‡ (E) due to removal of the five vibrational degrees-of-freedom
from the reactant. This model is much simpler than the traditional approach
used for example in the CRUNCH software [35], where one has to find the
structure of the transition state, calculate the frequencies of both the ground
state and the transition state and then manually choose vibrational modes
in the transition state that will become rotations and vibrations in the products. The corresponding frequencies are then scaled down and the BeyerSwinehart algorithm [95] is used to calculate the density-of-states and sumof-states functions. L-CID was tested against CRUNCH and the agreement between the values from both programs was better than the experimental error
of the measured values. While CRUNCH is more rigorous in principle, L-CID
is faster and avoids the circular logic of defining and calculating a transition
state, whose corresponding activation energy is then obtained by modelling
the experimental data, while utilizing some of the calculated results in the
modelling process.
To model the experimental data with L-CID, one must, however, make two
arbitrary choices. The first one is to determine the number of free rotors in the
starting complex and the second is to choose, whether the fit should be done
assuming a loose or tight transition state. In simple systems the number of free
rotors is simply counted from the number of freely rotating single bonds. In
cases such as the dimer [(1)2 H]+ , where the tert-butyl groups are interlocking,
it is more difficult to determine which groups are freely rotatable. Thus we did
a sensitivity analysis, where we fitted the data for [(1)2 H]+ with a range of 0 –
42 rotors. As the Fig. 10.2 shows, the first 10 rotors affect the E0 the most. The
additional rotors have a negligible effect and the E0 remains constant above
10 rotors. Data for [(1)2 H]+ was initially fitted with the number of rotors set
to 32, considering all the tert-butyl groups to be freely rotating. The bonds
between the aryl rings were considered locked. Furthermore, if we were to
consider also the tert-butyl groups locked, the fitted E0 would be even lower,
increasing thus the discrepancy with the calculated values.
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Fig. 10.2: Influence of number of rotors on the fitted E0 of [(1)2 H]+ .

The parameter α0 can be chosen in L-CID to be either loose or tight. This
changes the range of values to which α0 is restricted. In TST tight transition
states are characterized by ∆S ‡ ≤ 0 and typical examples are rearrangement
reactions with cyclic transition states. In L-CID the α0 range for the tight TS is
restricted to 0 – 500 cm−1 . Simple dissociations on the other hand are a typical
example of loose TS, since the TS lies on the reaction coordinate closer to the
products. Naturally, ∆S ‡ >> 0 as the TS usually has a less constrained structure than the reactants. Correspondingly, the α0 range in L-CID is restricted
to 5000 – 6500 cm−1 . The α0 range then determines to a certain degree the
possible range of E0 because the two parameters correlate. To test whether
the possible cause of the discrepancy might be the inability of L-CID to find
fits with higher E0 values due to the restrictions placed on α0 , we refitted the
data for [(7)2 H]+ with a broadened range of allowed α0 values.
As the Fig. 10.3 shows, the average E0 indeed rose to 40.6 ± 3.9 kcal mol−1 .
This is still far from the predicted BDE of 44.0 kcal mol−1 and thus even broader
range might be needed.
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(5000 − (b) Broadened range (5000 − 10 000
cm−1 )

Fig. 10.3: Comparison of [(7)2 H]+ fits with a standard and broadened loose α0 range.

Setting the ranges for α0 is a rather problematic solution though. L-CID
considers a fit to the experimental data converged when the variance amongst
the candidate solutions is smaller than the variance of the experimental data.
It follows, that when the experimental data variance is large, more of the candidate solutions will be considered as valid fits and the standard deviation
of the resulting fit will be larger. To ensure unique solutions that would not
require the choice of loose or tight TS, that is the choice of the α0 range, one
would need data with very low variance, which is practically unattainable.
During the development of L-CID the default ranges for α0 were determined
by seeking a fit to the ρ ‡ obtained from the Beyer-Swinehart algorithm which
used DFT calculated frequencies. For the TS the frequencies of the modes that
would become rotations and translations upon dissociation were divided by 10
to model the increase in the density-of-states (so-called ν/10 model). These
frequencies were then experimentally cross-validated with the results from
the CRUNCH program, that uses the calculated frequencies and the BeyerSwinehart algorithm explicitly. The broadened α0 fitting range was not crossvalidated and would likely bring about discrepancy for the small pyridines
and the meta-pyridines which are currently in agreement with the calculations. Moreover, the broadened α0 bounds would correspond to dividing ν by
20, 30, or even more in CRUNCH. Such high values were previously found
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unnecessary for reproducing the ρ ‡ . Nonetheless, it could be interesting to
investigate further the validity of the default α0 range for the large complexes
as it was initially developed and tested only for complexes with <50 atoms.

10.2 Computational Considerations
Treatment of large systems by modern computational methods, such as dispersioncorrected DFT or local correlation wavefunction based approaches, is at the
present considered so reliable that many theorists dismiss any discrepancy of
experimental results with the calculated values as failure of the experiment.
This notion probably stems from the confidence that the computations are
constructed from sound physical models derived for simple systems, which are
then tested against benchmark databases of high-level ab initio results calculated for small systems. To the best of our knowledge, the biggest systems in
these databases are nucleotide bases contained in the S22 and S66 databases,
which are still far from many commonly studied systems, such as organometallic complexes for catalysis, host-guest complexes or the dispersion-stabilized
pyridines presented in this study. Taking this into account, it is not particularly surprising that the B97-D3 BDEs in our study closely trail the DLPNOCCSD(T)values, since the weighting factors for the CnAB coefficients were optimized to reproduce the CCSD(T)/CBS based benchmark databases [63].
Furthermore, the DFT-D method has already undergone four iterations
with each one including an additional effect (time-dependent calculation of
C6AB , coordination numbers, partial atomic charges; for overview see Ref. [79,
126]). Also, the method in its default settings still neglects effects such as
three-body interactions or the anisotropy of the C6AB coefficients. Despite omitting these and other effects, the authors claim that the D3 correction gives
results within 5 – 10% of the CCSD(T)/CBS results. There was also a considerable discussion on the role of the damping function f d,n and its form [64].
The damping function is used to scale down the contribution of Edisp at small
interatomic distances, where it competes with other interactions (Pauli repulsion, electrostatics, induction). Since the choice of the damping function is
rather empirical, its performance is more dependent on the benchmark used
to determine the weighting factors than on the particular form. Moreover, its
performance is entangled with the performance of the exchange-correlation
functional (VX C ) at these distances, where the damping function might compensate to a certain degree if the VX C behaves poorly. At the present time
this should have only a small effect though, as the modern functionals now
model the electron density at short distances quite well. Also the importance
of the damping function behavior is more important for smaller complexes
(<10 atoms), as in the larger complexes the Edisp will be dominated by the
more numerous long distance interactions where f d,n → 1. For example, the
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most commonly used Becke-Johnson’s damping function has the form:
f d,n =

Rn
 q
n
Rn + a1 C8AB /C6AB + a2

(10.2)

