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Abstract

This thesis represents the culmination of four and half years of research into
tWo aspects of gas phase ion chemistry. The first was the systematic study of the
kinetic method to obtain the proton affinity values for compounds with various
functional groups and to provide a critical evaluation of the method on the basis of
the case studies. The second was concerned with the investigation of the o-

cleavage mechanism and mass spectrometric characterization of immonium ions.

The systematic study of the kinetic method has been carried out by observing
a wide variety of proton-bound pairs consisting of amines, nitriles and alkanols using
tandem mass spectrometry. The majority of the compounds studied were
homologous alkyl series. The resuits were obtained for other selected amines such
as pyridine, allylamine, benzylamine and phenylethylamine. The proton affinities of
many of these compounds are well established in the NIST database, although

some needed either to be revised or to be given their first experimental values.

For the competitive dissociations of proton-bound dimers, which were studied
under Ml and CID conditions, the relative product yields, [B1H")/[B2H"], have been
related to the proton affinities (PA) of B1 and By by the kinetic method. In its simplest
form, the method assumes that there are no entropy e&ects and a zero reverse

energy barrier for the competing dissociations.
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The general effects expected from non-zero entropies of activation are
described in terms of how they influence log k(rate constant) vs. E(internal energy)
plots for such competing dissociations. For these homologous series such effects
were observed to be minimal and the kinetic method well reproduces most of the
reference PA values. However, in view of the very close agreement between the
present results and many reference PA values obtained from equilibrium studies, it
is possible that small reverse energy barriers (ca. 5 kJ mol™') may in some cases be
identifiable by the kinetic method, in particular for t-C4HgNH>, the homologous di-n-
alkylamines and possibly larger barriers for di-sec-alkylamines. The method is quite
sensitive to small discrepancies in PA and new values have been proposed for
CeHsCH2NH; (923 kJ mol™), CgHsCH2CH2NH (930 kJ mol™), (CH3)(n-CsHg)NH (951
kJ mol™), (i-CsHg)2NH (969 kJ mol™") and for homologous nitriles and alkanols,
namely from Cs to Cs. The PA value for n-C4HsOH was revised from 789.2 to 793.7

kJ mol™.

Results have also been obtained for some bidentate species such as 1,2-,
1,3- and 1,4-diaminoethene, propane and butane, respectively. Particular attention
was given to the effects of activation entropies, AS?*, and the presence of reverse
energy barriers, Ey, both of which are here a significant problem for the kinetic
method. It was found that for 1,2-diaminoethane there was a AS™ effect, particularly
for collisionally activated ions. The derived PA of 949 + 4 kJ mol™ is quite close to
the reference value (952 + 4 kJ mol™). It was concluded that for 1,3-diaminopropane

(reference PA = 987 * 4 kJ mol™), the method failed due both to an activation
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entropy effect and the presence of a significant reverse energy barrier. The latter
was estimated to be ca. 20 kJ mol”, making ca. 967 kJ mol™' the apparent PA
resulting from the kinetic method. For 1,4-diaminobutane (reference PA = 1006 + 4
kJ mol™), the kinetic method failed and similar difficulties arose, with an estimated
reverse energy barrier of ca. 32 kJ mol'. The overall results for these three
compounds were compared with a recent report on low energy collision-induced
fragmentations. These results for species having a bidentate structure indicate that
similar difficulties may apply to biomolecules and that PA values for such species

obtained by the kinetic method may be flawed.

The kinetic method was extended to determine molecular-pair proton
affinities (MPPA), which were investigated through a study of proton-bound alkanol
trimers. Since these values were not available, it was necessary to establish a set of

data for the reference bases prior to actual measurements.

Second part of the thesis regards the following aspects: (A) investigation of
the a-cleavage mechanism in simple amine molecular ions. a-cleavage has
traditionally been regarded as an extremely simple process, in which a C-C bond is
broken essentially without reverse critical energy. This view was undermined by the
discovery that several ionized t-butylamines, (CH3):CNHR™, expel a methyl radical
with the production of a broad, dished metastable peak. The observed kinetic
energy release (KER) is substantial (11 — 21 kJ mol™') which indicates that there is a

definite energy barrier towards the reverse reaction. The KER values corresponding
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to the methyl loss reactions for t-butylamine, isopropylamine were remeasured,
which were 10 kJ mol”’ (indeed close to the reported value), 0.3 kJ mol” (not in
agreement with the reported result, 5 kJ mol ™). The shapes of the metastable peaks
are broad Gaussian instead of dish-topped for t-butylamine and Gaussian for
isopropylamine. The strikingly different KER values indicate different reaction
mechanisms may be involved. The a-cleavage reaction for t-butylamine suggests
that an ion-neutral complex, separated from the molecular ion by a large energy
barrier, was proposed as intermediate species, as confirmed by ab initio calculation.
However, the a-cleavage reaction for isopropylamine was found to be a simple bond
cleavage process. The AH-° for (CH3)C"NH, was revised from 141 kcal mol™' to 133
kcal mol”’ on the basis of the appearance energy measurements. (B) Mass
spectrometric studies of immonium ions, CH3CH,CH'NH; and (CH3)2C'NH; and
their oxygen analogues (oxonium ions) were made using tandem mass
spectrometry. It is concluded that the immonium (or oxonium) ions interconvert
freely at internal energies near their dissociation limit, on the basis of their having
very closely similar fragmentation patterns and KER values but slightly different
product ion abundances. The possible fragment ions’ structures produced by these
immonium (or oxonium) ions were assigned by observing their corresponding CID

mass spectra.
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Chapter 1 Introduction

Gas phase ion chemistry is concerned with the production and study of gas
phase ionic and neutral species. its aims are to obtain information on the structural
characteristics of species, on the reactivity of these species and on their
thermochemical stability. The study of these species may be undertaken by a

variety of means and mass spectrometry is one method of choice.

The technique of mass spectrometry began in J.J. Thomson's vacuum tube?
where he studied the nature and behavior of positive rays. “| feel sure that there are
many problems in chemistry which could be solved with far greater ease by this than
by any other method. The method is surprisingly sensitive — more so even than that
of spectrum analysis - requires an infinitesimal amount of material and does not
require this to be specially purified...” His statement about the technique of mass
spectrometry, even more apt in describing tandem mass spectrometry (MS/MS)--in
which a mass spectrometer isolates a single ionic species, subjects to a chemical
change, and observes the charged products with a second mass spectrometer,
indicates that he was quite confident that mass spectrometry will serve the chemist
well. He was considered to be the fatner of mass spectrometry, was aiso the

forefather of MS/MS.

The next major development leading to the technique of MS/MS occurred in

1945 when Hipple and Condon2 observed and explained the presence of



metastable ions in a mass spectrum. This work was the driving force that has led to
MS/MS as it is practiced today. In the early 1960s, the first experiments were
performed in which instruments were used in unconventional modes to study the
metastable decompositions of ions. These studies were made possible by
developments in two different areas. The first development was the introduction of
the accelerating-voltage scan on sector instruments by Barber and Elliott.3 The next
major development was the discovery of the enhancement of magnitude and
quantity of peaks in a “metastable ion" spectrum upon introduction of a collision gas
into a localized region of the mass spectrometer.4-6 In some ways, this brought
mass spectrometry full circle in that a gas was deliberately introduced into a mass
spectrometer to cause reactions that Thomson has observed because of the poor
vacuum of his time. The fragmentation of a polyatomic ion following an energetic
collision with a target gas is referred to as collision-induced dissociation (CID).
Publication of the book,” “Metastable lons”, marked the beginning of the modern era
of MS/MS, a period in which instruments would be designed expressly for MS/MS
experiments. The availability of that instrumentation led to the rapid transformation
and expansion of the technique from predominantly physical/organic investigations
to a wide variety of new applications. Demonstrations of the utility of MS/MS in
analytical applications provided continuing impetus for instrument development,
including the incorporation of computers into more automated MS/MS instruments

and the exploration of a diverse mix of instrument types and configurations.



MS/MS has played a particularly important role in assigning ion structures,
elucidation of reaction mechanisms and obtaining thermochemical information.
These data have been acquired using several approaches, including measurements
of energy loss, kinetic energy release and relative fragment ion abundances. Most
chemical research experiments using MS/MS fall into one of these three classes,
i.e., ion structures, reaction mechanisms and thermochemistry. A summary of these
applications and examples, i.e., the use of MS/MS techniques and the ion

thermochemistry of the immonium ions, are given in Chapters 3 and 4.

Gas phase ion thermochemistry is of practical importance. It includes
establishing the heats of formation (AH°) and other thermochemical properties such
as proton affinity (PA) and gas-phase basicities (GB), etc. The former can be
achieved by ionization energy measurements (IE) of the molecular ions or AE
measurements of fragment ions. The AH° data of organic ions in the gas phase
may permit the unequivocal assignment of structure to a daughter ion, or at least to
allow the number of energetically feasible daughter ion structures to be reduced to a
minimum. The latter (PA and GB) can be obtained by the kinetic or equilibrium
method through measuring the relative product ion abundances or with a
combination of the partial pressures of the neutrals. These methods can provide the
relative PA or GB values of the organic compounds. The importance of PA and GB
data of molecules relies on the fact that they define the inherent properties of the
parent bases, thus permitting a more refined understanding of the correlation

between molecular structure and basicity, but they also show how solvents affect



the reactivity of molecules on comparison of the gas phase data with that in
solution. Chapter 6 is a review of the kinetic method as a mean of determining the
proton affinities of organic compounds. Chapters 7 to 9 are concerned with the
systematic investigations of the kinetic method in the application of proton affinity
measurement to alkylamines (Chapter 7), alkyinitriles (Chapter 8) and alkanols

(Chapter 9). Chapter 5 addresses the experimental aspects with regard to this

method.

The instruments used in the thesis are described in Chapter 2.
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Chapter 2 Instrumentation

2.1 Introduction

in this chapter, the components of the instruments used to complete the work
presented in the thesis are described. Two instruments were used, a modified ZAB-
2F mass spectrometer of BEE geometry for standard gas phase ion chemistry and

the AEI-MS902 apparatus for appearance energy determinations.

2.2 The VG ZAB-2F Mass spectrometer

The VG ZAB-2F1 mass spectrometer is a double focusing instrument of
reversed geometry. Double focusing, because the beam is submitted to the focusing
action of both a magnetic and an electric sector and of reverse geometry since the
magnetic sector precedes the electric sector. Over the past 12 years, it has been
extensively modified to allow novel experiments to be carried out. The last major
modification (1992) was the addition of a third field free region and hence a second
electric sector, making the instrument triple focusing. A schematic diagram of the
instrument is shown in Figure 2.1. The individual components of the ZAB will be

described in the following sections.



Figure 2.1 Schematic diagram of the modified VG ZAB-2F mass spectrometer
1: ion source, 2 sourcé slit, 3: magnetic sector, 4, 6, 10, 12: collision cells,

5, 11: deflector electrodes, 7, 13-electric sectors, 8, 14: collector slits, 9,15: detectors



2.2.1 The ion source

The ion source, as is the rest of the interior of the mass spectrometer, is kept
at a high vacuum of 10 torr. A sample can be introduced into the ion source via an
appropriate inlet system at a constant rate, resulting in a stable sample pressure of

< 1078 torr (see Figure 2.2).

lonization of the sample molecules can be achieved by passing a beam of
electrons emitted from a filament, through the ion source. The energy (velocity) of
the electron beam can be adjusted and is usually = 70 eV. lonization of the sample
using these electrons will follow the Franck-Condon principle, i.e., the ionization
process is fast compared to a molecular vibration. Since ionization energies of
molecules are usually around = 10 eV, the molecular ions can be generated with a
large amount of excess internal energy. This excess energy causes the molecular
ion to decompose into fragments. These fragments, in turn, have sufficient energy
to fragment further. In effect, a range of competitive and consecutive reactions can

take place starting from the molecular ion.

The production and relative intensities of those fragments can be explained
by the Quasi Equilibrium Theory (QET),2 which assumes that following ionization
the excess energy is distributed among all vibrational and rotational degrees of
freedom of the ground state of the molecular ion in a random fashion, and that

fragmentation will occur when sufficient energy is accumulated in the critical



vibrational mode(s) which leads to decomposition; i.e., the excited molecular ion has

a lifetime of at least several vibrations.

All ions generated in the ion source will fall through a potential gradient (the
accelerating voltage, Vacc, typically 8 kV) as they leave the ion source, so all ions
with mass m and charge z generated inside the source will leave carrying zeVs. of

kinetic energy, 1/2mv:

2
mv
= ZeVaee 21

Hence, all ions of the same charge acquire the same kinetic energy, irrespective of

their mass.

2.2.2 Magnetic sector

The function of a magnetic analyzer is shown in Figure 2.3. The magnetic
sector is a momentum analyzer which can separate the ions according to their
momentum-to-charge ratios:

Bze=— 22
B

By rearranging and combining equations 2.1 and 2.2, the following relationship is
obtained:

m BZg2
ze 2V
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where B and rg are the magnetic field strength and radius of the trajectory. By

varying B, ions of different m/z can be selected (rs and V. are fixed).

2.2.3 Electric sector

The electric sector acts as an energy analyzer which can separate ions via

their translational energy-to-charge ratios:

Eze=—— 24

where E and re are the electric field strength and radius of the electric sector. By
combining and rearranging equations 2.1 and 2.4 the following relationship is
obtained:

£ 2Vycc2e

25
e

Setting E to match Vacc will ensure that any mass selected, source generated ions
will be transmitted through the electric sector. For the ions generated in the FFR
before the electric sector, scanning E will allow the fragment ions of different kinetic

energy to be detected (see Figure 2.4).

2.2.4 Field free regions

There are three field free regions in the instrument corresponding to the
region between the source and magnet (1FFR), the magnet and ESA1 (2FFR), and
ESA1 and ESA2 (3FFR). In the field free regions, the ions decompose either

10



spontaneously or by collisional activation. One pair of collision cells is respectively
placed in the 2FFR and 3FFR, namely cell 1 to cell 4. The cells 1 and 2 are 2 cm
long and 10 cm apart while cells 3 and 4 are separated by 6 cm. Half-way between
each pair of cells is placed a deflector electrode allowing the ions to be expelled
from the trajectory with a certain potential applied on the electrode. This device

enables the study of the neutral species cogenerated in the FFR.