There remains a possibility that the damping function might introduce a cumulative error, if the weighting factors are incorrect for large systems, which
are not present in the benchmarks that are used for optimization of the said
factors.
The DLPNO-CCSD(T) method is conceptually more sound, because it does
not rely on any optimized weighting parameters, therefore it should be able to
accurately capture dispersion interactions as these are simply a part of the dynamic correlation energy. There are two caveats, however. The first is related
to the need to use cut-off parameters which determine the threshold energy
below which an electron pair correlation is considered to be weak and thus
treated with a lower level theory (local MP2 – L-MP2). This might introduce
two types of errors. The first one stems from not capturing enough correlation
energy by the higher level CCSD(T) due to the thresholds being set too high.
The second type of error might appear in large systems where the number of
weakly correlated pairs is high enough that the sum of the otherwise small
errors due to use of L-MP2 becomes comparable to the studied interaction.
For the larger pyridines we were able to use only the NormalPNO settings and
some of the discrepancy might be thus due to insufficient treatment of the
correlation, possibly also introducing the cumulative error, as large portion of
the electron pairs are treated with L-MP2.
The second caveat of the DLPNO-CCSD(T) method, which it has in common with other post-HF methods, is its slow convergence with respect to basis
set. The convergence behavior for selected pyridines can be seen in Tab. 10.1.
Apart from the slow convergence, the post-HF methods are also more affected
by the basis set superposition error (BSSE). We therefore tried to included the
counterpoise (CP) correction [127] for each basis set or CBS [107].
The difference between the double-ζ and the triple-ζ is less than 3 kcal mol−1
for all the systems and a similar difference is found also between the triple-ζ
and CBS(2,3) values. Some of the BDEs do not decrease monotonically in the
double-ζ, triple-ζ and CBS(2,3) series as one would expect. This indicates
that the absolute energies for the dimer and the monomers are not converging at the same rate (all are however decreasing with increasing ζ). The
CBS(2,3) are likely not yet converged and the value might skewed by the inclusion of the double-ζ basis set, which might introduce considerable error.
Unfortunately, it was not feasible to obtain the quadruple-ζ energies due to
high computational cost of such calculations.
The CP-corrected values seem to severely overcorrect the BDE values with
the magnitude of the correction reaching up to 22 kcal mol−1 for the double-ζ
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Tab. 10.1: Comparison of CBS and CP corrections to DLPNO-CCSD(T) values.
DLPNO-CCSD(T)
System
+

[(1)2 H]
[(3)2 H]+
[(5)2 H]+
[(7)2 H]+

Double-ζ

+ CP

Triple-ζ

+ CP

CBS(2,3)

+ CP

Exp.

44.1
26.8
42.5
29.5

22.4
21.7
28.2
18.0

43.4
24.0
43.1
32.1

35.1
21.5
36.9
26.9

46.4
24.6
47.5
35.8

42.2
22.6
43.2
32.1

35.7 ± 0.9
26.1 ± 0.7a
32.3 ± 0.5
37.8 ± 1.4

BDEs are in kcal mol−1 and ZPE corrected. Geometries were optimized with B97D3/def2-TZVP. Columns denoted ‘+ CP’ give the CP-corrected BDEs.
a
From Ref. [85].

and 8 kcal mol−1 for the triple-ζ basis sets. At the CBS(2,3) the CP correction
does not exceed 4 kcal mol−1 . The CP correction and the CBS extrapolation
both partially correct for the BSSE. Some authors recommend using both to
obtain accurate BDEs [128], while other authors advise to use only one [129]
and some propose to use an average of CP-corrected and uncorrected values to
obtain accurate estimates of CBS extrapolated numbers [130]. We decided not
to use the CP correction, subscribing to the notion that the CBS-extrapolated
energies should be free from BSSE. While the CBS(2,3) might not be fully converged, we prefer to avoid any possible double counting, that could be caused
by including the CP-correction. The steep scaling behavior of the BDEs depending on the basis set and the large values of the CP-correction indicate that
the discrepancy between our experimental values and the DLPNO-CCSD(T)
values might be simply caused by using inadequately small basis sets. At the
moment NormalPNO calculations are feasible for the large dimers only with
basis sets up to triple-ζ. Perhaps in the future the computational power will
reach a level, where also quadruple-ζ basis set or basis sets augmented with
diffuse functions will become usable for such large systems.
Overall, we were unable to fully resolve all discrepancies between the calculations and the theory. Experimentally, we were able to show that some
of the disagreement is caused by the dimers assuming unexpectedly strongly
bound “anomalous” conformations stabilized by the dispersion interactions
(meta-substituted pyridines). These pyridines showed a good agreement with
the calculated BDEs. Together with the series of progressively heavier silverbound dimers these results indicate that L-CID deconvoluted values are not
affected by the increasing size of the system. One area where L-CID might be
slightly improved is the expansion of the set of molecules that were used for
fitting the ρ and ρ ‡ functions with larger systems. While it is uncertain, how
much improvement this could bring, it will not be possible to claim anymore
that L-CID was designed only for small to medium systems.
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Furthermore, the agreement between computations and experiment was
also found for the small proton-bound pyridine dimers and for the O NO
dissociation. The experimental BDE values of these systems could be also validated against independent thermochemical measurements thus giving confidence in the T-CID deconvoluted data for small systems.
There were, however, several systems for which we did not find clear explanation of the discrepancy between the calculated and the experimental values. In case of the 3,5-bis(adamantylethynyl)pyridine (9) and the p-tertbutyland p-adamantylpyridines we suspect that the we simply did not find the most
stable conformer. As we saw, the N H N can be outcompeted by the dispersion interactions.
The discrepancy in the case of the two aza[n]helicenes (4, 5) and the ortho substituted pyridine (1) is the most difficult to explain, as there cannot be
lower lying structures. For the dimer of pyridine 1 we have this confirmed by
the X-ray structure of a related pyridine, which differs only by the absence of
the tert-butyl groups [85]. Moreover, any lower lying structure would in fact
increase the difference, as the computational value would become necessarily even higher. A possible explanation might be that these systems are not
treated properly by the computational methods. For the dispersion-corrected
DFT, the omission of anisotropy might be the cause, especially in the case of
the aza[n]helicenes, while in the case of DLPNO-CCSD(T), the cause might
the use of too small basis set or inadequate cut-off threshold for the electron
pair correlation. For the pyridine 1 we have in fact strong indication, that the
computed BDEs are too high, as they are in disagreement with the competition experiment, which does not rely on any rate constant models. The T-CID
deconvoluted energies are on the other hand in agreement with the preferred
N H N dissociation over the O NO one.

11. CONCLUSIONS AND OUTLOOK

The main conclusions of the second part of this thesis are:
• The dispersion interactions in the gas-phase can become very strong and
stabilize structures that are chemically “unintuitive”. In large systems
with many substituents, the dispersion interactions can compete with
hydrogen bonds and other non-covalent interactions.
• The L-CID deconvoluted BDEs for small systems are reliable as was
shown by comparison with independent measurements and the mutual
agreement also with the calculated BDE values.
• As for the validation of using L-CID for large systems the discrepancy
with computations remains. The discrepancy between the calculations
and the experiment could be explained in some cases by finding a more
stable structure of the dimer. There are also examples though where
this explanation does not work, as more stable structure would cause
the discrepancy to be even larger.
• We have demonstrated two additional experimental tests for probing
the validity of L-CID. One consists of systematic structural modification
of the compound without influencing the studied bond or interaction.
The second uses a competition between two different channels.
• The experiment with the series of silver-bound para-pyridine dimers
demonstrated, that the increasing size of the ion does not present a
problem for the kinetic shift treatment in L-CID.
• The competition experiment together with the T-CID measurements of
the N H N and the O NO bonds indicates, that the DLPNO-CCSD(T)
might have problems with properly treating dispersion in very large systems. At the moment, it is difficult to say, whether this is due to insufficient basis set, due to the use of NormalPNO cut-offs or due to some
other issue.
The validation approaches presented in this thesis might be extended to
even larger compounds or different binding modes to further test the performance of L-CID for large systems. It would be also very useful to develop a series of competition “tags” with different BDEs that could be used to bracket the
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bond of interest. Ideally, such tags would have bonds that were cross-validated
with thermochemical experimental methods rather than kinetic ones.
From the computational point of view, we would advise to always perform
a careful conformational search. As we showed, the dispersion interactions
can stabilize structures that would not exist in the condensed phase, where the
dispersion would be attenuated by solvation. The combination of algorithmic
searches using semi-empirical methods with subsequent dispersion-corrected
DFT optimizations seem to be the best approach at the moment for finding
the most stable structure. For thermochemistry we would recommend the
DLPNO-CCSD(T) method with a large basis set though, because it does not
rely on benchmarking.
Finally, the dispersion-stabilized proton-bound pyridine dimers might be
also an interesting subject for further CIVP spectroscopy studies. Most of the
DFT functionals are benchmarked primarily against thermochemical values
and thus many modern functinoals give very consistent energies. The situation is opposite with vibrational spectra, where different functionals give
widely varying results. Since the N H vibration in the proton-bound pyridine
dimers is very sensitive to its environment, a set of experimental spectra could
become an interesting additional performance test for the DFT functionals,
that does not rely solely on thermochemical values.
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12. APPENDIX

12.1 Synthesis and Materials
Majority of the compounds was purchased in the reagent or higher grade from
SigmaAldrich, ABCR, Acros, Fluorochem or TCI Chemicals. Where dry conditions were needed, the standard Schlenk techniques and dry solvents from
distillation stills were used. Glassware was dried in an oven and then heated
with a heat gun under vacuum. Flash column chromatography was done with
SilicaFlash R P60 from Silicycle (40 - 63 µm). NMR spectra were recorded
on a Bruker AVIII-400 MHz and Varian Mercury 300 Mhz spectrometers. TLC
was done with aluminium-backed silica gel 60 with fluorescence indicator
F254. Chiral separation of 1-aza[6]helicene was performed on Merck Hitachi
D-7000 HPLC machine equipped with Daicel Chiralpak IA (4.6× 250 mm,
5 µm particle size) column. The column was coated with amylose tris(3,5dimethylphenylcarbamate) immobilized on a silica gel. The synthetic methods were not optimized and only carried to such extent that they provided
enough material for the T-CID measurements.

12.1.1 Pyridine 4
The synthetic route was adapted from Ref. [131].
10-bromobenzo[h]quinoline: A flat bottom bottle with a Teflon screw
cap was equipped with a helicopter stirring bar and charged with benzo[h]quinoline (10 g, 55.8 mmol, 1 eq.), MeCN (80 mL), NBS (10.47 mg, 58.83
mmol, 1.05 eq.) and Pd(OAc)2 (380 mg, 1.69 mmol, 3 mol %) in that order. A
small portion of MeCN was used to rinse the walls. The bottle was sealed with
a Teflon cap and the brown reaction mixture was heated to 100 ◦C and stirred
at this temperature for two days. Work-up: The reaction mixture was allowed
to cooled down to room temperature and quenched with water (50 mL). The
resulting suspension was filtered over a paper. A portion of MeCN (50 mL)
was used to rinse the filter cake. The violet filtrate was evaporated to dryness
yielding violet solid. This crude material was purified by repeated recrystallization from hexane and refluxing in hexane in presence of active carbon.
The purification was monitored by TLC (mobile phase: 10/1 petroleum ether
fraction 60-90 / ethyl acetate; stationary phase: silica glass plates; Rf (prod-
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uct) = 0.31) The target compound was obtained as a white solid (7.55 g, 52%
yield).
H NMR (300 MHz, Chloroform-d) δ9.12 (dd, J = 4.3, 1.9 Hz, 1H), 8.18
(dd, J = 8.0, 1.9 Hz, 1H), 8.11 (dd, J = 7.7, 1.3 Hz, 1H), 7.89 (dd, J = 7.9,
1.3 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.71 (d, J = 8.8 Hz, 1H), 7.57 (dd, J
= 8.0, 4.3 Hz, 1H), 7.47 (ap t, J = 7.8 Hz, 1H).
1

((2-bromophenyl)ethynyl)trimethylsilane: A three neck round bottom
flask (250 mL) equipped with a reflux condenser with an Ar inlet, magnetic
stirring bar and two rubber septa was dried at high vacuum for 5 min and
refilled with Ar (twice). Then it was charged with o-dibromobenzene (5 g,
2.12 mmol, 1 eq.) and triethylamine (160 mL). One of the septa was replaced
with a thermometer and the reaction mixture was heated to reflux (90 ◦C) and
stirred at this temperature for 45 min. After this time the oil bath was removed
and the mixture was allowed to cool down to 50 ◦C. Palladium tetrakis(triphenylphosphine) (734 mg, 0.64 mmol, 3 mol %) and CuI (201 mg, 1.06 mmol,
5 mol %) were added as solids in countercurrent Ar flow. A small portion of
TEA (0.5 mL) was used to wash the vessels walls. The resulting dark green
mixture was heated to 70 ◦C and stirred at this temperature for another 45
min. These two heating cycles ensured that the solution was degassed. Finally, TMS acetylene (3 mL, 2.12 mmol, 1 eq.) was injected with a syringe.
The temperature of the reaction mixture was increased to 80 ◦C and stirring
was continued for 5 h at this temperature. A fine precipitate (NEt3 · HBr) was
observed after several minutes of stirring. Work-up: After cooling down to
room temperature the reaction mixture was vacuum filtered over a Celite pad
(0.5 cm thick, fritted glass of 7 cm diameter). The pad was washed with tertbutyl methyl ether (100 mL) and the orange filtrate was evaporated to dryness
yielding orange oil (ca. 6 g). This crude material was diluted with tert-butyl
methyl ether (50 mL), Celite (12 g) was added, the resulting suspension was
evaporated to dryness and dried at high vacuum for 25 min. In this form,
the product was subjected to chromatographic purification (column of 8 cm
diameter; fraction size: 100 mL; mobile phase: petroleum ether fraction 6090; stationary phase: 500 g silica); Rf (product)=0.38). Fractions containing
product were combined, evaporated to dryness and dried at high vacuum for
30 min yielding yellow oil (2.2 g, 41% yield).
H NMR (300 MHz, Chloroform-d) δ7.57 (ddd, J = 7.9, 1.4, 0.4 Hz, 1H),
7.49 (ddd, J = 7.9, 1.4, 0.4 Hz, 1H), 7.24 (ddd, J = 7.9, 7.5, 1.8 Hz, 1H),
7.15 (ddd, J = 7.9, 7.5, 1.8 Hz, 1H), 0.28 (s, 9H).
1