So far, it has been assumed that an ion leaving the ion source is a stable ion;
that is, it will not fragment in flight between the ion source and the detector. This is
however not necessarily the case. The ions that fragment in flight are called
metastable ions. Depending on the actual site of fragmentation along the flight path,
some of these metastable ion fragmentations can yield detectable products. If
fragmentation takes place in the magnet or ESA, the products will not be detectable
as a discrete signal; they will go off track. Fragmentation between the ESA and the
detector will lead to a fragment ion which will be detected the same way as the

parent ion.

If fragmentation (m{* — m;" + m;) takes place in the 1FFR, the magnet will
not transmit the product ion (m,") because the my" ion only has mz/mieeVa. kinetic

energy. Using equation 2.2 or 2.3, the magnet will transmit m;" as an ion with

apparent mass of m;%/m;.

11



If fragmentation takes place in the 2FFR, the kinetic energy of the parent ion
m:* (eVacc) Will be distributed among the products. In this distribution, the law of

conservation of momentum has to be obeyed. The kinetic energies of the products

is thus given by:
2
Mmava ma
2 = m1 eVaCC 2-6
2
M3V3 m3
2 = -~ €Vacc 27

in which the velocity of all particles is virtually the same. In other words, the kinetic
energy of the products is a mass weighted fraction of the kinetic energy of the
parent ion. The electric sector will transmit the product ion m;" not at eVacc, but at
mo/mqeeVaee. Thus the mass of a product ion can be calculated from its kinetic
energy measured by the electric sector. This important result enables the electric
sector to function as a pseudo-mass analyzer for unimolecularly generated

products, arising from a mass selected ion.

In addition to the unimolecular fragmentation as described, fragmentation can
be induced by passing the ion through a collision gas, introduced in a collision cell.
The electric sector can also be used as a pseudo-mass analyzer for the products of
such collisional activation (CA) (or collision induced decomposition (CID))

experiments.

12
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Figure 2.2 lon source in the modified VG ZAB-2F
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Figure 2.3 Focusing action of magnetic sector

Figure 2.4 Focusing action of electric sector
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2.2.5 Detectors

The detectors are off-axis Daly detectors, which employ a scintillator to detect
secondary electrons emitted when ions strike a conversion dynode as shown in
Figure 2.5. It consists of a conversion dynode onto which a high negative potential
is applied (ca. 20 kV) and a photomuitiplier. The positive ions are attracted towards
the dynode, impinge on the central portion of the conversion dynode and secondary
electrons are ejected due to the high energy collision. These electrons are then
accelerated toward a CaF, scintillator. The scintillations produced are detected by
an optically coupled photomultiplier. The detectors used in the ZAB are for positive
and negative ions. Due to this flexibility, a restriction on the maximum possible
potential applied to the dynode may result in mass discrimination. The ions with low
translational kinetic energy, i.e. low mass fragment ions, may be discriminated
against, either because they miss the conversion dynode or becéuse the secondary

electrons miss the scintillator.

2.3 AEI-MS902 mass spectrometer

The MS-902S is a forward geometry mass spectrometer whose configuration
is that the electric sector precedes the magnetic sector (Figure 2.6). The MS-902
does not have the septum inlet system but has two inlet systems: direct insertion
probe, Granville-Phillips variable molecular leak. The outstanding feature of MS-
902S is that it is capable of thermochemical measurements, i.e., ionization energy
(IE) and appearance energy (AE), due to the precise control of the energy of the

electron beam and shorter 1FFR.

15
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Figure 2.5 Daly detector 1: conversion dynode, 2: CaF, scintillator, 3: photomultiplier
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Figure 2.6 Schematic diagram of the AEI-MS902S

1: ion source, 2: source slit, 3: electric sector, 4. magnetic sector, 5: collector slit, 6: detector
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Chapter 3 Mass spectrometric characterization of ions and

neutrals in the gas phase

3.1 Introduction

Two main experimental methods available to assign structures of ions in the
gas phase are 1) ion dissociation characteristics, including metastable ion and
collision induced dissociations and 2) ion thermochemistry. The structure of the ion
refers only to how the atoms are linked together and does not include more detailed
information such as bond lengths and bond angles. Theoretical calculations can

provide such details of geometries.

lon thermochemistry refers to the measurement of the heats of formation of
ions via ionization energy and appearance energy measurements. The role of
thermochemistry in ion structure determination has been reviewed by Holmes.2
Accurate measurements (0.05 eV) are usually obtainable with photoionization mass
spectrometers3 or instruments with electron ionization sources with narrowly
definable electron energy.4 Heats of formation are almost always used in
conjunction with information regarding the unimolecular chemistry of the ions. The
ion dissociation characteristics are most conveniently obtained using tandem mass

spectrometers with an activation method or from a study of metastable ions.
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3.2 Metastable ions
3.2.1 Metastable ions

lons in a mass spectrometer can be classified (rather arbitrarily) as stable,
unstable, or metastable, depending upon where they fragment during their passage
through the instrument. Stable ions are those that have lifetimes longer than the
time of passage through the instrument. Unstable ions are those that fragment
within the ion source, and metastable ions dissociate outside of the ion source but

before detection.

Figure 3.1 shows a hypothetical potential energy diagram for ions formed in
an electron impact source of a mass spectrometer. lons with high internal energies
will fragment with rate constants greater than ca. 10° s and therefore do so before
leaving the ion source. lons with low internal energy (close to, or below the
dissociation threshold) have rate constants smaller than ca. 10° s and do not

decompose during the flight time.

Metastable ions have intermediate internal energies and therefore dissociate
within intermediate rate constants (ca. 10° - 10° s™'). Metastable ions typically have
lifetimes of several tens of microseconds and internal energies in excess of the
critical energy for the lowest energy dissociation by several tenths of an electron
volt. Metastable ions therefore typically produce few product ions in their
dissociative reactions, and those product ions that do form result from the lowest
energy dissociation mechanisms. These dissociations are characteristic of the

reacting configuration of the ion. This configuration may or may not also

20



characterize the structure of stable ions in the mass-selected beam used in MS/MS
experiments. The role of metastable ions in ion structure assignment as well as

reaction mechanism studies will be discussed in the following section.
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Figure 3.1 Different types of ions produced by electron impact
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3.2.2 Kinetic energy release (KER) and metastable ion peak shape
3.2.2.1 The shape of fragment ion peaks from metastable ions

Upon decomposition part of the excess internal energy of an ion is
isotropically released as kinetic energy, KER, leading to a broadening of the
fragment ion beam relative to that of the undissociated ion beam. Small average
KER values lead to narrow, Gaussian-shaped peaks, whereas flat-topped or dish-
shaped peaks are observed for larger KER values (see Figure 3.2). The minimum
observed in the center of a dish-shaped peak results from discrimination of ions
having their maximum velocity component in the collector slit direction, by the finite
slit length, and is thus most pronounced for short slits and long ion paths from the

point of decomposition to the collector.5

If the metastable peak is clearly of composite shape, i.e., not a simple
Gaussian or dish-topped peak, but a combination of these shapes,b then either two
transition states are involved and/or two isomeric daughter ions are generated. The
number of components in a metastable peak indicates the number of transition
states involved. The number of reacting configurations and daughter ion structures
will be equal to or less than the number of peak components. A metastable peak of

composite shape may be not very structure-characteristic.
in some cases, the reaction which gives rise to a metastable peak has an

unusually large cross-section for collisional activation. in such a case, residual gas

in the FFR will give rise to an apparently composite metastable peak. The

23



collisionally induced component is typically of Gaussian type but is generally
broader than the corresponding metastable ion peak. Because translational energy
of the collisionally activated ion was used in its energization, the CA component will
be slightly displaced towards lower translational energy, thus producing an

asymmetric composite peak.’

24



_J

Figure 3.2 Metatable peak shapes: A) Gaussian, B) dish-topped and C) composite
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3.22.2 Determination of kinetic energy release

Both the excess energy (¢*) of the activated complex and the reverse
activation energy (') may be released as translational energy during the metastable
ion fragmentation (see Figure 3.3). The kinetic energy release (KER), which is
commonly expressed as Tos, can be determined by measurements of the peak

width at half height and calculated according to:

2
m1*

Tos (W24/2(fragment) - W24/ 2(main beam)) 3.1

where my*, m2" and m; are the masses of the precursor molecule, the ionic and
neutral fragments, respectively, and w1 are the widths at haif height of the fragment

ion peak and the main ion beam, each measured in Vacc units.

The experiment is carried out at high energy resolution, which is obtained by
narrowing down the y-slits in the instrument so that the width at half height of the

fragment peaks are indicative of the kinetic energy released.

The KER associated with the fragmentation of a given metastable ion is
characteristic of the stable ion (a) when there is no rearrangement, or (b) an
isomeric ion structure with excess energy or (c) the reacting configuration of the ion

when rearrangement occurs prior to fragmentation.2 Therefore, this information is

26



very useful for distinguishing isomeric ions and elucidating reaction mechanisms

(refer to the section 3.4 of the Chapter).
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Figure 3.3  Contributions of the non-fixed energy of the activated complex and
of the reverse activation energy to the observed kinetic energy release
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3.3 Collision experiments

In the modern era of mass spectrometry, processes involving collisions
between ions and neutral gases are key experiments for probing the structure and
reactivity of ions. Collision experiments are used to excite stable mass-selected ions

and thus give diagnostic structural information about the stable parent ions.

Methods of excitation for ions have been developed to increase their internal
energies. Such excitation increases the absolute number of ions that dissociate and
increase the likelihood for structurally diagnostic simple bond cleavage reactions.
Several methods for the excitation of ions in a reaction region have been developed.
The most widely used method is the collision of a high-velocity ion with a target gas.
Different MS/MS instruments allow for collisional activation at ion kinetic energies of
a few keV or less than 100 eV. Other methods of ion activation include interaction of
the ion with an intense beam of photons, a beam of electrons, or via collision of the

ion with a surface. Particular emphasis will be given to collisional activation.

3.3.1 Collision induced dissociations (CID)

When ions having a high translational energy (a few hundred eV or more)
collide inelastically with neutral atoms or molecules, part of the ions’ translational
energy may be converted into excitation energy leading to their subsequent
decomposition. The overall mechanism for collision induced dissociation at both low
and high collision energy is generally accepted as proceeding in two steps.8.9 The
sequence involves collisional activation of the parent ion in the first step and

unimolecular dissociation in the second step, i.e.:
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M — M — M+ M 3.2

where M** is the activated parent ion. The overall net equation for the CID

includes the mass and energy balance:

Q+M+N=M"+M+N +T 3.3

where Q is the endothermicity of the collision (i.e., the amount of energy converted
from the translational energy of the collision partners into internal energy of the ion),
N and N' are the target molecule in its prior- and post-collision state, and T is the

kinetic energy liberated in the unimolecular dissociation.

The CID mass spectrum will be different from the metastable ion mass
spectrum in two major aspects: 1) the total abundance of the fragment ions will be
generally increased and 2) there will be a much greater variety of fragment ions.
The fragment ions thus generated will be characteristic of the structure of the mass
selected ions if the precursor ions retain their structure irrespective of their internal
energy. However, if some isomerization occurs following activation, the CID mass
spectrum obtained will be a superposition of the dissociation characteristics of the

isomeric ions.

The intensity ratios of collision-induced fragments were studied by Mclafferty

et al. as a function of various parameters.10 it was found that when the translational
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energy of the impacting ions increases there is not only an increase in the yield of
the collision-induced secondary fragments but also a change in the intensity ratios
between these fragments. As a consequence of an increase in the mean transferred
energies, the intensity of fragments having higher activation energies increases
more than does that of fragments with lower activation energies. A similar increase
in fragmentation processes with higher activation energy is found at high pressures
of the collision gas and this is explained by the occurrence of multiple collisions. The
nature of the collision gas, however, has no influence at all on the intensity ratios10
although it does influence the yield of collision-induced fragments: as the size of the
atoms or molecules decreases, the yield increases, so that helium and H; are

particularly suitable collision gases.

The effect of ion initial internal energy on a CID mass spectrum is somewhat
controversial but it is generally accepted that only the metastable reaction channels
may depend on the initial internal energy distribution of the precursor molecules. All
other “high critical energy” dissociation channels should be independent of the
internal energy of the precursor ion and thus ion relative abundances should be
independent of the initial internal energies. Consequently, identical ions generated
from a variety of precursor molecules should have indistinguishable CID mass
spectra, whereas isomeric ions, in general, will have distinctive CID characteristics.
The effect of internal energy may be best observed when comparing CID mass
spectra of both source and metastably generated ions. The two CID mass spectra

will be indistinguishable if the structure of the ions is the same irrespective of their
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internal energy content. However, the two CID mass spectra will be distinct when

the structure of the ions is dependent upon their internal energy content.

3.3.1.1 Energy transfer in collision process

The amount of energy deposited in the ion as internal energy will vary with
the “closeness” of the interaction and with the velocity and mass of the incoming
ions. In 1949, Massey!? found that the most probable amount of internal energy

received by an ion upon collision (Emp) can be given as:

Emp = _(F)z 34

where h is Planck's constant, a is the interaction distance, eV is the ion's
transiational energy and m is the mass of the ion. Small targets will, on average,
deposit more energy into the ion than large ones because of the smaller interaction
distance. Helium is by far the most common collision gas in keV collision-energy
CID studies since it is the most effective for energy deposition and can minimize the

processes competing with CID.

The average internal energy deposition is usually estimated to be a few eV
(1-3 eV) and the distribution of internal energy deposited is wide and characterized
by a high energy tail.12 This is comparable to that of the molecular ions produced by
70 eV electron impact and thus a CID mass spectrum will resemble the normal El

mass spectrum of a molecular ion.
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3.3.1.2 Target gas effect

At low collision energies (e.g., a few eV), the nature of the target gas can
have a much greater effect on the appearance of the CID mass spectra than at high
collision energies. This is largely due to the relatively long-lived collision complex
mechanism for energy transfer. At low collision energies, a large fraction of the
center-of-mass energy, E.m. (A term used for description of the collision energies
under low collision conditions, see the section 5.4.5 of chapter 5 for its definition),
can be converted to internal energy and the mass of the target gas has a significant
effect on the amount of energy transferred into the ion. However, a change in the
nature of the target has different effects on high-collision-energy CID spectra due to
the much shorter interaction times usually encountered at high collision energies

and the much smaller fraction of a rather large E. . transferred into internal energy.

Target gas pressure effects on CID mass spectra both at high and low

collision energies are best described by the Beer’s law relationship:

P = -O’t-LN 35

o

where o is the total collision cross section for all processes that lead to ion loss, in
cm?. I, is the intensity of the transmitted parent ion and |, is the initial intensity of the

parent ion without collision gas. L is the length of the collision region, in cm. N is the
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number density of the target gas, in cm3, which is proportional to the pressure. Note

that equation 3.5 is only applicable for single collision conditions.