10-(2-((trimethylsilyl)ethynyl)phenyl)benzo[h]quinoline: A dry Schlenk
flask (150 mL) equipped with a stirring bar under Ar was charged with ((2-bromophenyl)ethynyl)trimethylsilane (1.8 g, 6.97 mmol, 1.2 eq.) and
dry THF (30 mL). The resulting yellow mixture was cooled to −72 ◦C (dry
ice/ethanol bath) and the solution of nBuLi (4.4 mL of 1.6 M BuLi in hex-
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anes, 6.97 mmol, 1.2 eq.) was added slowly along precooled wall. The color
changed to dark brown upon addition. When the addition was complete, the
reaction mixture was stirred for 30 minutes at −72 ◦C. Then, CuI (1.4 g, 7.55
mmol, 1.3 eq.) was added as solid giving brown suspension and stirring was
continued for another 30 min at this temperature. The ice bath was removed
and the mixture was allowed to warm up till grey particles were no longer observed (ca. 10 min). 10-bromobenzo[h]quinoline (1.5 g, 5.81 mmol, 1 eq.)
was added as solid, a small portion of THF was used to rinse the walls and
stirring was continued overnight at room temperature. Work-up: The dark
green reaction mixture was quenched with saturated aqueous ammonia solution (40 mL) and diluted with methyl tert-butylether (100 mL). Water phase
(bright blue) was extracted with methyl tert-butylether (2 x 40 mL). Once
organic extracts were separated, they were combined, vacuum filtered over a
Celite pad (0.5 cm thick, fritted glass of 7 cm diameter), dried over sodium
sulfate and evaporated to dryness yielding brown oil (ca. 2 g). The crude material was redissolved in methyl tert-butylether, Celite (4 g) was added, the
suspension was evaporated to dryness and dried at high vacuum for 30 min.
In this form it was subjected to chromatographic purification (column of 5 cm
diameter; fraction size: 40 mL (fractions 1-5), 25 mL (6-65); mobile phase:
10:1:0.1 petroleum ether fraction 60-90 : ethyl acetate : triethylamine; stationary phase: 200 g silica; Rf (product)=0.30). The pure product containing
fractions were combined, evaporated to dryness and dried at high vacuum for
1 hour yielding yellow crystalline solid (0.94 g, 47% yield).
HRMS (MALDI+): calcd for C24H21NSi, 351.1438; found, 351.1438
H NMR (400 MHz, Chloroform-d) δ 8.42 (dd, J = 4.3, 1.9 Hz, 1H), 8.08
(dd, J = 8.0, 1.9 Hz, 1H), 7.94 (dd, J = 8.0, 1.4 Hz, 1H), 7.86 (d, J = 8.7 Hz,
1H), 7.74 7.67 (m, 2H), 7.57 7.42 (m, 4H), 7.32 (ddd, J = 7.8, 3.7, 2.1 Hz,
2H), -0.47 (s, 9H).
1

C NMR (101 MHz, Chloroform-d) δ 150.13, 147.12, 147.03, 139.96,
134.95, 134.42, 130.95, 130.90, 129.80, 128.34, 128.20, 128.08, 127.95,
127.06, 126.71, 125.74, 125.62, 122.47, 120.95, 105.12, 95.87, -0.72.
13

10-(2-ethynylphenyl)benzo[h]quinoline: Under air atmosphere in oneneck round bottom flask (50 mL) equipped with an ellipsoidal magnetic stirring bar the starting 10-(2-((trimethylsilyl)ethynyl)phenyl)benzo[h]quinoline
(900 mg, 2.85 mmol, 1 eq.) was dissolved in THF (30 mL). Solution of TBAF
(3.2 mL of 1 M solution in THF, 3.14 mmol, 1.1 eq.) was injected resulting in
immediate color change to brown. Stirring was continued for 15 min. Workup: In a fritted glass funnel (5 cm diameter) a 1 cm thick Alumina B pad was
wetted with 9/1 petroleum ether (fraction 60-90) / ethyl acetate. The reaction mixture was vacuum filtered over the pad. The pad was washed with
further potion of 9/1 petroleum ether/EA (60 mL). The filtrate was evaporated to dryness ad dried at high vacuum for 1 h yielding yellow oil (797 mg,
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86% yield).
HRMS (MALDI+): calcd for C21H13N, 279.1042; found, 279.1042; calcd
for C21H14N, 280.1121; found 280.1120
1
H NMR (400 MHz, Chloroform-d) δ 8.41 (dd, J = 4.3, 1.9 Hz, 1H), 8.07
(dd, J = 8.0, 1.9 Hz, 1H), 7.96 (dd, J = 8.0, 1.4 Hz, 1H), 7.86 (d, J = 8.8 Hz,
1H), 7.78 7.65 (m, 2H), 7.59 (ddd, J = 7.6, 1.5, 0.6 Hz, 1H), 7.54 (dd, J =
7.2, 1.4 Hz, 1H), 7.43 (ap td, J = 7.5, 1.4 Hz, 1H), 7.38 7.27 (m, 3H), 2.47
(s, 1H).
13
C NMR (101 MHz, Chloroform-d) δ 149.73, 147.12, 146.83, 139.69,
135.03, 134.49, 132.07, 130.79, 129.53, 128.50, 128.24, 128.21, 128.16,
126.97, 126.86, 125.83, 125.65, 121.14, 120.97, 83.50, 78.67.
1-aza[5]helicene: A dry Schlenk flask (100 mL) equipped with a magnetic
stirring bar, a rubber septum and Teflon gate was dried with a heat gun at high
vacuum (1 x 7 min, 2 x 5 min, refilled with Ar after each drying period). After
cooling down to room temperature it was filled with Ar and charged with a solution of 10-(2-ethynylphenyl)benzo[h]quinoline (630 mg, 2.26 mmol, 1 eq.)
in DCE (5 mL). Additional portion of DCE (3 mL) was used to rinse the vial
in which alkyne was kept. The remaining part of solvent (3 mL) was added
followed by solid PtCl4 (76 mg, 0.226 mmol, 10 mol %). The gate was closed
and the reaction mixture was heated to 120 ◦C (oil bath) and stirred at this
temperature for 19 h. The original yellow solution turned into brown suspension over time. Work-up: The reaction mixture was allowed to cool down to
room temperature. The mixture was quenched with 2 M NaOH (aq.) (150
mL) and diluted with ethyl acetate (50 mL). Organic phase was separated and
water phase was extracted with ethyl acetate (1 x 100 mL, 2 x 50 mL, ethyl
acetate used for extraction was first used to rinse the reaction vessel). Combined organic extracts were dried over sodium sulfate and vacuum filtered
over a Celite pad (0.5 cm height, fritted glass of 7 cm diameter). The filtrate
was evaporated to dryness and redissolved in 1/1 petroleum ether/ethyl acetate mixture (40 mL) upon ultrasonification. Celite (2.1 g) was added and
the suspension was evaporated to dryness. In this form, it was subjected to
chromatographic purification (column of 2 cm diameter; fraction size: 40 mL;
mobile phase: 7:1 petroleum ether fraction 60-90 : ethyl acetate; stationary
phase: 42 mL alumina B-I; Rf (product)=0.32). Fractions containing product
were combined, filtered over a paper filter, evaporated to dryness and dried
at high vacuum for 1 h yielding yellow solid (130 mg, 21% yield).
1
H NMR (400 MHz, Chloroform-d) δ 8.70 (dd, J = 4.2, 1.8 Hz, 1H), 8.28
(dd, J = 8.1, 1.8 Hz, 1H), 8.22 8.14 (m, 1H), 8.01 7.85 (m, 8H), 7.56 7.48
(m, 2H), 7.30 7.24 (m, 1H).
13
C NMR (101 MHz, Chloroform-d) δ 146.76, 146.73, 135.62, 134.27,
132.78, 132.74, 131.26, 130.60, 128.92, 128.51, 127.74, 127.64, 127.58,
127.30, 126.64, 126.56, 126.28, 126.12, 125.68, 123.15, 121.83.
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12.1.2 Pyridine 5
1-aza[6]helicene: Synthesized similarly to 4 using the route described in Ref.
[131].
1
H NMR (CDCl3, 400 MHz): δ(ppm) = 8.12 (dd, J = 8.1, 1.7 Hz, 2 H),
8.06 7.95 (m, 4 H), 7.95 7.89 (m, 3 H), 7.89 7.82 (m, 2 H), 7.57 (d, J =
8.5 Hz, 1 H), 7.19 (m, 1 H), 7.11 (dd, J = 8.0, 4.2 Hz, 1 H), 6.59 (m, 1 H).
13
C NMR (CDCl3, 100 MHz): δ(ppm) = 146.84, 145.92, 135.30, 133.44,
133.24, 131.98, 131.33, 131.15, 129.93, 128.79, 128.76, 128.29, 128.01,
127.65, 127.39, 126.68, 126.49, 126.46, 126.37, 126.21, 126.15, 124.83,
124.36, 124.29, 120.72.
The (P)- and (M)-enantiomers were separated using chiral HPLC. The corresponding chromatogram of the racemic mixture is shown 12.1. Electronic
circular dichroism (ECD) spectra (12.2) of separated (P)-1-aza[6]helicene
and (M)-1-aza[6]helicene were measured on a Jasco J-715 spectropolarimeter in a QS cuvette of 1 cm length.

Fig. 12.1: Chiral HPLC chromatogram of 5.

Fig. 12.2: ECD spectra of (M)- and (P)-5.
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12.1.3 Pyridine 6
3,5-bis(3,5-di-tert-butylbenzyl)pyridine: A 100 mL Schlenk flask, equipped
with stirring bar and septum, was charged with anhydrous LiCl (339.2 mg,
8.00 mmol, 8.0 eq) and Zn powder (502 mg, 7.92 mmol, 7.9 eq). The flask
was evacuated under vacuum and back-filled with argon. Subsequently, 20
mL anhydrous THF and 1,2-dibromoethane (25 µL) were added via syringe
and the mixture was heated to reflux with an oil bath for 5 min. The heat
bath was removed and the mixture was cooled to room temperature for 5
min. TMSCl (25 µL) was added, after which the mixture was again heated to
reflux for 5 min. and cooled to room temperature. Subsequently, a solution
of 1-(bromomethyl)-3,5-di-tert-butylbenzene (1.588 g, 5.61 mmol, 5.6 eq) in
5 mL anhydrous THF was added dropwise via syringe to the reaction mixture
over 5 minutes. The resulting mixture was heated at reflux for 2 h and subsequently cooled to room temperature. In the meantime, a 50 mL two-necked
round-bottom flask, equipped with septum and stirring bar, was charged with
3,5-diiodopyridine (330 mg, 0.997 mmol), S-Phos (44.8 mg, 0.109 mmol, 11
mol%), Pd(OAc)2 (14.5 mg, 0.0646 mmol, 6.5 mol%), and 5 mL anhydrous
THF. The previously prepared mixture containing the zinc reagent was added
slowly via syringe to the reaction mixture until GC-MS analysis showed full
conversion of 3,5-diiodopyridine. After an additional 20 min of stirring the reaction was quenched with 4 mL saturated aqueous NH4Cl solution. THF was
removed by rotary evaporation and 4 mL saturated aqueous NaHCO3 solution
was added to neutralize the remaining acidic aqueous phase. The aqueous
phase was extracted with DCM (4 x 20 mL). The combined organic layers
were washed with H2O, dried over anhydrous NaSO4, filtered and concentrated in vacuo to obtain 690 mg of crude product. The crude product was
filtered over silica, that had been neutralized by a mixture of 2% triethylamine
in pentane, using first pentane and subsequently DCM. The pentane and DCM
fractions were collected separately and the DCM fraction was concentrated in
vacuo to obtain 307 mg of crude material. This material was purified by flash
chromatography over a silica column (pentane/DCM/triethylamine = 73 : 25:
2). The fractions were screened for the presence of product by GC-MS analysis and the fractions containing product were combined and concentrated
in vacuo to obtain the product as an orange oil that solidified upon standing
(276.1 mg, 0.571 mmol, 57% yield).
HRMS (ESI+): [M+H]+ calculated 484.3938; found 484.3933.
1H NMR (400 MHz, CD2Cl2): δ8.31 (d, J = 2.1 Hz, 2H), 7.34 (ddd, J =
2.1, 1.5, 0.7 Hz, 1H), 7.26 (t, J = 1.9 Hz, 2H), 7.01 (d, J = 1.8 Hz, 4H), 3.90
(t, J = 0.6 Hz, 4H), 1.26 (s, 36H).
13C-NMR (101 MHz, CD2Cl2): δ151.44, 148.08, 139.49, 137.10, 136.62,
123.36, 120.75, 54.38, 54.11, 53.84, 53.57, 53.30, 39.79, 35.03, 31.57.
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12.1.4 Pyridine 7
3,5-bis(3,5-di-tert-butylphenyl)pyridine: The compound was synthesized
according to procedure described in the SI of Ref. [132].
1
H NMR (400 MHz, Chloroform-d) δ8.82 (d, J = 1.9 Hz, 2H), 8.50 (s,
1H), 7.63 (t, J = 1.7 Hz, 2H), 7.43 (d, J = 1.8 Hz, 4H), 1.39 (s, 36H).
13
C NMR (101 MHz, CDCl3) δ152.75, 128.60, 121.75, 35.18, 31.43.

12.1.5 Pyridine 8
3,5-bis((trimethylsilyl)ethynyl)pyridine 3,5-dibromopyridine (118.9 mg, 0.5
mmol), Pd(PPh3)2Cl2 (35.2 mg, 0.05 mmol, 10 mol. %) and CuI (19.6 mg,
0.1 mmol, 20 mol. %) were placed into a flame-dried 2-neck round-bottom
flask with a reflux condenser and put under Ar atmosphere. A mixture of
distilled THF and Et3N (1:1, 5 mL in total) was degassed and added using a
syringe to the round-bottom flask. The solids partially dissolved to produce
a dark red clear solution which was then stirred at room temperature for 1 h
under Ar atmosphere. Ethynyltrimethylsilane (0.28 mL, 1.25 mmol, 2.5 eq.)
was then added with a syringe and the mixture was heated to 50 ◦C and left
stirring overnight. When the GC-MS showed no 3,5-dibromopyridine left, the
stirring was stopped and the reaction mixture was filtered through filter paper and washed with CH2Cl2. The resulting solution was then washed once
with a saturated aqueous NH4Cl solution. The aqueous phase was then extracted 3× with CH2Cl2. The organic phases were combined and dried over
Na2SO4. Afterwards, the MgSO4 was filtered out and the solvent was removed
in vacuo. The crude (240 mg) was then purified by flash chromtaography (npentane:Et2O, 10:1, (V /V )). After the first purification step it still contained
traces of the homocoupling product and so it a small fraction was taken and
repurified by flash chromatography again (pure CH2Cl2). After final purification ca 10 mg of yellow oil was obtained.
HRMS (ESI+): calculated for C27H46NSi2+ [M + H]+ 440.3163; found
440.3161.
1
H NMR (400 MHz, Chloroform-d) δ8.59 (s, 2H), 7.78 (s, 1H), 1.13 (s,
36H), 1.12 (s, 6H).
13
C NMR (101 MHz, Chloroform-d) δ151.49, 141.36, 120.28, 102.71,
95.79, 18.76, 11.36.