The collisions take place in the FFR of the mass spectrometer. Gas is
introduced into the collision cell and the pressure of the gas is monitored at a point
outside the collision cell. It is thus more convenient to rely on the amount by which
the intensity of the main beam of ions is reduced due to the presence of the gas,
than on the gas pressure itself. It has been shown?2 that in conditions where the
main beam is reduced by 10%, 95% of the collision events are single encounters.
Increasing the beam reduction to 40% generates conditions in which double and
triple encounters account for 20% and 5% of the collision events, respectively.
Under multiple collision conditions, higher internal energy dissociation pathways
become more probable and so the structure characteristic features may often be
reduced significantly or obscured. Conditions yielding single collisions are generally

used.

Note that the pressure of the collision gas has no influence on the average
energy deposition per collision. It was shown, however, that when the pressure of
the collision gas is increased to a value where multiple collisions become important,
the ions receive several portions of energy and therefore the average amount of

energy received in the entire collision region increases.13
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3.3.2 Charge stripping and charge reversal

When helium is replaced with a diatomic target gas such as oxygen, a
marked increase in the amount of doubly charged ions is observed in the resulting
spectrum. This process is referred to as Charge Stripping14 (CS) and occurs when
ions gain enough internal energy to expel a second electron, thus producing a

doubly charged ion as described by:

AT+ T - A +T+e 36

In the resulting mass spectrum, these peaks are characteristically narrow (no KER
because these ions do not originate from the fragmentation of a higher mass
precursor) and appear at half their actual mass (i.e., apparent mass = m/z and for

doubly charged ions z = 2).

it is also possible to induce, through collisions, processes involving the loss
of two electrons. This technique is referred to as Charge Reversal15 (CR) and
allows positive ions to be generated from the corresponding negative ion precursor

as described by:

A +T » A" +T + 2e 37

This may allow the production of cations which otherwise may not be directly
obtained, but is structure indicative only if the cation produced has the same
structure as the anion precursor. Conditions for carrying out these experiments are

very similar to those discussed previously for obtaining CID mass spectra.
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3.3.3 Collision induced dissociative ionization (CIDI)

The neutral co-generated in metastable dissociations may also be
investigated. The identification of these neutral species is achieved by collisional
ionization. When kilovolt neutral projectiles encounter a target gas, the collision may
produce an ion which contains sufficient internal energy to fragment. This technique
is referred to as collision induced dissociative ionization6 and produces a mass
spectrum which can be used to characterize the structure of the neutral species co-
generated in the metastable decomposition of the precursor molecule. This
information is necessary if the thermochemistry of the process is to be investigated
and also provides ancillary information that may prove useful when identifying the

nature of the ionic species produced.

3.3.4 Neutralization-reionization mass spectrometry (NRMS)

In additon to the study of the neutrais co-generated in metastable
dissociations, it is also possible to generate neutral species by neutralizing cations.
This allows the production, and upon reionization, the characterization of molecules
and radicals of unusual structure derived from the corresponding stable cation. The
technique, neutralization-reionization mass spectrometry'? consists of two

sequential steps: neutralization and reionization:
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step 1 neutralization: M*+ N - M + N* 38

step 2 reionizaton: M+ R -» M™ + R +e 39

Neutralization occurs by an electron transfer process considered as a vertical
Franck-Condon process so that if the geometries of the ion and neutral are similar,
a stable neutral should be produced. If the neutral produced survives, it is then
reionized by collisional activation. If the experiment is successful, the resulting mass
spectrum will show a peak corresponding to the reionized species (this peak is
referred to as a recovery signal) and fragment ions characteristic of the reionized
species. The presence of a recovery signal indicates that the neutral produced was
stable at least for a period of approximately 0.5 — 5 us (depending on the mass of

the ion and the distance between the collision cells).

3.4 Fundamental studies by using Ml and CID experiments
3.4.1 lon structure determination

Structure differentiation is normally based on the comparison of relative
fragment ion abundances in the Ml and CID mass spectra as well as on comparison
of peak shapes corresponding to metastable dissociations. The measurement of

KER from metastable ions is also useful.

The structure elucidation becomes complicated because of possible
isomerization of organic ions. The relative magnitude of the energy barriers for

decomposition (Es) and isomerization (Ei) is the parameter which principally
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determines if and to what extent an ion BCAD" rearranges to an isomeric ion
ABCD" at a given internal energy. Figure 3.4 shows hypothetical two-dimentional
energy diagrams intended to depict commonly encountered situations in ion
structural studies (the energy range for metastable decomposition is indicated as a

hatched area).

Figure 3.4 (A) is more complex. At E < E; no isomerization of BCAD™ is
possible while at internal energies E; < E < Eq, this ion can rearrange to ABCD™
without decomposition. However, in the absence of any mechanism for energy
relaxation BCAD** will not rearrange completely to ABCD™, but there will be a
mixture of rapidly interconverting structures BCAD™* and ABCD™. The kinetic energy
release (KER) is typically < 40 meV with a Gaussian metastable peak shape. The
MI spectra of BCAD"™ and ABCD™ would be expected to have similar product ion
ratios for the identical reactions indicating dissociations from the same structure or
mixture of structures. The CID spectra of BCAD™ and ABCD™ metastably
generated from their respective precursors will be distinguishable indicating the
distinct stable structures existing at the ionization threshold. A classic example
where this is the case is the C4Hs™ isomers.18.19 Each of these isomeric ions has
the structure of its neutral counterpart at ionization threshold, but isomerization can
readily occur with each ion at energies below the activation energy for loss of CHg,
the lowest energy fragmentation. Therefore, in general, neither the abundances of
fragment ions from metastable ions nor the KER values obtained can be regarded

as characteristic of the structure of the C4Hs"" ion at its ionization threshold.

38



Figure 3.4 (B) shows the lowest threshold for decomposition of the initial ion
ABCD™ is considerably higher than the isomerization barrier, which is in turn higher
than the decomposition threshold of the rearranged ion BCAD™. All the initial ions
ABCD"* with energy of E > E; will decompose through structure BCAD™. However,
in contrast to Fig. 3.4 (A) hardly any interconverting structures ABCD"™ « BCAD"™
will be observed in this case: Once the ions ABCD™ have overcome the
isomerization barrier E; decomposition through BCAD™* will be much faster than
rearrangement back to ABCD™. This is the case to show that a rate-determining
isomerization of structure ABCD' precedes a fast dissociation. It has been
demonstrated that a variety of heteroatom-containing ions such as CzH.0."20
C,HgN' 21 C3H;0%22-24 and C4Hg0'25 are best represented by such a potential
energy diagram. Therefore, the dissociations may not be characteristic of the
structure ABCD™. In this case, both the Ml and CID mass spectra of ABCD"* and its
isomer BCAD™ will be different. The metastable peak is usually of Gaussian shape
but is broader for ABCD"* than for BCAD™ (also < 40 meV) reflecting the energy

difference between E; and Eg.

An excellent example of this situation was a study of the isomeric oxonium
ions CHiCH.0=CH," and CH3CH=0CH;".24 The MI spectrum of CH3CH,0=CH,"
shows the loss of H.O and loss of C.Hs, whereas the MI spectrum of
CHsCH=0OCH;" shows losses of H,0, C;Hs and CH.0. Furthermore, the average
KER values for loss of H,0 and C;H, from metastable CH;CH=0CHj3" are higher

than for the corresponding losses from CH;CH,0=CH,". Both metastable ion tests
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would seem to indicate that the metastable ions fragment from distinct structures. It
was proposed, however, that the ion CH;CH=OCH;" undergoes a slow
isomerization to CHsCH.O=CH," followed by rapid dissociation. The CH;CH=0CHj;"
ions with sufficient energy to isomerize have energy well in excess of that required
to dissociate from CH3CH,0=CH,", accounting for the differences in the fragment
ion abundance ratio and average KER values. Strong evidence for this
interpretation came from the measurement of the appearance energy values for the
losses of H,0, CoHs, and CH,0 from CH3;CH=0CHj;". These values were all higher
than the corresponding values for CH3CH.O=CH,". The CID spectra are clearly
different from each other. The AH° of CH;CH=OCH;" and CH3CH,0=CH." are 151

and 150 kcal mol™, respectively.

A special case for this situation is that BCAD™ is a distonic ion which is
generally much more stable than the conventional ion ABCD™, then the KER can be
very small (< 1 meV), only a small fraction of the excess energy appears as the
kinetic energy release. This is illustrated by the dissociations of C,HgO™*26 and
CsHsO™"2? ions in which non-classical distonic ions °CH.CHOH." and

*CH,CH,CH,OH," are the reacting configurations of their isomeric species.

In Figure 3.4 (C) (Ei >> Eq) no isomerization is possible at internal energies
below E:. At higher energies (E > E;) isomerization is possible in principle, but in
general, decomposition will be much faster than isomerization, since the density of

states in the activated complex for decomposition is considerably higher than that in
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the activated complex for isomerization as a result of the higher excess energy and
looser transition state. The interpretation of both Ml and CID spectra are generally

straightforward.
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Figure 3.4 Schematic potential diagrams illustrating the parameters
which influence the isomerization of organic ions
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3.4.2 Reaction mechanism
In general, mechanisms of reactions have been indirectly established on the
basis of kinetic energy release measurements, isotopic labeling and structure

determination of the product ions.

The analysis of metastable peak shapes is one of the most powerful tools for
the investigation of reaction mechanisms. In order to resolve fine structure in such
peaks high energy resolution is required. Metastable peak shape analysis at high
energy resolution led to the detection of composite metastable peaks in a large
variety of reactions. Figure 3.5 shows such a composite metastable peak for HCN
loss from benzaldoxime,28 where a Gaussian-shaped peak with an average KER =

50 meV is superimposed onto a dish-shaped peak with KER = 670 meV.

If a decomposition reaction of the molecular ion leads to a composite
metastable peak this may result from competing fragmentations via different

transition states giving isomeric products.

For HCN loss from benzaldoxime both a four- and five-membered transition
state according to Scheme | has been suggested. It should, however, be pointed out
that the mere observation of a composite metastable peak does not give any
information on the detailed mechanism, in particular it is not known a priori which
component of the composite peak corresponds to which mechanism. in the case of
the benzaldoxime, blocking of the two ortho positions by substitution with chlorine

atoms led to the disappearance of the narrow component of the composite peak,
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suggesting that the broad component can be assigned to the four-centered

transition sate, the narrow component to the five-centered one.28

)
+
H
c OH
. N L
" OH + HCN
I
H —
C.
“°NH o
R + HCN
—— OH -
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Figure 3.5 Composite metastable peak obtained for loss of HCN from benzaldoxime
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Similarly composite metastable peaks led to the detection of competing four-
and five-centered transition states for HCN loss from p-methoxy benzaldoxime-o-
methylester2d and HCl loss from 2,3-dichlorobutane,30 while NO loss from
substituted nitrobenzenes seems to involve three- and four-centered transition
states.3! In all these reactions the larger KER values were associated with the
activated complex of smaller ring size. Thus the data available so far show that the
fraction of reverse activation energy released as kinetic energy is the larger the

tighter the transition state.

3.5 Thermochemistry

Complementary information to the study of ion dissociation characteristics of
an ion of interest is provided by the knowledge of the heat of formation (AH°) of this
species. In the following sections, means by which AH° of neutrals and ions are

determined, using electron impact ionization, will be described.
3.5.1 lonization and appearance energy measurements
lonization and Appearance Energy (IE and AE) measurements are used to

obtain the AH° of an ion or neutral. lonization energy of M is the minimum energy to

produce M** from M.

M — M™* + e 3.10
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Adiabatic (IE,) and vertical (IE,) ionization energies are frequently described. The
latter relates to the energy difference between the ground state (electronic and
vibrational) of the neutral and the point at which the value for the equilibrium
internuclear spacing in the neutral molecule, re, cuts the potential energy surface for
the ionized state, whereas the former refers to the energy difference between the
ground states (electronic and vibrational) of both the neutral and ionized species. In
the case where there is little or no geometry change between the neutral and the
ionized species, |E, and IE, are the same (see Figure 3.6). |E, is accessible in the
maijority of cases studied by an electron impact method. in the case where there is a
big geometry change between the neutral and the ion, IE; and IE, are not identical

and it becomes difficuit to precisely determine the IE,.

The Appearance Energy of a fragment ion (F*) is the minimum energy

needed to produce the fragment ion and neutral (N) from M:

M— F + Ne + e 3.1
The Appearance Energy is also related to the activation energy that must be

provided to M™ in order to produce F".

The AH° of an ion or neutral is determined from the experimentally measured
IE and AE. These measured quantities are related to the AH° of the species

involved in the corresponding process by:
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IE=AH (M™) - AH (M) 312
AE = AH (F* )+ AfH (N') - AgH (M) 313

where N is the neutral species co-generated.

In order for the desired AH° to be determined accurately from IE and AE
measurements, the following conditions must be met: 1) the AH° of the other
species involved must be known. If no experimental data exist for the neutral
molecule or radical, their AH° may be estimated using Benson's Additivity

Scheme,32 2) the fragmentation of M*- must have no significant kinetic shift and 3)

the reverse reaction must have no significant energy barrier.

A fragmentation reaction will have a significant kinetic shift when its rate
constant rises only slowly with the increase of internal energy. in this case, the AE
measured will depend considerably on the time scale of the method used for the
measurement.33 Comparing the AE of F* produced metastably with the AE of F
produced in the ion source may provide some information on the presence of an
important kinetic shift. The KER in a metastable dissociation may also provide
information concemning the presence of either an appreciable kinetic shift or a
reverse activation energy barrier. In general, if the average KER is relatively small (0
to ca. 30 meV), it is probable that the reaction involves neither a large kinetic shift
nor a reverse activation energy barrier. In cases where the kinetic shift is large

and/or in the presence of reverse activation energy, the measured AE must be
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considered as an upper limit and the AH° value obtained for any product will

consequently also be an upper limit.
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Figure 3.6 Production of M™ and F~ from M
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3.6 Theoretical calculations

Molecular orbital (MO) calculations give valuable information which can be
used to support or even precede experimental evidence. In general, three main
pieces of information can be provided by MO calculations: 1) heat of formation of
ions; 2) equilibrium geometries and 3) energy barriers for isomerization and
fragmentation. Independent of its usefulness for ion structure elucidation the heat of
formation is one of the most important properties of an ion and its theoretical
determination is highly desirable. Thus computed energetic data can be directly
compared with experimental values and these may in turn be used to test the
accuracy of the computation if the latter are of high quality. Moreover, such MO
calculations usually include various non-classical structures which the mass

spectrometrist may have overlooked when discussing ion structures.

Computational methods used to calculate energetic data on gaseous organic
ions consist of ab initio calculation and semiempirical methods. Most ab initio
calculations which have been applied to the structures of positive ions have been on
the Hartree-Fock level. It enables the determination of the structures and relative
energies of the species involved in the chemical reactions. Transition structures
which are not directly observable experimentally may be fully characterized and
reaction potential surfaces may thus be derived and a reaction mechanism

established.
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This can be exemplified by the case of CH,0".1 Two distinct stable isomers,
CH3;OH™ and °CH,0O"H,, were discerned by calculation as well as by collisional
activation experiments.34-36 |t was predicted by calculation that “CH,OH;" is a
stable isomer, lying 45 kJ mol” lower in energy than CH3OH™. The barrier
separating these two isomers (112 kJ mol™* at the transition state) is sufficiently

large to allow each to be separately observable. The calculated structures for these

two species are shown in Figure 3.7.

+e
__l H
"\ /\\\\\ H
+ /.~
o

—0 c——oO0"

H

H H

Figure 3.7 Calculated structures for CH;O" * ions

This theoretical prediction was confirmed by CID experiments. In these experiments,

*CH,OH,’ was generated indirectly by fragmentation of ionized ethylene glycol:
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« CH,OH," + CH,0

The CID mass spectrum of the *CH,OH." formed in this manner was shown
to be quite distinct from that of CH;OH™, generated directly from ionized methanol.
The experiments also confirmed that ‘CHOH;" is more stable than CH30H™,

finding an energy difference of 29 kJ moi'34.35 somewhat smaller than the

theoretical 45 kJ mol™.

The observation that ‘CH,OH." is a stable isomer of CH3OH™ may be
generalized to "“CH,Y"37-40 (Y = X (halogen), NH, SH, PHz, etc) and larger systems
such as C,HsO™ ions. Thereafter, a new class of radical cations with separated

radical and charge centers were named ylidion (adjacent radical and charge

centers) or distonic ions (separated radical and charge centers).
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Chapter 4 The application of MS/MS techniques and ion

thermochemistry to the immonium ions

4.1 Introduction

Interest in the t-butylamine radical cation arose from a publication! which
investigated the potential energy surface for the dissociation of t-butylamine radical
cation using ab initio calculations at the UHF/3-21G level, as part of the series of
compounds then under examination.24 The minimum energy reaction pathway

.(MERP) leads to a methyl radical and an amino-isopropyl cation.

CHj CHj
+e I
CHa—lo—an —= CHy— C—NH, + «CHy

CHs
t-butylamine amino-isopropyl cation
(m/z 73) (m/z 58)

According to the calculation, the molecular radical cation (the ‘adiabatic’ ion) is
separated by a transition state (MERP, the distance between the leaving methyl C-
atom and the central C-atom, = 2.01 A) from the dissociation products. After
passing over the barrier the separation fragments then pass through an ion/neutral

complex at MERP = 4.2 A before finally separating.!
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The principal dissociation routes for simple alkylamines have been
extensively studied and documented for several decades. The electron ionization
(El) mass spectra tend to be typically dominated by an abundant primary fragment
ion formed by a-cleavage to give a resonance stabilized ‘immonium’ ion whose
general formula is CnHane2N". This dissociation has often been considered to be
‘triggered’ by the lone electron situated in the singly occupied non-bonding orbital

on nitrogen.

Traditionally, a-cleavage has been regarded as an extremely simple
process, in which a C-C bond is broken essentially without reverse critical energy.
This view was undermined by the discovery that several ionized t-butylamines,
(CH3);CNHR™ [R = H, CHa, or (CH3):C],5 expel a methyl radical with the production
of a broad, dished metastable peak, even though the resuitant products lie only 30
- 50 kJ mol” higher in energy than the reactant. The observed kinetic energy
release (KER) is substantial (114 — 218 meV) which indicates that there is a definite

energy barrier towards the reverse reaction.

The distinct feature for methyl loss from ionized t-butylamines shows that
elimination of small radicals from the heteroatom molecules may occur in
contradiction to the widely held view conceming simple bond cleavages. It was
predicted by the ab initio calculation that the reaction mechanism involves a

complex prior to its exothermic dissociation.
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The proposal of a reverse activation energy for the a-cleavage reaction of t-
butylamine casts doubt on the determination of heat of formation (AH?°) of the
immonium ions from appearance energies (AE) for those reactions. The AH° of

(CH3)C'NH; reported in the literatureS6 (141 kcal mol ™) may well be too high and

thus needs to be revised.

The immonium ions are the products of a-cleavage in simple amines. The
high stability of these ions arises from the fact that the electron-donating ability of
nitrogen stabilizes the charge on the central carbon. The analogous oxonium ions
have a similar but smaller stabilization effect than the immonium ions.” The
canonical forms of the tertiary immonium ion are as follows:

H3C_ S—NHz -t H}C— C—

Mass spectrometric studies on the isomeric immonium ions (C3HeN") and the
oxonium analogues (C3H;0") are carried out with the use of tandem sector mass
spectrometer. It is concluded that the secondary and tertiary immonium (or
oxonium) ions are interconverting at the internal energies near the dissociation limit
on the basis of their having the same fragmentation patterns and KER value but

different product ion abundances. The possible fragment ions’ structures produced
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by these immonium (or oxonium) ions are assigned by their corresponding CID

mass spectra.

4.2 Experimental

Measurements were made on a modified VG ZAB-2F mass spectrometer
and AEI-MS 902S instrument. The AE of fragment ions were determined by
detecting the threshold for an ion current at the appropriate mass as the energy of
the electron beam was increased by 0.2 V steps over 2 V range (MS 902S). The
metastable decompositions (MI) and collision-induced dissociations (CID) were
studied in the 2FFR and 3FFR of the ZAB-2F. The collision gases, i.e., He and O,
were introduced in the FFR until 10% beam reduction was achieved. Kinetic energy
release values were calculated from the peak width at half-height after correction for
parent peak width. Samples were purchased from the Aldrich Chemical Co.

(Milwaukee) and were of high purity.

4.3 Results and Discussion
4.3.1 a-cleavage in amine molecular ions

a-cleavage is a reaction initiated by the radical site. It arises from its strong
tendency for electron pairing; the odd electron is donated to form a new bond to an
adjacent atom accompanied by cleavage of another bond to that atom. It is a widely
held view in mass spectrometry that simple bond cleavage reactions do not have
appreciable reverse activation energies. We draw attention to a-cleavage reactions

of certain amine molecular ions which give rise to broad Gaussian or narrow
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Gaussian metastable peaks with an indication of the existence of an appreciable or
small energy barrier towards the reverse reaction. It is suggested that different

reaction mechanisms must apply.

Secondary and tertiary amines are good examples for a mechanistic
investigation since there are a larger number of a-cleavage possibilities and the

molecular ions do not rearrange to distonic ions by the hydrogen transfer process.

A series of t-butylamines, (CH3);CNHR"™ were studied by Hammerum? for

the methyl loss reactions. The corresponding metastable peaks are broad and

dished.

(CH3)}:CNHR"® — (CH3),C=NHR" + «CH,

(1) R=H KER = 114 meV
(1) R=CH, KER = 166 meV
(1) R=(CH,)C KER =218 meV

We reexamined the methyl loss process for t-butylamine and found that the
KER value (105 meV) is indeed close to the reported values (114 - 218 meV)
except that the shape of the metastable peak is broad Gaussian instead of a dish-
topped peak. The production of (CH3).C'NH; is insensitive to collision gas in

keeping with rearrangement preceding dissociation.
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Methyl loss from ionized isopropylamine proceeds, however, only with very
small KER, e.g. 0.3 kJ mol™’ (3 meV). This observation is not in agreement with the
results from HammerumS (KER = 5 kJ mol™). The corresponding metastable peak
has a Gaussian profile. The fragmentation is very sensitive to collision gas. This
indeed suggests a ‘simple bond cleavage’ process in which the transition state is an
ion/neutral complex. The KER value corresponding to methyl loss from N-
ethylisopropylamine, (CH3),CHNH™C;Hs, is 3 kJ mol” (30 meV) with a Gaussian

metastable peak shape. This fragmentation however, is insensitive to collision gas.

(CH3),CHNH,"® ——» CHyCH=NH," + *CH,

(CH3),CHNH'*C,H; —# CH3CH=NH'C,Hs + °*CHj;

Loss of larger alkyl groups from some aliphatic amines is characterized by
Gaussian metastable peaks corresponding to KER < 2 kJ mol™ (typical for a simple
bond cleavage) according to the measurements made by Hammerum.S a-cleavage
loss of a larger alkyl radical from an alkylamine commonly gives rise to narrow,
Gaussian-type peaks which shows that the translational energy released in the

dissociation is quite small.
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Amines Radical loss KER

(meV)
1-Ethylbutylamine C2Hs 3
1-Methylbutylamine CiH; 2
N,N-Dipropylmethylamine CaHs 16
N,N-Bis(2-methylpropyl)methylamine C:H; 16
N.N-Dipentylmethylamine CaHs 18
N,N-Dimethyl-1-ethylpropylamine C.Hs 13
N,N-Dimethyi-1-propylbutylamine CiH; 14

In general, a-cleavage in amine molecular ions is a not-so-simple simple
cleavage. It may undergo rearrangement to an isomeric ion as a reacting
configuration before fragmentation or take place as a simple bond cleavage. The
former case is exemplified as methyl loss from t-butylamines. The latter is the case
for methyl or large alkyl loss from isopropylamine and some aliphatic amines. The
potential diagrams for the cases of t-butylamine and isopropylamine are shown in

Figure 4.1.

In the case of the t-butylamine molecular ion, making the simple assumption
that the methyl group departs in the plane of symmetry, treatment of the energy
partitioning in terms of the direction of the transition state reaction co-ordinate
predicts the release of a significant fraction of a reverse activation energy as
translational energies of the products, whereas reactions in which the neutral

released contains more than 4 or 5 atoms normally do not release translational
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energy to any great extent during dissociation. The reverse activation energies
proposed for the amine reactions would require very little reorganization within the

incipient products to be dissipated.



A 155 35
CH,CH'NH, + CH,

(CH,)CH'NH,
EJ
‘CH
4 3

181
(CH,),CHNH,"
\v/ (CH,),CHNH,

175°

133 35

(CH,),C°'NH, + CH,
170
(CH,),CNH,"
(CH,),C'NH,
=
7 CH,
v (CH:,):,CN Hz

Figure 4.1 Potential energy diagrams for the dissociations of (A) s-C,H,NH,; (B) t-C,H,,NH,
* from AE of (CH,),C’NH,
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4.3.2 Thermochemistry of the (CH3).C*NH

The tertiary immonium ion, (CH3)2C'NHz, is the most stable of the five

immonium isomers (I - V).

(CH3},C'NH,  CH3CH,CH'NH,  CHyCH,"NHCH; CH,'NHCH,CH;  CH,'N(CHa),

| i t v \'

The appearance energies of (CH3).C’'NH, were measured experimentally
from several t-alkylamines (see Figure 4.2) in order to obtain the AH° data. The ion
(CH3)2C’NH, was produced metastably from the t-butytamine molecular ion. The
kinetic energy release (KER) was measured to be 105 meV (10 kJ mol™') which
clearly indicates the existence of an appreciable energy barrier towards the reverse

reaction. The resuits are listed in Table 4.1.

It should be noted that the generation of (CH3).C"NH through ethyl loss from
t-amylamine is only very weakly metastable and is moderately sensitive to collision
gas. The attempt to measure the KER value was just manageable which is ca. 0.1
meV, the metastable peak is almost at the same width as the main beam but
becomes slightly broader in the collision process. This observation indicates that
the a-cleavage reaction with a larger alkyl radical loss from simple amines may
have a small or zero reverse energy barrier in keeping with the reported series of

examinations of a-cleavage reactions for amines.5 Accordingly the AH° of
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(CH3)2C”NH. obtained from this process (136 kcal mol™") should be more convincing

than that from methyl loss of ionized t-butylamine.

CH;,

CH3 —C '—NHz
(R= CHjs, CoHsg and CyH3)

Figure 4.2 t-alkylamines to generate (CH3),C"NH, ions

The AH° of (CH3)2C’NH2 can be calculated from the measured AE value on

the basis of the following equation.

AE = AfH'[(CH3 )2 C*NHa] + A¢H'[R]- AH [neutral] 41

With application of the AH?° for alkyl radical and precursor molecule, the AH?® for
(CH3)2C"NH are obtained. The results are listed in Table 1. Note that the AH° for
1,1-dimethylallylamine is estimated to be 2.7 kcal mol' on the basis of Benson's

additivity rule.®

AH® (1,1-dimethylallylamine) 4.2
= 2C-(C)(H)s + C-(C)2ACa)}(N)* + Co(Ca) (C) +Ca-(H)2 + N-(C)H):
=2(-10.2) + (-2.0)* + 8.6 +6.3 +4.8

=.2.7 + 0.5 (kcal mol™")
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* C-(C)2(Cy)(N) is estimated to be -2.0 kcal mol”' resulting from adding 1.2 kcal

mol™ to the value of C-(C)s(N), -3.2 kcal mol™.

Table 4.1 Thermochemical data for (CH3).C"NH. and relevant species

6 6
AE KER ° ° °
Precursors A AR Ao
(CH3),C'NH, (CH;),.C'NH, (neutral) (precursor) (CHs;),C'NH;
(eV) (meV)  (kcalmol') (kcal mol’) (kcal mol”)
(CHa).CNR, 8.8+0.1 105 35.1 287 1392
t-butylamine
(CHalo(CHs)ICNHz g 4 4 4 <1 28 -30 136 + 2
t-amylamine
CH=CHC(CHa)NH: g 6 4 0,05 - 715 2.7° 133+ 1

1,1-dimethylallylamine

a) estimated by Benson'’s additivity rules
b) see text
c) Lossing's work in 1980

Therefore, the AH° of (CH3)2C"NH. will be revised to be 133 kcal mol™.