12.1.6 Pyridine 9
3,5-bis((adamantan-1-yl)ethynyl)pyridine: 3,5-diiodopyridine (82.9 mg,
0.25 mmol), Pd(PPh3)2Cl2 (19.9 mg, 0.025 mmol, 10 mol. %), CuI (10.5
mg, 0.05 mmol, 20 mol. %) and (adamantan-1-yl)ethyne (101.9 mg, 0.625
mmol, 2.5 eq.) were placed into a flame-dried round-bottom flask and put
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under Ar atmosphere. A mixture of distilled THF and Et3N (1:1, 10 mL in total) was degassed and added using a syringe to the round-bottom flask. The
solids partially dissolved to produce an orange turbid solution which was then
stirred overnight at room temperature under the Ar atmosphere. When the
GC-MS showed no 3,5-diiodopyridine left, the stirring was stopped and the
reaction mixture was filtered through filter paper and washed with CH2Cl2.
The resulting solution was then washed once with a saturated aqueous NH4Cl
solution. The aqueous phase was then extracted 3× with CH2Cl2. The organic
phases were combined and dried over MgSO4. Afterwards, the MgSO4 was filtered out and the solvent was removed in vacuo. The crude was then purified
by flash chromatography (n-pentane:Et2O, 10:1, (V /V )). After the first purification step it still contained traces of the homocoupling product and so it
a small fraction was taken and repurified by flash chromatography again (npentane:CH2Cl2, 1:1, (V /V )). After final purification ca 10 mg of yellow oil
was obtained.
HRMS (ESI+): calculated for C29H34N+ [M + H]+ 396.2686; found 396.2658.
1
H NMR (400 MHz, Chloroform-d) δ8.53 (s, 2H), 7.67 (s, 1H), 2.01-1.98
(m, 6H), 1.94 (d, J = 2.9 Hz, 12H), 1.72 (t, J = 3.2 Hz, 12H).
13
C NMR (101 MHz, Chloroform-d) δ150.21, 141.00, 120.46, 102.32,
75.96, 42.78, 36.45, 30.32, 28.06.

12.1.7 Pyridine 12
4-adamantylpyridine: Synthesized according to the procedure described in
Ref. [96].
1
H NMR (400 MHz, Chloroform-d) δ8.53 (s, 2H), 7.30 (d, J = 6.0 Hz,
2H), 2.10 (s, 3H), 1.87 (d, J = 2.5 Hz, 6H), 1.76 (q, J = 12.4 Hz, 6H).
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12.2 T-CID Data and Fits
12.2.1 Proton-bound Dimers
12.2.2 T-CID data and L-CID fits of [(1)2 H]+
tBu

tBu

tBu

N

tBu

H
N

tBu

tBu

tBu

+

N

tBu

tBu

tBu

H
tBu

tBu

tBu

tBu

N

tBu
C70H99N2+

C35H50N+

C35H49N

968.58

484.79

483.78

Fig. 12.3: CID scheme.

Tab. 12.1: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2
3

36.1 ± 1.0
36.3 ± 1.0
35.3 ± 0.8

982 ± 28
977 ± 22
894 ± 38

5912 ± 363
6018 ± 354
6035 ± 273

1.6
1.7
1.6

Avg.

35.8 ± 1.0

963 ± 43

6002 ± 323

Gas used: Ar, Number of rotors: 32, Degrees-of-freedom: 507

tBu
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(a) CID of the dimer at 60 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.4: T-CID plots. Measurement # 3.

12.2.3 T-CID data and L-CID fits of [(2)2 H]+
H
N
N H

+

N

N
C10H11N2+

C 5 H6 N +

C 5 H5 N

159.21

80.11

79.10

Fig. 12.5: CID scheme.
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Tab. 12.2: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2
3

26.4 ± 0.6
26.0 ± 0.7
26.0 ± 0.5

592 ± 71
576 ± 38
585 ± 58

5868 ± 493
5762 ± 433
5784 ± 452

1.0
1.0
1.1

Avg.

26.1 ± 0.7

581 ± 50

5805 ± 462

Gas used: Ne, Number of rotors: 1, Degrees-of-freedom: 62

(a) CID of the dimer at 25 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.6: T-CID plots. Measurement # 1.

12.2.4 T-CID data and L-CID fits of [(3)2 H]+
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H
N
N H

N

+
N

C14H19N2+

C7H10N+

C 7 H9 N

215.32

108.16

107.16

Fig. 12.7: CID scheme.
Tab. 12.3: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2
3

25.9 ± 0.6
26.2 ± 0.7
26.2 ± 0.8

798 ± 60
784 ± 78
759 ± 66

5812 ± 250
5805 ± 281
5680 ± 284

1.7
1.7
1.8

Avg.

26.1 ± 0.7

782 ± 69

5777 ± 284

Gas used: Ne, Number of rotors: 5, Degrees-of-freedom: 99

(a) CID of the dimer at 30 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.8: T-CID plots. Measurement # 2.
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12.2.5 T-CID data and L-CID fits of [(4)2 H]+

N
H

N
N+

H

C42H27N2+
559.69

N

+

C21H14N+

C21H13N

280.35

279.34

Fig. 12.9: CID scheme.

Tab. 12.4: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2
3

32.8 ± 0.9
32.6 ± 0.6
31.9 ± 1.0

526 ± 23
526 ± 18
532 ± 39

5758 ± 398
5633 ± 243
5543 ± 441

2.0
1.5
1.4

Avg.

32.5 ± 0.9

527 ± 24

5646 ± 338

Gas used: Ar, Number of rotors: 0, Degrees-of-freedom: 207

(a) CID of the dimer at 30 V and 110
µTorr.

(b) Reactant and product intensities.
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(d) L-CID fits of the σR .

(c) Extrapolation to zero pressure.

Fig. 12.10: T-CID plots. Measurement # X.

12.2.6 T-CID data and L-CID fits of [(5)2 H]+

N+

N
N+

H

+

H

N

C25H16
C50H31N2

C25H15N

N+

329.40

330.41

+

659.81

Fig. 12.11: CID scheme.

Tab. 12.5: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2
3

32.3 ± 0.6
32.7 ± 0.6
32.1 ± 0.3

592 ± 29
671 ± 43
776 ± 21

5406 ± 282
5644 ± 297
5604 ± 218

1.2
1.3
1.3

Avg.

32.2 ± 0.5

709 ± 87

5560 ± 275

Gas used: Ar, Number of rotors: 0, Degrees-of-freedom: 243
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(a) CID of the dimer at 80 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.12: T-CID plots. Measurement # 2.

12.2.7 T-CID data and L-CID fits of [(6)2 H]+

tBu

tBu
tBu

N
tBu
tBu

H

tBu
tBu

N
tBu

H
N

tBu

tBu

tBu

tBu

+
tBu

N
tBu
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tBu
C70H99N2+

C35H50N+

C35H49N

968.58

484.79

483.78

Fig. 12.13: CID scheme.
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Tab. 12.6: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1

35.1 ± 0.7

806 ± 36

5672 ± 227

2.6

Gas used: Ar, Number of rotors: 32, Degrees-of-freedom: 507

(a) CID of the dimer at 120 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.14: T-CID plots. Measurement # 2.