4.3.3 Mass spectrometric investigation of (CH3)2C"NH, and CH3CH,CH'NH;

4331 El mass spectra for the simple alkyl amines and alkanols
The Electron impact (El) mass spectra of t-butylamine and 3-pentanamine
are both dominated by the peak at m/z 58 corresponding to alkyl radical loss

(methyl or ethyl) from the molecular ions, indicating that a-bond cleavages are the
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major dissociation route for these amines. The molecular ions are very weak
(< 1%). The resulting tertiary and secondary immonium ions (m/z 58), (CH3)2C"NH2
and CH3;CH.CH'NH,, contain the NH. group, distinguishing them from the other

CaHgN’ isomers by their distinct fragmentation characteristics.9-13

El mass spectra of the analogous 2-methyi-2-propanol and 3-pentanol show
the base peak at m/z 59 indicating that a-bond cleavages are also prevalent for the
oxygen-containing species. The resultant ions are called oxonium ions. Table 4.2
shows the structures of these immonium and oxonium ions as well as their
precursor molecules. Figures 4.3-4.4 show 70eV El mass spectra of these

molecules.

Table 4.2  Precursors and their main fragment ions

Precursors (CHa1):CNH: CH;(C2Hs)CHNH: (CH;);COH CH3(C;Hs)CHOH

t-butylamine 3-pentanamine 2-methyl-2-propanol 3-pentanol

Fragment (CH3)2.C’NH; CH3CH,CH'NH; (CH53).C"OH CH,CH,CH OH
ions
tertiary immonium ion  secondary immonium ion tertiary oxonium ion secondary oxonium ion

m/z 58 m/z 58 m/z 59 m/z 59

4.3.3.2 MI mass spectra of (CH3),C"NH, and CH3CH,CH NH,

The two metastable CiHsN® ions exhibit three major dissociations

corresponding to the losses of NH; (m/z 41, CiHs"), CaHg(m/z 30, CH4N"), CaHs(m/z
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18, NH,'). Loss of NH; is the most intense metastable reaction. The relative
abundances of the peaks as well as the KER values are given in Table 4.3. Figure

4.5 shows the MI mass spectra of the C3HgN" ions.

— 03H5+ + NH3
(m/z 41)

C:;l"igN*’—'_‘_‘_"> +CH2NH2 + CzH4
(m/z 30)

— ™ NH," + CjHs

(m/z 18)

Table 4.3 Relative abundances, as % of base peak, and KER in the Ml mass

spectra of (CH3)2C"NH2 and CH3CH,CH NH; (KER in meV)

Fragment ions (KER)

lons
m/z 41 30 18
(miz 56) 2 3 2 3 2 3
100° 100 53 8.9 6.6 18.5
(CH,).C"NH;
(33) (660) (25)
100 100 4.7 8.4 1.8 54
CH;CH,CH'NH;
(21.4) (619) (27.5)
a) refer to 2FFR and 3FFR

b) using peak height as the criterion of peak abundance
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All the fragment ion peaks are Gaussian except the one corresponding to the
loss of ethylene (m/z 30), which is a dish-topped peak with a large kinetic energy

release.

That the two ions show the same fragmentation pattern together with similar
KER values suggests that their rearrangement to common dissociating
configurations takes place in both ions at some energy between the bottom of the
potential well and the dissociation limit. However, the Ml mass spectra of the two
isomeric ions do differ from each other by the relative intensities of the fragment
ions, especially for the intensity of NH,', implying that these two isomeric ions do

not interconvert completely freely before dissociation.

The secondary fragment ions were characterized by transmitting them into
the 3FFR where they were collisionally activated by He and O,. The CID mass
spectra of the metastably generated fragments at m/z 41 from the isomeric ions
(Figures 4.11-4.12, p90-91) displayed identical dissociation characteristics
suggesting that the ions formed by the two species are the same. There are two
possible structures for this ion (CsHs’, m/z 41), one is the allyl cation, CH2=CHCH;";
the other is the 2-propenyl cation, CHyC'=CHz. The partial CID(He) mass spectral4
of the two types of ions are shown in Figure 4.14 (p93). It is evident that the CaHs"

ions produced by (CH3).C*'NHz and CH3CH,CH'NH_ ions have the allyl structure.
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4333 CID mass spectra of (CH3),C"NH, and CH3CH,CH'NH,

The CID mass spectra of the two CiHgN® ions are given in Figures 4.7-4.8
(p86-87). The relative abundances of the peaks in the CID spectra are shown in

Table 4.5.

Table 45 Relative abundance®, as % of base peak, in the partial CID mass

spectra of (CH3).C"NH: and CH;CH,CH'NH>

b
lons CID, He(Oz)
(m/fz 58) m/z
15 18 26 27 28 29 30 39 41 42 43
(CH3)2C‘NH2 86 41 68 159 266 62 134 50 8 100 984 219
71 38 72 134 268 97 131 39 921 100 224
CHaCHgCH.NHz 44 23 73 184 433 127 207 409 100 545 273

59 30 156 285 759 418 392 352 100 66.7 24.8

a) using peak height as the criterion of peak abundance
b) using He and O (italic) as collision gas

As in Ml mass spectra, the distinction between the CID spectra of the CaHgN”
ions lies only on the differences of relative intensities. The most obvious differences
are the intensities of the m/z 42, 28 and 29 ions. For CHsCH2CH'NH,, it can easily
eliminate a molecule of CoHg (m/z 28) whereas the (CH3)C"NH ion prefers to lose
CH. (m/z 42). This observation is in accord with that reported in the literature. The
origin of these differences may be rationalized by the following mechanism for both

ions, a-cleavage accompanying loss of an H atom:9
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CH; H
(|+ I _Eii‘. CH;C"=NH
H3CC':'NH
m/z 58 m/z 42
CoHs H -C,H
(7)) —=  He=NW
HCE—NH
ww’/
m/z 58 m/z 28

Another important feature to distinguish these two isomers is the abundance
of the ion at m/z 29. This ion is favorably produced by CH;3;CH,CH'NH.. The CID
mass spectrum of ion m/z 29 (Figure 4.22, p101) shows that the ions generated by
the two isomers may have different structures. The low end of the spectrum from
(CH3)C*NH presents the characteristic pattern for the C,Hs" ion which is different
from that from CHiCH.CH'NH., the latter suggests the ion has the structure
**CHNH,. Moreover, Oxygen can greatly facilitate the production of the fragment ion

(m/z 29) from CH,CH.CH’NH.. Why oxygen rather than helium favors the reaction

remains unciear.

The CID mass spectra of the fragment ions at m/z 42, 43 are shown in
Figures 4.20 and 4.15 (p99, 94). It is obvious that the ion at m/z 43 contains five
hydrogen atoms, giving a composition, C,HsN"-. Again, it can be either of the two

stable structural forms: CHz=CHNH," (vinylamine) and CHyCH=NH"" (acetaldimine).
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Vinylamine is the most stable form of the CHsN" ions although the neutral

counterpart does not exist as a stable species. 15

Cyclobutylamine6 is found to produce the vinylamine ion (base peak)
specifically in its mass spectrum. The KER value for the metastable dissociation is
0.68 meV, which is relatively low compared to that of simple bond cleavage
(typically, 10-20 meV). The AH° of CH,=CHX"* (X=OH and NH), 768 + 5 and 838 +
5 kJ mol', have been obtained from the measurements of the first dissociation

onsets for cyclobutanol and cyclobutylamine by the photoionization method.16

x’.
/

— CH,=CHX"* + C,H,

The source-generated ion at m/z 43 should exclusively represent the
structure of vinylamine and its CID mass spectrum is given in Figure 4.16 (p95). Itis
noticed however in the metastable dissociation of the molecular ion (m/z 71), that a
composite peak is found at m/z 43 at high energy resolution, with a narrow
component atop a broad component. The narrow component is the major feature of
the peak. This observation indicates that the metastable dissociation of the
molecular ion is interfered with another process in which C3H;" hydrocarbon species
is produced. The CID mass spectra of the two components of the peak shows the

assumption is correct. The ion of C4H70" (m/z 71) which has the same mass to
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charge ratio can generate C3H;" by loss of CO. This type of ion could come from
the degradation product of the sticky residue in the ion source or inlet system.
Unfortunately, we cannot separate the molecular ion of cyclobutylamine from

C+H;0" by using high mass resolution due to the very low intensities of both ions.

By comparison of the CID spectra of C,HsN" ions collisionally generated
from the two C3HgN® ions with that from cyclobutylamine, it can be concluded that

the ion with m/z 43 has the vinylamine structure.

The fact that the CID mass spectra of the two isomeric C3HgN® ions show so
many similar dissociation characteristics confirms that they are capable of
interconverting at energies below the lowest dissociation limit. The depth of the
potential energy wells of the two isomeric ions, which are approximately the
difference between the sum of the products’ AH° for the lowest energy dissociation
channel and the AH° of the ions, are of the order of 2 - 3 eV. Therefore, near the
dissociation threshold the density of states are large and the two isomeric ions may
interconvert and access a large number of different structures. However, that the
probability of accessing different structures still exists, accounts for the dissociation
characteristics not being exactly the same. The potential energy diagrams for the
dissociation characteristics of the two isomeric species are depicted in Figure 3.4

(B) of Chapter 3.
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4.3.3.4 Thermochemistry of the secondary fragment ions
The appearance energies for the fragment ions (m/z 41, 30, 18) were
measured in the 1 FFR of the MS-902 instrument. The instrument was set to allow

metastable observations in the corresponding reactions. The results were listed in

Table 4.4.

Table 4.4  Experimental determinations of the appearance energies (AE)

for the secondary product ions

lons AE KER  AH°(neutral)l®  AH AHS
(eV) (meV) (kcalmol")  (kcalmol")  (kcal mol™)
CH.CHCH,” 12.0+0.1 33 -11.0 224 +2 226
‘CH:NH,  12.0+0.1 660 12.5 200 + 2 178

The AH° of the product ions were calculated in the same manner as the
case of (CH3).C"NH, ion. The high value for AH° of "CH2NH. can be explained by
the existence of a reverse activation energy. However the AH° of CH,CHCH;" is
lower than the reference value, but taking into account the uncertainty of

measurement then it can be considered to be the same as that for the allyl ion.

4.3.4 M/ and CID mass spectra of (CH3),C*OH and CH3;CH,CH OH
In the view of the similarity with which oxygen and nitrogen atom direct mass

spectral decompositions, it is interesting to see whether the oxygen-containing
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analogous ions have similar dissociation characteristics to nitrogen-containing

species.17-20 The precursors used to generate the CsH;O" ions are presented in

Table 4.1.

The two isomeric C3H;0" ions show the same behavior in their metastable
dissociation. Note that all of the metastable peaks are Gaussian. The relative
abundances as well as the KER values are listed in Table 4.6. Figure 4.6 (p85)
shows the MI mass spectra of the C3H;0" ions. Like the C3HgN® isomers, both the
C;H,0" ions show similar dissociation characteristics, the only differences are in the
relative intensities of the peaks. The Ci;Hs' fragment ions generated in the

dissociation of C;H;0" isomers have allyl structure (see Figure 4.12, p91).

(m/z 41)

C,H;0™

— 4'CHzOH + CzH4
(m/z 31)

Table 46 Relative abundance®, as % of base peak, and KER (in meV)

in the MI mass spectra of (CH3)2C"OH and CH3CH.CH"OH

Fragment ions (KER)

ions
m/z 59 m/z 41 m/z 31
2 3P 2 3
(CHy)eC™OH 100 100 10.8 7.3
............................................. (22) .48
CHLCH,CH'OH 71.8 54.6 100 100
(27.4) (14.7)
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a) using peak height as the criteria of peak abundance
b) refer to 2 FFR and 3FFR

The CID mass spectra of the two C3H;O" ions shown in Figures 4.9-4.10
(p88-89) seem similar despite the differences in the relative intensities of the
fragment ions. The relative abundances in the CID mass spectra of C3H;0" species

are listed in Table 4.7.

The obvious differences between the two spectra are the intensities of ions
at m/z 42 and 43.20 The structures of the secondary fragment ions at m/z 44, 43, 29
are characterized by their corresponding CID mass spectra (Figures 4.17, 4.21 and
4.23, p96, 100 and 102). The ion at m/z 44 may exist either in the form of ionized
vinyl alcohol (CH.CHOH™) or acetaldehyde (CH3CHO™). The CID mass spectra of
these species are shown in Figure 4.19 (p98).21 The ion is clearly vinyl alcohol.
Cyclobutanol'6 is an excellent source to produce the vinyl alcohol ion, whose CID

mass spectrum of the source-generated ion at m/z 44 is shown in Figure 4.18 (p97).

Most of the fragment ions produced by the C;H,0" isomers are comparable
to the nitrogen-containing analogues. For example, vinylalcohol (m/z 44),
CH,=CHOH", relates to the vinylamine (m/z 43), CH,=CHNH,""; the ion of CH;C'=0
(m/z 43) corresponds to CH1C"=NH (m/z 42). However, unlike the pair of CaHsgN*
ions, the C3H;0O" species give an inverse order of abundance of CH3C"=0 from the

dissociating (CH3)2C’OH and CH3;CH,CH'OH ions. The fragment ions at m/z 29
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formed in the CID process are the C,Hs" species. The key distinction between the
two CID mass spectra is the ion of m/z 42 with the structure of ketene CH,=CO",
which is unique for the oxygen-containing species. The mechanism regarding the

formation of this ion remains unclear.

In general, through the mass spectrometric study of two pairs of isoelectronic
ions, it is found that many similar dissociation properties are possessed by the two
species. The oxygen atom plays almost the same role as nitrogen in stabilization of

the ion as well as the ability to orient the dissociation chemistry.

Table 4.7 Relative abundance®, as % of base peak, in the CID mass

spectra of (CH3),C"OH and CH;CH,CH OH

ions CID, He(O,)°
m/z

(m/z 59)
14 15 26 27 28 29 30 31 39 41 42 43 44

(CH;),C"OH 16 38 12 279105 372 84 100 19.2 429 69 126 36
24 41 176 34 30.6 547 21.2 100 23.5 51.8 129 188 59
CH,CH,CH'OH 6.1 151 127 268 7.0 312 3.8 100 484 60.5 357 834 7.0

53 93 88 176 7.7 264 44 615 33 41.8 396 100 10

a) using peak height as criteria of peak abundance

b) using He and O (italics) as collision gas
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Figure 4.3 El mass spectra of (A) t-butylamine; (B) 3-pentanamine
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Figure 4.4 El mass spectra of (A) 2-methyl-2-propanol; (B) 3-pentanol
83



41

A
18
! 30
!:[! M | |
i L L -
B 41
i
b
j
|
‘l
|
;a
18 30 i
A F i S

Figure 4.5 MI mass spectra of (A) (CH,).C’'NH,; (B) CH,CH,CH’NH,
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Figure 46 MI mass spectra of A) (CH,),C"OH; (B) CH,CH,CHOH
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Figure 4.7 CID (He) mass spectra of A) (CH,),C’'NH,; (B) CH,CH,CH'NH,
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Figure 4.8 CID (O,) mass spectra of A) (CH,),C’'NH,; (B) CH,CH,CH'NH,
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Figure 4.9 CID (He) mass spectra of A) (CH,),C"OH; (B) CH,CH,CHOH
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Figure 4.10 CID (O,) mass spectra of A) (CH,),C"OH; (B) CH,CH,CHOH
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Figure 4.11 CID (He) mass spectra of m/z 41 from A) (CH,),C’'NH,; (B) CH,CH,CH’NH,
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Figure 4.12 CID (O,) mass spectra of m/z 41 from A) (CH,),C’NH,; (B) CH,CH,CH’NH,
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92



26

27

Figure 4.14 Partial CID (He) mass spectra of m/z 41 (A) CH,CHCH,"; (B) CH,C'CH,
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Figure 4.15 CID (He) mass spectra of m/z 43 from A) (CH,),C’NH,; (B) CH,CH,CH'NH,
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Figure 4.16 CID mass spectra of m/z 43 from cyclobutylamine (A) He; (B) O,
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Figure 4.17 CID (He) mass spectra of m/z 44 from A) (CH,),C"OH; (B) CH,CH,CH OH
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Figure 4.19 Partial CID (He) mass spectra of (A) CH,OH"; (B) CH,CHOH"
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Figure 4.21 CID (He) mass spectra of m/z 43 from A) (CH,),C"OH; (B) CH,CH,CH"OH
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Figure 4.22 CID (He) mass spectra of m/z 29 from A) (CH,),C’NH,; (B) CH,CH,CH'NH,
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Figure 4.23 CID (He) mass spectra of m/z 29 from A) (CH,),C"OH; (B) CH,CH,CH OH
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Chapter 5 Thermochemical determinations by the kinetic method

5.1 Introduction

Thermochemical properties have the same importance in gas-phase ion
chemistry and mass spectrometry as they do in other branches of chemistry. The
methods available for determining these quantities have been classified by RR.

Squires! as shown in Table 5.1.

Table 5.1  Methods for obtaining thermochemical data

Calorimetry

Equilibrium constant (K)
Forward and reverse rates (k, K)

Kinetic Method
Thermokinetic methods Bracketing

Threshold analysis

Absolute methods are less applicable than the relative methods, so most
data are obtained by relative experimental methods.26 Among these are the
important thermokinetic methods - methods in which reaction rates provide the
thermochemical information. The thermokinetic methods comprise the kinetic

method, the subject of this chapter, threshold measurements and the bracketing
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method. Hunter and Lias” have used the term ‘thermokinetic’ in a more restricted

sense to refer to a type of ion-molecule reaction bracketing experiment in which the

relative efficiencies of a series of reactions are used to obtain thermodynamic data.8

This term is used in a broader sense in Table 5.1.

This review will describe briefly the equilibrium and reaction bracketing
methods and then the kinetic method will be described in detail. This includes the
introduction to its theoretical basis and assumptions, a discussion of entropy effects,
investigation of the physical significance of the temperature-like term, Ten, and the

applications of the kinetic method.

5.2 Gas-Phase Basicity and Proton Affinity
5.2.1 Definitions

Gas-phase basicity (GB) and proton affinity (PA) of molecules provide
insights into molecular structure, stability and reactivity. They are defined as the
negative of the free energy change (-AG) and the enthalpy change (-AH),

respectively, for the reaction:

B@ + H(@Q == BH'(9)

The two quantities are related through the expression of AG® = AH° - TAS.° to give
PA(B) = GB(B) + TAS®, where AS® = S°(BH") - S°(H") - S°(B). This quantity arises

from the contributions of translational, rotational and vibrational motions.
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For systems in which there is no intramolecular hydrogen bonding in BH’, the
major contribution to AS° arises from ASyans ON protonation. From the Sackur-
Tetrode equation,? this loss of AS %ans ON protonation gives a term TAS %ans = -7.8

kcal mol ™ at 298 K. A4S % is thought to arise from symmetry changes of B and BH".

AS 1ot =R|n(c°B ) 51
BH*
where og and ogw. are the rotational symmetry numbers of B and BH’. This term
usually will be very small for complex molecules but may be significant for simpler
species. The A4S %, term usually is negligible because the vibrational frequencies of
B and BH* will not be greatly different and, in addition, vibrational motion makes

only a small contribution to the total entropy of most molecules at 298 K.

Most references represent the entropy term for base B as the entropy of
protonation (AS°x.),” which is defined as the entropy change between BH" and B. It
is found that for simple molecules where there is no intramolecular hydrogen bond
in the protonated form, AS°u. are usually negligibly small (a few J mol™ K"), these
small values are only due to the geometry changes between the neutral molecules
(B) and the protonated molecules (BH"). However, for molecules with muiltifunctional
groups, which are capable of forming an intramolecular hydrogen bond in the
protonated form (BH"), AS°x. are usually large negative values (< -20 J moi™ K)
due to loss of rotational modes in forming the protonated species. The magnitude of

AS°4. depends on the ring strain of the cyclic structure.
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5.2.2 Proton affinity of organic molecules

Proton affinity seems to inversely relate to the electronegativity (EN) of the
atoms in the functional groups. For example, the EN order (Pauling’s scale?) for O,
N, S is that O (3.4) > N (3.0) > S (2.6). The PA for molecules having the functional

groups —OH, -NH, and —SH are generally in order of -NH; > -SH > -OH (CN = SH).

5.2.2.1 Thermochemical aspects of proton affinities

Proton affinity varies with ion size in a similar manner to ionization energy
(IE),!1 increasing along a homologous series and reaching an asymptote for the
largest members; plots of PA vs. 1/n give excellent straight lines and these can be
used to estimate PA values for missing homologues. The long-chain members do
not show an abrupt leveling of PA values with chain length, instead there seems to
be a small but continuous increase in PA. This may resuit from a coiling of the
polarizable alkyl chain to bring it into closer proximity to the charged site.12 On the
basis that protonation is analogous to ionization, the significance of the slope of the
line should be indicative of the extent of charge delocalization.! Figure 5.1(A)

shows plots of PA vs. 1/n for series of RNHz, RCN and ROH.

Methyl substitution at the proton sited atom, i.e., -NH, -OH, shows that the
PA values change exponentially with the size of the molecule as a result of
stabilization of BH*. This methyl effect is large and distinctly nonadditive (Figure
5.1(B) exhibits methyl substitution effect on the N-atom of amines). In contrast,

methyl substitution on the a-C shows nearly additive effects of ca. 2.5 kcal mol™.
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These results may be ascribed to predominant inductive and polarization stabilizing

effects of methyl on cationic BH".13
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Figure 5.1 (A) Effect of size of molecules on PA;
(B) Effect of methyl subsitution at the N-atom on PA
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522.2 PA for unsaturated molecules

Allyl and benzylamines show lower PAs (ca. 2.0 kcal mol' lower PA for
CsHsNH- than n-CiH;NH,) than saturated analogs as a result of small electron-
withdrawing effects of the electronegative sp? hybridized carbon. Propargylamine
shows a much larger electronwithdrawing effect for a sp hybridized carbon. Its PA is
fully 7 kcal mol™ lower than that of n-propylamine. We find that PA for benzylamine

is 923 kJ mol™"; it is likely therefore PA for cyclohexanemethylamine (927 kJ mol) is

too low.
522.3 PA for halogenated molecules

Halogenated amines, alcohols and nitriles show lower PAs as a result of

electron-withdrawing inductive effects of the halogen substituent.

5224 PA for molecules with bifunctional groups

PA of bidentate species, i.e. diamines, show much higher PA values than
that of similar monodentates. These high PA values are the results of unusual
stabilization of the ammonium ions by the formation of strong intramolecular
hydrogen bonds as will be seen in the section on diaminoalkanes of Chapter 6.
Comparisons of PAs of diamines with appropriate models, give APA values that
serve as an estimate of the intramolecular hydrogen bond strengths in the
molecules. Even weakly basic chioro and fluoro substituents seem to be capable of

such hydrogen bonding to some extent.12
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5.3 Maethods of determining GB(B) and PA(B)
5.3.1 Equilibrium Measurements

The equilibrium method is an excellent relative method based on the
measurement of the equilibrium constants of gas phase proton transfer reactions
between two bases B;, a reference, and B, an unknown base, at a single
temperature. The majority of PA values have been determined from such

measurements.

B1H* + B, —_— BzH+ + B,

The equilibrium constant (Keq) for the reaction is obtained from a mass
spectrometric observation of the relative abundances of the ions, B;H" and B,H", in
a mixture of compounds of B, and B of known composition:

)

Keq 52

where lgin+ and lgon+ are the intensities of B.H' and B{H" ions, Pg1 and Pg; are the
partial pressures for the neutrals B; and B. When the ratio of ions is observed
under conditions such that thermodynamic equilibrium has been attained, the
resulting value for Keq Of the reaction directly provides a value for the Gibbs free

energy change of the reaction (AG°®) at temperature T.

~RTInKeq = AG” = GB(B1)-GB(B2) 53

110



By establishing ladders of relative GBs, which include reference compounds of
known basicity from independent measurements, absolute gas-phase basicities can

be established.

Some data have been based on the measurements of Keq Over a range of
temperatures. When such data are treated in the van't Hoff equation, i.e., when In
Keq is plotted against T then values of AH° and AS°, the enthalpy and entropy
change of the reaction, can be derived directly from the slope and intercept of the
fitted line, respectively. Note that in the van't Hoff treatment, the values of AH° and
AS°® are considered to be constant over the temperature range for which Keq is
measured.

AH  as

|nKeq = - RT +—§— 54

Note that AS® has been found to be close to zero when B4 and B; are simple
bases, where there is no intramolecular hydrogen bonding in the ionic species.
However, when there is the possibility of intramolecular hydrogen bonding,

estimates of AS° become much more difficult.

The measurement of Keq for gas-phase proton transfer reactions requires that
the number of collisions be sufficient to thermalize all the species and to allow
chemical equilibrium to be established. This objective has been accomplished by

using high-pressure mass spectrometry techniques (HPMS),14 flowing afterglow
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experiments (FA)!S or ion cyclotron resonance techniques (ICR);16 the latter
method, using ion trapping by conventional ICR or Fourier transform ion cyclotron
resonance (FTICR), has the advantage that equilibrium can be attained at much
lower pressures than are necessary with the other methods. HPMS has been used
to measure Keq for proton transfer reactions involving simple amino acids,1?
whereas GB values for a variety of amino acids have been measured using ICR

techniques.18-20

5.3.2 Reaction Bracketing

The reaction bracketing or simply bracketing2! is used to determine the
relative gas-phase basicities (GBs) or proton affinities (PAs) simply on the basis of
the occurrence or non-occurrence of a proton transfer reaction between an
unknown base (B) and a few reference bases, i.e., B; and B, whose GBs are

known.

BH" +B, —+» BH +8B

BH® + B, %. no proton transfer

In the case shown above, GB(B) is obviously between GB(B1) and GB(B). In more
rigorous work, a series of references is selected and the reaction is examined in
both directions or the reaction efficiency is measured. For example, the protonated
amino acid or peptide ion formed by matrix-assisted laser desorption-ionization
(MALDI),22 are allowed to react with a series of reference bases in order to confirm

the order of thermochemical values.

112



The bracketing method is most subject to error because only a few reference
compounds are used and because cancellation of entropy effects is assumed. It

also seems to form the basis for most criticisms of the kinetic method.

5.3.3 Kinetic Method

The “kinetic method” has been used for the estimation of thermochemical
data for some 22 years and has often been reviewed.3.23-27 The experiments for the
kinetic method and their interpretation are deceptively simple but they have been
steadily modified as results have accumulated which complicate the simplest
approach. The best known application of the method is for the determination of
proton affinity (PA) values. For these to be evaluated, proton-bound dimers,
B:H'B,, are generated and isolated in a mass spectrometer and the competing

reactions 5.5 and 5.6 yielding the individual protonated monomers are examined:

K

—'» BH +B 5.5
BHB,

—>  B,H' + B, 5.6

Upon fragmentation, the monomer having the greater proton affinity should
preferentially carry the proton. The reactions are observed as metastable
dissociations or induced by collisional excitation at low or high translational kinetic

energies.
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Canonical transition state theory (which is for species at an equilibrium
thermodynamic temperature) has been applied to these systems. The rate
constant, k, for a reaction is given by the statistical thermodynamics version of the

Arrhenius equation:

Q* F
Ink =1In a "RT 5.7

where Q and Q* are the partition functions for the reactant and the transition state
respectively, E° is the activation energy, R is the ideal gas constant and T is the
temperature. When there are two competing dissociations, the ratio of their

respective rate constants, ki and k; is given by:

Kk * E -Ep
In—1—=an1 =2

5.8

In the kinetic method, ki and k; are replaced by the respective product ion
intensities [B1H"] and [B.H"], and equation 5.8 is simplified to permit the evaluation

of the difference in proton affinities, Ez° — E+° = PA(B4) - PA(B.):

BH]_PAB:)-PAB,)

"B Rien

5.9

For equation 5.9 to apply, the most important assumption is that the proton-
bound molecular pairs have internal energy distributions which can be described by

an “effective temperature” term, Ter. Note that in general, a system of isolated ions
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generated or activated in a mass spectrometer cannot be assumed to have a
Boltzmann distribution of internal energies, except where special efforts are made to

generate thermal equilibria, such as in high pressure mass spectrometry.

Also, to conform with reaction rate theory, the logarithm term should
represent the ratio of the fractions of ions fragmenting that have internal energies
from E;° —» « and E;° - =, respectively. This presents a problem when studying
the dissociations of metastable ions in a sector mass spectrometer, reactions which
take place in well defined but narrow time frames. This has recently been

discussed.28

A third assumption is that neither dissociation involves a reverse energy
barrier. This is a priori likely when only simple bond cleavages are involved.

Finally, it is assumed that there are no net entropy effects, i.e., Q" =Q7".

In order to use equation 5.9 to obtain a new proton affinity value, reference

bases of known PA are required.