12.2.8 T-CID data and L-CID fits of [(7)2 H]+
tBu

tBu

tBu

H
N

tBu

N H

tBu

tBu

N

tBu

tBu

+
tBu

tBu

tBu
tBu

tBu

tBu

tBu
N

tBu
C66H91N2+

C33H46N+

C33H45N

912.47

456.74

455.73

Fig. 12.15: CID scheme.
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Tab. 12.7: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2
3

35.0 ± 0.6
35.4 ± 1.1
36.8 ± 0.8

817 ± 54
987 ± 27
961 ± 28

5924 ± 234
5878 ± 385
5866 ± 283

2.1
1.6
1.7

Avg.

35.6 ± 1.1

956 ± 61

5896 ± 284

Gas used: Ar for #1, #2 and Ne for #3, Number of rotors: 34, Degreesof-freedom: 471

(a) CID of the dimer at 100 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.16: T-CID plots. Measurement # 2.

12.2.9 T-CID data and L-CID fits of [(8)2 H]+
Tab. 12.8: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1

34.1 ± 1.4

936 ± 31

5758 ± 476

2.3

Gas used: Ar, Number of rotors: 41, Degrees-of-freedom: 447
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TIPS

TIPS
H
N
N H

TIPS

N

TIPS

+
TIPS
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N

TIPS
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C54H91N2Si4

+

880.68

C27H46NSi2+

C27H45NSi2

440.84

439.83

Fig. 12.17: CID scheme.

(a) CID of the dimer at 85 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.18: T-CID plots. Measurement # 1.
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12.2.10 T-CID data and L-CID fits of [(9)2 H]+

Ad

Ad
H
N
N H

Ad

N

Ad

+
Ad

N

Ad

Ad

Ad
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+

792.19
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C29H33N
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Fig. 12.19: CID scheme.

Tab. 12.9: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1

34.6 ± 1.3

957 ± 30

6141 ± 414

1.9

Gas used: Ar, Number of rotors: 6, Degrees-of-freedom: 375

(a) CID of the dimer at 50 V and 110
µTorr.

(b) Reactant and product intensities.
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(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.20: T-CID plots. Measurement # 1.

12.2.11 T-CID data and L-CID fits of [(10)2 H]+

H
N
N H

N
+

N

C16H23N2+

C8H12N+

C8H11N

243.37

122.19

121.18

Fig. 12.21: CID scheme.

Tab. 12.10: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2

30.6 ± 0.3
27.8 ± 0.3

975 ± 31
957 ± 35

6018 ± 326
5822 ± 388

1.4
1.3

Avg.

29.2 ± 1.4

967 ± 34

5937 ± 366

Gas used: Ne, Number of rotors: 8, Degrees-of-freedom: 117
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(a) CID of the dimer at 10 V and 300
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.22: T-CID plots. Measurement # 2.

12.2.12 T-CID data and L-CID fits of [(11)2 H]+

H
N
N H

N
+

N

C18H27N2+

C9H14N+

C9H13N

271.43

136.22

135.21

Fig. 12.23: CID scheme.
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Tab. 12.11: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2
3

31.3 ± 0.7
29.8 ± 0.4
29.7 ± 0.7

527 ± 18
967 ± 25
528 ± 30

5469 ± 331
6030 ± 379
5577 ± 363

1.5
1.5
1.6

Avg.

30.1 ± 0.8

649 ± 198

5669 ± 428

Gas used: Ne, Number of rotors: 10, Degrees-of-freedom: 135

(a) CID of the dimer at 75 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.24: T-CID plots. Measurement # 1.

12.2.13 T-CID data and L-CID fits of [(12)2 H]+

12.2. T-CID Data and Fits

129
H
N
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N H

N

N
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+
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Ad

C30H39N2+

C15H20N+

C15H19N

427.66

214.33

213.32

Fig. 12.25: CID scheme.
Tab. 12.12: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2

33.9 ± 1.2
33.5 ± 0.7

520 ± 20
967 ± 37

5705 ± 371
5955 ± 393

1.5
1.6

Avg.

33.6 ± 0.9

621 ± 189

5823 ± 401

Gas used: Ne, Number of rotors: 2 for # 1, 4 for # 2, Degrees-of-freedom:
207

(a) CID of the dimer at 75 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.26: T-CID plots. Measurement # 2.
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12.2.14 Silver-bound Dimers
12.2.15 T-CID data and L-CID fits of [(2)2 Ag]+
Ag
N
N Ag

N
+

N

C10H10AgN2+

C5H5AgN+

C 5 H5 N

266.07

186.97

79.10

Fig. 12.27: CID scheme.

Tab. 12.13: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1

44.4 ± 0.5

818 ± 72

5688 ± 326

1.4

Gas used: Ar, Number of rotors: 1, Degrees-of-freedom: 63

(a) CID of the dimer at 75 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.28: T-CID plots. Measurement # 1.
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12.2.16 T-CID data and L-CID fits of [(10)2 Ag]+
Ag
N
N Ag

N
+

N

C16H22AgN2+

C8H11AgN+

C8H11N

350.23

229.05

121.18

Fig. 12.29: CID scheme.

Tab. 12.14: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1

43.0 ± 1.2

559 ± 43

5914 ± 388

1.8

Gas used: Xe, Number of rotors: 7, Degrees-of-freedom: 117

(a) CID of the dimer at 50 V and 120
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.30: T-CID plots. Measurement # 1.
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12.2.17 T-CID data and L-CID fits of [(11)2 Ag]+
Ag
N
N Ag

N
+

N

C18H26AgN2+

C9H13AgN+

C9H13N

378.29

243.08

135.21

Fig. 12.31: CID scheme.

Tab. 12.15: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1

43.8 ± 1.3

736 ± 113

5744 ± 292

1.8

Gas used: Xe, Number of rotors: 9, Degrees-of-freedom: 135

(a) CID of the dimer at 90 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.32: T-CID plots. Measurement # 1.
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12.2.18 T-CID data and L-CID fits of [(12)2 Ag]+
Ag
N
Ad

N Ag

N

Ad

N
+

Ad

Ad

C30H38AgN2+

C15H19AgN+

C15H19N

534.52

321.19

213.32

Fig. 12.33: CID scheme.

Tab. 12.16: L-CID fitting results.
#

E0 / kcal mol−1

νe f f / cm−1

α0 / cm−1

K E D f whm / eV

1
2

46.3 ± 0.8
45.6 ± 1.6

570 ± 34
561 ± 30

5749 ± 336
5640 ± 377

1.8
1.5

Avg.

46.2 ± 1.1

565 ± 32

5701 ± 359

Gas used: Xe, Number of rotors: 3, Degrees-of-freedom: 207

(a) CID of the dimer at 90 V and 110
µTorr.

(b) Reactant and product intensities.

(c) Extrapolation to zero pressure.

(d) L-CID fits of the σR .