For a series of molecules (Bn) having a common functionality, it has generally
been found that a plot of In([B.H'V[BH") vs. PA(B,) yields a fair straight line. Thus,
from the slope of the plot, a temperature-like term, Tes, has been obtained. It has
been assumed that this parameter relates to the average internal energy of the ion

population. If the ion population is not in thermal equilibrium with its surroundings,
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such as in an ion beam experiment, or in partial thermal equilibrium, as in the case
of high pressure experiments, the physical interpretation of the parameter obtained

from the slope of the plot can be neither straightforward nor certain.

A useful theoretical consideration of kinetic method plots in terms of the
significance of their slopes (which relate to the internal energies or “effective
temperature” of the fragmenting ions) has recently been made by Erwin.29 His
model is for metastable ions and uses ion source temperature as a parameter. In
our earlier study on alkanols2® we were not able to discern any ion source

temperature effect on the behavior of metastable ions.

So far, the principles and assumptions of the kinetic method have been
addressed. The initial derivation of the method is the establishment of the
correlation between the proton affinity (PA) and fragment ion abundances, the
extensions to the method include the estimation of the relative gas-phase basicity

(GB), acidity (AHacia) and so on. (see section 5.5 of this chapter).

The kinetic method has a number of advantages. it is readily employed in
commercial tandem mass spectrometers of all kinds. It gives good resuits for small
amounts of sample; it is simple, fast, and applicable to polar and nonvolatile
samples without derivatization; it is also typically sensitive to small differences in the
thermochemical quantity being determined; moreover, samples in general need not

be specifically purified because the isolation of the dimer cluster ion in the tandem
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mass spectrometry experiment represents a form of purification. However, the
method relies on certain assumptions and the results obtained are approximates to
the true values. As will be seen later, these estimates are often very good ones, and
superior alternative methods are not often available, especially for biological

compounds.

5.4 Fundamental considerations for the kinetic method

5.4.1 Bond dissociation energy for proton-bound dimers

54.1.1 Bond dissociation energies for the dimers with monofunctional groups

The thermochemistry of numerous proton-bound dimers, B1H'B,, has been
investigated by Kebarle and other workers.30 Bond dissociation energies (AH°p)

were obtained from the temperature dependence of Keq of clustering reactions:

BH + B, == BH'B;

The general mode for ionic hydrogen bond is -YH*..Y-, where Y are atoms of
large electronegativity such as halogen, O and N. The strength of ionic hydrogen
bonds results from the combination of electrostatic, polarization, exchange
repulsion, charge transfer, and coupling components, of which the first two are the

most significant.

in general, the ionic hydrogen bonds in the protonated dimer ions are much
stronger than hydrogen bonds in neutral dimers. A linear correlation31-33 is found

between AH°p and APA, the difference in proton affinities between Bsand B..
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AHp = AH'p(0)-bAPA (kcal mol) 510

where AH°p(0) is the binding energy when APA=0 and b is a constant.

Meot-Ner34 examined extensive series of dimer ions and found the relations
for hydrogen bonds of the types -NH'..N- and -OH"..O-. For -NH"..N- dimers
including amines and pyridines, AH°p(0) = 23.2 + 1.2 kcal mol™ and b = 0.23. For
the symmetric dimers, where B, = B, the correlation predicts that the binding
energy should remain constant regardless of the identity of B. Note that cyanide
dimers do not fit the -NH"..N- correlation because these dimers show substantially
stronger binding than predicted, possibly owing to the high dipole moment of these

ligands. The AH'p(0) for nitrile dimers are about 30 kcal mol'.35 For -OH"..O-

dimers including a large variety of alcohols, ethers, and ketones, AH’p(0) = 30.4 kcal

mol™" and b = 0.30 with APA ranging from 0 to 55 kcal mol™.

A similar equation was developed by Larson and McMahon36 for the oxygen-
donor bases, AH'p(0) = 30.8 + 2 kcal mol”’ in symmetric proton-bound dimers
regardless of functional group involved or gas-phase basicity; b = 0.46. Keep this
correlation in mind because it will be used to estimate molecular pair proton

affinities (MPPA) in Chapter 9.
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Note that the ionic hydrogen bond is one of the interactions in the ion-neutral
complexes, BsH'"B,. If B; is a polar base with a high dipole moment, the ion-dipole

interaction between the cation and neutral could be so strong that it becomes
dominant in determining the strength of the interaction. Factors such as dipole
moment of the neutral base and relative proton affinities of the components will play
a key role in the determination of the strength of the interaction. In such a case, the
reaction to produce the protonated base of lower proton affinity could even become
energetically favored. Of course, this aspect will relate to the limitations of the kinetic

method for proton affinity measurement.

54.1.2 Bond dissociation energies for the dimers with polyfunctional groups

The effects of the structural features of B, and B on the ionic hydrogen bond,
i.e., effects of intramolecular hydrogen bonds on clustering, will cause significant
deviations from the above correlations and hence lead to substantial enhancement

or weakening of the ionic hydrogen bond in the corresponding complexes.

in proton-bound a,e—diaminoalkane and monoamine pairs, the
intramolecular hydrogen bonding of the a,0—diaminoalkanes weakens the internal
hydrogen bonding (by ca. 9 kcal moi™). Evidence for this phenomenon is that the
bond length for the dimers is significantly decreased when compared with that for
the dimers of monoamines, as has been shown by ab initio calculations.37 For
example, the hydrogen bond between 1,4-diaminobutane and NHs3 is greatly

weakened due to the intramolecular hydrogen bonding of protonated 1.4-
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diaminobutane, the cyclic structure being a stable seven-membered ring. The bond

length for the dimer is decreased from 1.5 to 1.8 A.37

f]l "H NH;
H

NH,

in contrast, when polyfunctional molecules complex with protonated species
such as ammonium ions RNH3', polydentate bonding can occur which will greatly
enhance the binding of the dimers. The chelation of an ether and monoamine

increases the binding energy to as high as 45 kcal mol™.38

H -0
N—H

/\_/\_/\

5.4.2 Entropy Effects

An important advance in the kinetic method, made by Fenselau and co-
workers39 and by Wesdemiotis and his group,40-41 was the recognition that entropy
effects were not only observable but that entropy differences could also be
estimated using the kinetic method. Earlier work had sought to avoid such effects by

restricting applications to cases in which the analyte and reference species were
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structurally and chemically closely similar. These developments will be addressed

briefly in this section.

If a series of reference compounds (B,), structurally dissimilar from the
unknown (B) but similar among themselves are used, the term In(Q,"/Q") may not
be negligible.39.41 However, plotting In(k/k) vs PA(Bn) may still give a straight line
because In(Q,*/Q%) is constant among B,. In such a case, In(Q,"/Q") gives the

difference in entropy change between the two dissociation channels.

Fenselau3® considered In(Q,/Q°) as the difference in entropies of
protonation for B, and B, AAS°k. = AS°hs(Bn) - AS°w.(B). They studied entropy
effects on protonated peptides using simple organic bases as reference
compounds. A series of reference bases was chosen, the bases being structurally
dissimilar to the peptide to be studied, but similar among themseives. The ratio
In(ko/k), instead of simply providing the value APA/RTes, is given in the more strict

treatment by equation 5.11:

ko _ Qo PAB) PAE)

k ! Q* - RTett * RTeft

5.1

Plotting In(kn/k) vs. PA(Bn) should still give a straight-line because In(Q,"/Q’) is likely
to be constant among the reference bases. If it is assumed again that there is no

reverse activation barrier, then In(Q,*/Q%) is equal to AASH./R.

121



The quantity AASk. can be estimated experimentally by plotting in(Q,"/Q%) -
PA(B)RT against 1/RT (the intercept and slope respectively of Figure 5.2(A)) at a
variety of collision energies (Figure 5.2(B)). This plot yields a slope of -PA(B),
providing a confirmation of the estimated PA(B) from the traditional plot (Figure
5.2(A)), and AASk./R as an intercept. The resulting data indicate that Q,4*/Q7" is not
unity due to differences in the entropy change for the dissociating complexes. When
this methodology is applied to tri-, tetraglycines (Gly; and Glys) and 1,4-
diaminobutane estimates of AASk. are -14.2, -10.4 and -15.6 e.u. (J mol’ K™),

respectively.

This approach developed by Fenselau should be applicable to any gas-
phase ionic system for which an appropriate cluster ion can be generated. The
significance of this method is that it provides an alternative route to the estimation of

AASH. for a group of compounds including larger biomolecules (MW > 1000).

However, it is worthwhile to mention that the entropy term AAS. obtained
from this method has been questioned on the grounds that Tes is not a real
temperature and AASy. is implicitly assumed to be independent of temperature.24
Moreover, and more important is the doubtful validity of equating entropies of
activation with entropies of protonation. The latter can strictly only be measured by

equilibrium studies.
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Wesdemiotis4! extended the discussion about entropy effects to the
measurement of alkali metal ion (M* = Li*, Na*, K") affinities of common DNA and
RNA nucleobases. The competitive dissociations of metal ion-bound heterodimers

were studied under both Ml and CID conditions.

_ K INBM + B 5.12
[NB + BJM* K, .
— > [BM® + NB 5.13

The nucleobases (NB) under study were guanine (G), adenine (A), cytosine
(G), thymine (T) and uracil (U), which have one or more binding sites to M’. The
presence of entropy effects is inevitable in this case since some reference bases

(B;) are structurally dissimilar to the unknown (NB).

By applying transition state theory and substituting the entropy term, in
(Q+*/Q27), by AAS°wm./R, will lead to the complete form of the kinetic equation
(equation 5.11). AAS°m. = AS°ms(NB) - AS°um4(Bn) and AH°w.(NB) and AH°u.(B.) are

metal ion affinities of NB and B,.

3 (-] o
y] L =In Q - E &
kn Qn$ RTeff
_aaS'yr  AHM* (NB)- AHw* (By)
- R RTest

5.14
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It was found with the study of all three metal ions that the metal ion affinities
increased in the order of U < T < A < C < G which is in the same direction as the

proton affinities of the nucleobases.

Similar to proton-bound dimers, the entropy effects associated with the
dissociations of metal ion-bound dimers arise from the restriction of rotational
degrees of freedom in the metalated species of [NB]JM® and therefore the term
AAS°u. is not negligible. This point is illustrated in the dissociation of the K*-bound
dimer composing of pyridine (Py.) and adenine (A). Pyridine binds K* in a
unidentate fashion whereas adenine complexes K* in a multidentate fashion (see
Figure 5.3). This conformation, retained in both dimer and monomer, would freeze
rotations of the amino group of adenine and in turn explain a more negative AS°pm. in

the formation of AK* than that in the formation of PyK".

The method to obtain the values of AH°y.(NB) and AAS°u. is basically the
same as Fenselau's approach. The only difference is that the dissociations are
observed under Ml and CID conditions. The entropy term, AAS°m., is estimated by
using the two Ter terms extracted from these processes. The derived AAS°w.

reveals insight on the structures of both [NB + BijM" and [NB]M".
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Figure 5.2 Estimation of AAS,, in the dissociations of the proton-bound dimers of Gly, and B,
(A) Standard plot of In k/k vs PA(B)); (B) In (Q'/Q") - PA(BYRT, vs 1/RT,
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Figure 5.3 The mechanism for the competitive dissociations of [Py + AJK".
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5.4.3 Internal Energy Effects

The kinetic method derivation given in equation 5.9 is based on the
application of absolute rate theory, which assumes that the system is in thermal
equilibrium. This is clearly not the case for the isolated ions undergoing metastable
and collision-induced fragmentations. However, the temperature-like term, Tes, is
indeed a measure of the internal energies of the dissociating dimer ions although

they are not equilibrated with the surroundings.

Drahos and Vekey?#2 have provided additional and persuasive support for the
view that Tex is related to the internal energy of the fragmenting ion population.
Importantly, they also show that it is not a thermodynamic quantity but is dependent
on the properties of both the system, i.e., the activation energy of the fragmenting

ions, and the experiment, i.e., the lifetime of the ions sampled.

Although it has been common practice to take T.q from the slopes of InR vs.
PA plots and use them to evaluate “entropies” there are serious problems with such
an approach. As pointed out in the previous section, AASH. has been incorrectly
ascribed to overall entropy effects i.e., entropies of protonation,39.41 using the Tex
value. The quantity T.r does relate to the internal energy of the fragmenting ions but
for metastable ions it can not be a temperature in the thermodynamic sense.?8
Holmes strongly proposed that the term Teq is inappropriate for describing the

behavior of metastable ions because of the shortcomings of Mi experiments with
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respect to the absolute rate theory as well as the collisionally activated ions. The Ml

experiment does not fulfill the two main criteria for the application of the theory.

1)

2)

3)

The adduct ions are not completely equilibrated to the ion source
temperature, ca. 420 K. We know this because at this temperature, the
fraction of adduct ions that would be metastable is negligibly small. With the
bond strength of proton-bound dimers of 24 - 30 kcal mol”' and Arrhenius
factor (A) of 10™ s™', only about 0.1% of the ions could be metastable at an

even higher temperature of 580 K.

Experiments have shown that the value of R is independent of the fraction of
mass selected ions that are metastable.28 The latter must relate to the
internal energy of the ions as a whole. This independence therefore, is in

spite of the change in internal energy of the ions.

The MI experiment observes the dissociation of ions through a narrow time
window and hence interal energy window, namely from E° to E2°. However,
CID experiments can satisfy the second major criterion governing the
application of the theory. The corresponding internal energy observation

windows are from E° or E2° to, effectively, .

For the dissociations induced by collisional excitation a similar problem

arises. The time frame of the CID observations is governed by the time the ions

spend in the collision cell. In our apparatus this is ca. 0.2 us and so ali collisionally
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activated ions which fragment from time zero (the moment of collision) to 0.2 us, are
monitored. This encompasses a rate constant range upwards from ca. 10°s™. The
mean rate constant for the dissociation is unknown and the internal energy
distribution is also unknown. This precludes the application of absolute rate theory
to evaluate AS®, which requires AH", the enthalpy of activation, the temperature, T,
and a known rate constant, k. Therefore, it is suggested that the use of the term Tex

for analysis of both MI and CID observations be discontinued.

Furthermore, in a CID experiment using a sector mass spectrometer, the
practice of employing the mixed product ion ratios in the collisional excitation with
the intention of observing collision effects also appears to have no scientific basis28
because the mixed ratios are actually the combination of the three processes, M/
occurring in the FFR, CID process plus a minor Ml contribution that takes place
inside the collision cell, and M/ and post-CID process which arise from the exit of the
collision cell to the next analyzer. In addition, the mixed CID mass spectra will
change not only with the pressures of collision gases but also on the nature of the

gases since different gases have different collision cross sections.