Fig. 12.34: T-CID plots. Measurement # 2.
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12.3 Computational Details
12.3.1 Typical input files
DFT optimization:

! B97-D3 def2-tzvp def2/J TightOpt Grid5 NoFinalGrid MiniPrint
! NoMOPrint RI
%pal nprocs 8 end
%maxcore 8000
%geom
TolE 1e-8
TolMaxG 1e-5
TolRMSG 5e-6
TolMaxD 5e-5
TolRMSD 1e-5
end
*xyzfile CHRG MULT FILENAME
DFT frequency calculation:

! B97-D3 def2-tzvp def2/J Freq Grid5 NoFinalGrid MiniPrint
! NoMOPrint RI
%pal nprocs 8 end
%maxcore 8000
*xyzfile CHRG MULT FILENAME
DFT singlepoint:

! B97-D3 def2-qzvp def2/J TightSCF Grid6 NoFinalGrid MiniPrint
! NoMOPrint RI
%pal nprocs 8 end
%maxcore 8000
*xyzfile CHRG MULT FILENAME
DLPNO-CCSD(T) singlepoint:

! DLPNO-CCSD(T) def2-TZVP def2-TZVP/C TightSCF MiniPrint NoMOPrint
%maxcore 8000
%pal nprocs 16 end
*xyzfile CHRG MULT FILENAME
12.3.2 Caluclated Energies

B97-D3a

M06-La

DLPNO-CCSD(T)b

ZPE

BDE B97-D3

BDE M06-L

BDE DLPNO-CCSD(T)

[(1)2 H]
[(1)H]+
1

-2835.9568816339
-1418.1455952910
-1417.7380613309

-2837.1556310706
-1418.7497978788
-1418.3479206321

-2832.3194107611
-1416.3181232582
-1415.9265340216

1.51884102
0.76599957
0.75207523

45.5

35.9

46.4

[(2)2 H]+
[(2)H]+
2

-496.8681460675
-248.5993526730
-248.2251968387

-497.0810535312
-248.7062473249
-248.3362604454

-496.2617492405
-248.2909901841
-247.9296056996

0.18994360
0.10223590
0.08792856

27.5

24.3

26.0

[(3)2 H]+
[(3)H]+
3

-654.1294825641
-327.2381339776
-326.8497989775

-654.4101920815
-327.3783386950
-326.9943556336

-653.3078514750
-326.8204052536
-326.4477346655

0.29957723
0.15664430
0.14241960

25.8

23.2

24.6

[(4)2 H]+
[(4)H]+
4

-1725.6998825576
-863.0190268484
-862.6160297875

-1726.5080459290
-863.4262249903
-863.0296225272

-1723.6284432301
-861.9674408505
-861.5821250000

0.56250581
0.28802551
0.27329814

39.9

32.0

48.8

[(5)2 H]+
[(5)H]+
5

-2032.8988738329
-1016.6213239113
-1016.2149048041

-2033.8516061245
-1017.1015365500
-1016.7022491018

-2030.4601343072
-1015.3857445122
-1014.9974091334

0.65504450
0.33434366
0.31942764

38.5

29.2

47.5

[(6)2 H]+ A
[(6)2 H]+ B
[(6)2 H]+ C
[(6)H]+
6

-2835.9083529614
-2835.9231866172
-2835.9220146199
-1418.1308351439
-1417.7346162244

-2837.1097716360
-2837.1245631877
-2837.1216982270
-1418.7314930667
-1418.3406615487

-2832.2623986588
-2832.2841292128
-2832.2753076351
-1416.3012803717
-1415.9208711480

1.51643984
1.51914640
1.51813618
0.76568024
0.75181876

27.6
35.2
35.1

24.3
31.9
30.7

25.9
37.9
33.0

Structure
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-2678.6836409779
-2678.6938079754
-2678.6925107773
-1339.5186852466
-1339.1198377787

-2679.8298056941
-2679.8373914054
-2679.8372799061
-1340.0924187321
-1339.6988011596

-2675.2481500487
-2675.2645512698
-2675.2625015150
-1337.7929543932
-1337.4121506289

1.40271453
1.40577296
1.40554996
0.70847379
0.69486114

28.7
33.2
32.5

24.6
27.4
27.5

27.4
35.8
34.6

[(8)2 H]+ A
[(8)2 H]+ B
[(8)H]+
8

-3379.4248587678
-3379.4432790541
-1689.8853125827
-1689.4991307762

-3380.3036013715
-3380.3166802765
-1690.3243348487
-1689.9444804528

-3374.7563119433
-3374.7760057427
-1687.5424755679
-1687.1761898404

1.31586024
1.31852259
0.66515155
0.65157236

25.9
35.8

22.4
28.9

24.2
34.9

[(9)2 H]+ A
[(9)2 H]+ B
[(9)H]+
9

-2359.1407153516
-2359.1399147854
-1179.7455474832
-1179.3523983226

-2360.2153683630
-2360.2099052625
-1180.2826590337
-1179.8951714818

-2356.2610822520

27.3
25.7

24.0
19.5

25.9

-1178.2966784153
-1177.9239330507

1.11731796
1.11909868
0.56594892
0.55210296

[(10)2 H]+
[(10)H]+
10

-732.7238770615
-366.5323250660
-366.1476136196

-733.0291723223
-366.6851268111
-366.3050938670

-731.7950015207
-366.0612942326
-365.6912769370

0.35759471
0.18610278
0.17193356

27.8

24.7

26.9

[(11)2 H]+
[(11)H]+
11

-811.3349461395
-405.8385546596
-405.4524630459

-811.6723408104
-406.0073320552
-405.6261259882

-810.3038161487
-405.3163408993
-404.9450546078

0.41338325
0.21395433
0.19985082

27.8

24.7

26.9

[(12)2 H]+
[(12)H]+
12

-1275.7499075400
-638.0481833911
-637.6576489415

-1276.3107459814
-638.3285297226
-637.9431578261

-1274.1856747278
-637.2588436980
-636.8842353989

0.63496349
0.32472473
0.31064582

27.9

24.8

27.0

136

[(7)2 H]+ A
[(7)2 H]+ B
[(7)2 H]+ C
[(7)H]+
7

Energies for each structure are in eV, BDEs are in kcal mol−1 .
Singlepoint with def2-QZVP basis set.
b
Singlepoint with CBS(2,3) extrapolation using the def2-XZVP basis sets.
a
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B97-D3a

M06-La

DLPNO-CCSD(T)b

ZPE

BDE B97-D3

BDE M06-L

BDE DLPNO-CCSD(T)

[(2)2 Ag]+
[(2)Ag]+
2

-643.6263004068
-395.3222135524
-248.2251977586

-643.6247103607
-395.2130970557
-248.3362628356

-642.7679919556
-394.7381989367
-247.9520710950

0.18055926
0.08993188
0.08792618

47.8

45.6

47.1

[(10)2 Ag]+
[(10)Ag]+
10

-879.4809878665
-513.2513593407
-366.1476179571

-879.5715454130
-513.1878980113
-366.3051168234

-878.3606778763
-512.5357546608
-365.7441385971

0.34824521
0.17376396
0.17192939

49.9

47.7

49.1

[(11)2 Ag]+
[(11)Ag]+
11

-958.0920550230
-552.5571680247
-405.4524600125

-958.2146235052
-552.5096334437
-405.6261055261

-956.8886988926
-551.7999717334
-405.0076205446

0.40393493
0.20162175
0.19984677

50.2

48.0

49.3

[(12)2 Ag]+
[(12)Ag]+
12

-1422.5065566413
-784.7652952131
-637.6576609417

-1422.8525460391
-784.8292796824
-637.9431772816

-1420.8248521453
-783.7684592296
-636.9737069158

0.62550211
0.31239216
0.31064930

50.9

48.7

50.3
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Tab. 12.18: Silver-bound dimers

Energies for each structure are in eV, BDEs are in kcal mol−1 .
Singlepoint with def2-QZVP basis set.
b
Singlepoint with CBS(3, 4) extrapolation using the def2-XZVP basis sets.
a
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