Observation of the collision gas effects using the mixed CID ratios was well
brought home in a study of Na" affinities to peptides by Wesdemiotis et al.40 Three
lines with different slopes corresponding to MI, CID/He and CID/Ar were generated

in the piot of In (k/ki) vs AHxa+(B)) (see Figure 5.5). The slopes provide the effective
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temperatures Tw, The and Ta,, respectively. However, as argued above it is highly

unlikely that these Tex values are meaningful.
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Figure 5.4 Plot of In (k/k) vs AHE,..(B) for heterodimers of [AG + B]Na’
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Holmes pointed out in the case study of alkanols28 that using the isolated

CID ratios by a

pplying a potential to the collision cell; for details see chapter 9,

different collision gases (He, Ar, O, Xe) will essentially produce closely similar

internal energy

distributions of the dissociating proton-bound adduct ions and

hence, T.s obtained from the slope of the CID line will be independent of the nature

and pressures of the gases (Table 5.2). The mixed CID spectra varied with both

factors.

Table 5.2  Effect of target gas on the ratio [ROH"}/[R20OH; "] from CID

mass spectra28

Target gas (pressure, mbar x 10°)

He(4) He(20) Ar(15) Ar(60)
(C2HsOH)H"(n-C3H;0H)
""" mxed GID | Tag s T s
isolated CID 3.3 3.3 3.2
Mi 37
(n-CsH11OH)H"(n-CeH130H)
""" Medod | Toe T T e T e
isolated CID 1.3 1.2 1.2 1.2
Mi 2.7
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5.4.4 Kinetic Energy Release (KER)
The KER values for the competitive dissociations of the proton, or metal-
bound dimers23.28.41,43.44 are ca. 20 meV or less in keeping with simple bond

cleavage without any appreciable reverse activation energy, as required for the

kinetic method.

In principle, the reaction to form di-coordinated, protonated or metalated
monomers demards a tighter transition state and could well be associated with a
relatively larger KER indicating a considerable reverse activation energy than the
reaction leading to mono-coordinated, protonated or metalated monomers.
However, the experimental results do not support such a proposal. The KER values
for the two competitive decompositions are similar (ca. 20 meV, see section 7.4.5 of

Chapter 7).

5.4.5 Low Energy Collisions in the Kinetic Measurements

Magnetic and electric sector mass analyzers, but not quadrupole instruments,
allow observation of the metastable fragmentation of the cluster ion. The use of the
metastable ion dissociation experiment in a sector instrument with its greater
dynamic range is a better choice, especially when the bases have very similar GB or
PA values. At high collision energies the fragment ion abundances are greater and

the differences in these abundances are smaller.

In the triple quadrupole instruments CID is the common choice for affecting

dissociations, in which low energy collision conditions are usually performed. The
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term “center-of-mass energies” (E.m) is used to describe the collision energies in
such experiments.45 The conversion from laboratory (Eip) to center-of-mass
reference frame allows the energy to be normalized over a broad range of dimer ion
masses, and normalization over this broad range becomes particularly important for
biomolecules, where differences of more than one order of magnitude in Eip and
E.n are common. Care must be taken to avoid mass discrimination against
particular fragment ions, which can be improved by tuning the instrument and

sometimes the use of single-collision conditions.46

m
Ecm = E'ab m 5.15

where m and M are the masses of the collision gas and the dimer ion, respectively.

5.5 Applications

The kinetic method has been widely used for thermochemical and structural
determinations (Table 5.3) and finds increasing use for biological compounds where
its advantages over alternative methods are particularly important. Below are given

some representative examples of the use of the method in a variety of applications.
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Table 53 Examples of systems to which the kinetic method is applied

Types of clusters Applications
T hratonbound dimers | Proton affinties, gas-phase bascities and acidities
T Metalion complexes | Metal ion affnites
"""" Catonbound dimers | Polyatomic on afintes
"""" radeal caton custers | lonization energies
T radeaanondusters | Electon affinties
T onentyboundions | lonization energies
""""" ariombound dimers | Heterolytic bond dissociation energies
" Larger ahusters (oligomers) | Molecular pair affiniies, molecular tipet affnties
T Bioogieal compounds | Structures of metal complexes
o structural determination

5.5.1 Gas-phase basicity (GB) and acidity (AGacia)

Applications of the kinetic method to the estimation of proton affinities of
organic compounds have been imgortant in testing the theory and developing the
scope of the method. The method has been extended for determinations of GB and
AGaqq Of many organic compounds.23.39.45.47-54 Experiments are performed on the
mass-selected cluster ion using either spontaneous (metastable ion) dissociation or
collision-induced dissociation. A plot of the logarithm of the fragment ion abundance
ratio, In(ki/k2), vs. an appropriate thermochemical property of the reference

compounds gives a linear relationship used to estimate the thermochemical values
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of unknowns. Agreement with independent literature values is normally within 2 kcal

mol™.

For example, AGaciq Of @ number of carboxylic acids and alcohols45 were
determined by the kinetic method using a hybrid FA-triple quadrupole instrument
(FA - flowing afterglow). Multiple collision energies were used to determine AGgcig. A
slightly better correlation between AGacia and In(ki/kz), expressed as the logarithm of

the relative fragment anion abundances, was achieved in experiments using center-

of-mass energies.

5.5.2 Electron affinity (EA)

Compounds such as aromatic hydrocarbons yield negatively charged

molecular clusters which fragment when activated to yield the individual radical

anions:
ki .
—_— MY +M, 5.16
M1ooeuM2 K
2 o M+ M 5.17

These clusters therefore behave analogously to proton-bound dimers, and the
fragmenting structure can be represented as an “electron-bound dimer”. Hence, as
with other enthalpic quantities, the fragment ion abundance ratio is related to the

difference in electron affinity AEA by:
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M°] AEA
M1 RT

In 5.18

For example, the dimeric radical anion of pyrene and anthracene (m/z 380),
generated by electron-capture desorption chemical ionization,55 fragments only to
intact anthracene and pyrene molecular radical anions, respectively. The relative
fragment ion abundances indicate that pyrene has a higher EA, assuming that the
entropy changes for the competitive channels are equal. Using various PAHs of

known EA as reference compounds, EA of the unknown PAHs can be estimated.

5.5.3 Metal ion affinities (AH u+)

Metal ion affinities are important in chemical systems that model catalysts,
and in biological systems, making intrinsic (i.e., gas-phase) affinity values of
increasing interest.56-61 For example, Ca®" cation affinities of peptides have been
reported,59 and the metal ion affinities of amino acids show significant differences in
order (and in magnitude) when compared to the corresponding proton affinities.S”
The observed differences are likely to be the result of different binding sites for
protons and metal ions. For example, the relative Cu’ cation affinities of the 20
common amino acids are substantially different from the corresponding proton
affinities. Cysteine has a high AHc,. but a low PA; the reverse is true for proline: this
is because Cu’, a soft acid, forms particularly stable bonds with amino acids

containing soft donor groups such as the SH of cysteine.
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5.5.4 lonization energy (IE)

lonization energies have been determined by electron impact,
photoionization, photoelectron spectroscopy, photoion-photoelectron coincidence,
and charge exchange. The kinetic method provides a simple procedure for IE
determination, using cluster ions which are positively charged. (cf. negative ion
clusters used for EA determination). Fragmentation of the mass selected dimeric
radical cation gives the individual molecular radical cations, M;** and M;™. The

relative rates of fragmentation are related to the ionization energy difference by:

L MM, 5.19
MM
— e M+ M, 5.20
M*°] -alE
in M, RT 5.21

where the negative sign indicates that higher ion abundances correspond to the
lower IE values and where the assumptions correspond to those made for the
analogous expressions. The method has been tested for halobenzenes, PAHSs, and
anilines.62.63 The method will work, provided that the structures of M; and M: in the

dimers of [MsM_]"* are known.
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5.5.5 Molecular pair and molecular triplet affinities

Trimers and tetramers can be used to study molecular pair and molecular
triplet affinities, respectively. These thermochemical quantities represent the
strength of multiple ligand binding to an ion. For example, reactions between mass-
selected Fe’ and neutral pyridines in a pentaquadrupole mass spectrometer have
been used to generate Fe"-bound pyridine trimers and tetramers. Dissociation is by
ligand loss and the relative abundances of the several products provide
thermochemical information. The relative molecular pair and molecular triplet Fe
affinities of pyridine, respectively, defined as -AH for the typical reactions shown
above are accessible by examining the competitive dissociations of ABFe" and

ABCFe' 64

Dissociation of Fe'-bound ftrimers containing two different pyridine
molecules,84 abbreviated as A and B, occurs as 5.22 and 5.23. The cluster ion
A.Fe’B may fragment to A,Fe” or to ABFe’. The rate constant corresponding to loss
of B is indicated as k; and that corresponding to loss of A is indicated as k.. If the
kinetic method treatment applies, then one gets equation 5.24, where the molecular
pair Fe* affinity, MPFeA of dimers A; and AB, are defined as -AH of the respective

reactions A + A + Fe* - A,Fe* and A + B + Fe* — ABFe":

ki
— AzFe’ + B 5.22
— > ABFe' + A 5.23
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(S [AFe]" _MPFeA(A;)-MPFeA(AB)

In =
k2  [ABFe]' /2 RTe

5.24

5.5.6 lon structure determination

Thermochemical properties vary for structural isomers, and this allows the
kinetic method to be used for the characterization of products of gas-phase
reactions.65 In a representative study, ion/molecule gas-phase reactions were used
to generate benzene radical anions (C¢Hq4') from the o-, m- and p-bis-(trimethylsilyl)-
substituted benzenes. The isomeric benzene radical anions were reacted with
carbon dioxide and then with nitric oxide to generate the putative nitrobenzoate
anions, which were characterized by collision-induced dissociation of proton-bound
dimers formed with a reference anion, difluoroacetate. Comparison of the relative
fragment ion abundance ratios of the authentic nitrobenzoate anions with those of
the putative nitrobenzoate ions confirmed that these products were indeed

generated in the above ion/molecule reactions.55

5.5.7 Structures of metal complexes of biological molecules

The kinetic method can be used to determine AAS values by making
measurements at two different internal energies. This measurement of relative
entropy changes in the competitive dissociation of cluster ions has been used to
deduce the binding mechanism of metalated nucleobases.4! In these experiments,
heterodimers of nucleobases bound by alkali metal ions were allowed to undergo

low-energy (metastable ion) and high-energy collision-induced dissociation. The
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AAS value for the two competitive dissociations of the K*-bound dimer of pyridine
and adenine was found to be +6.9 J mol™ K. This entropy difference is in contrast
to AAS values near zero in several other cases and it suggests that the adenine
amino substituent is involved in auxiliary bonding to K. Guanine and cytosine bind
similarly to adenine, but thymine and uracil do not because they lack the appropriate
geometry to allow chelation with K*. However, the problem that these represent

transition state rather than product entropy differences, remains.

5.6 Summary of the kinetic method

The kinetic method is extremely sensitive to small differences in the
thermochemical quantities since they appear in the exponent of the rate expression.
Aithough there are complications in some systems such as multifunctional systems
where the nature of the binding in the cluster ion is not known, the results of almost
all the reliable kinetic determinations are within 2 kcal mol™ of the values made by
more reliable alternative methods. Bearing in mind that the kinetic method is strictly
a relative method and hence its precision depends on the accuracy of the reference
values used. Steps to minimize errors involved in the kinetic measurements are

taken by using a series of reference compounds instead of one reference.
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Chapter 6 Experimental aspects of the kinetic method

6.1 Specific features in the collision-induced dissociations (CID)
It is worthwhile to review the important time-frames in the modified VG ZAB-

2F instrument?! before specific features of CID experiments are addressed.

The singly charged ions generated in the ion source and then accelerated by
a voltage of 8 kV will have kinetic energy of 8 keV. The velocity of these ions will
vary with their masses. Higher mass ions will have lower velocity, and vice versa.
lons with m/z ca. 185, which represents a mean value for the proton-bound dimers
described in this thesis, will fly through the instrument in a time of the order of 40 ps.
The time-scale of the events taking place in such an instrument are summarized in
Table 6.1. These values are subject to small changes with the settings of the
instrument. The distribution of rate constants which shows the fraction of the ions

dissociating (dn/ng) by a first-order process as a function of the rate constants is

given as Figure 6.1.

Metastable ion dissociation in the second FFR takes place anywhere
between the entrance and exit of the FFR. The ions entering this region are
approximately 10 us old, the time spent in this region is about 10 ps. The
corresponding rate constant range is 10° — 10° s™ with tailing at the lower rate
constant end. The ions’ internal energy range corresponding to the two competitive

reactions in the metastable time frame is namely from (E;° - Ez°). The fraction of
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ions fragmenting in this time-frame is small, usually less than 20% of the total ion

flux in these experiments involving proton-bound pairs.

Collision-induced dissociation occurs following excitation from collisions
between the ions of keV kinetic energy and a virtually stationary neutral target gas.
During this process, part of the translational energy of the ions is converted into
internal energy. The time scale of such observations begins at the moment of
collisional excitation (t=0) until they leave the FFR (0 - 5 us). Since the majority of
the fast reactions (k > 10° s™) take place inside the collision cell, the rate constant
range is wide (10° - 10" s™'). Accordingly, the internal energy range is much greater,
namely from E+° and E;° to, effectively, . Note that this process is convoluted with

minor M!I dissociations which can be corrected for.

The post-CID process refers to ions collisionally excited in the cell, but which
dissociate as a result of this excitation in the rest of the FFR. A relatively small
fraction of the total ion dissociations take place in this time frame (0.2 - 5 us). The
rate constant range is intermediate between the above two processes (10%- 10%s™).

Figure 6.2 summarizes all of the three processes.

It is commonly accepted that the [B4H')/[B;H"] ratios from CID experiments
can be measured from the peak heights in the CID mass spectra. Unless steps are
otherwise taken, the peaks recorded in these CID mass spectra are a combination
of the three processes (MI, isolated CID and post-CID). It is worthwhile to

emphasize that the practice of using these mixed CID mass spectra to generate
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Inf(B1H")/(B2H")] data does not have a sound scientific basis since the mixed CID

ratios show an apparent dependence on both the pressure of collision gas and the

nature of the gas.2

Table 6.1

Time-scale of events in the modified ZAB-2F mass spectrometer

(ions at m/z 185, acceleration voltage 8 kV)

Events

Time (s)

lonization (electron impact)

lons reach collector

(second ESA)
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Figure 6.1 Rate constant distributions of the three processes in the 2FFR
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Mi(k=10°~10°s™)

CID (k=10*~10%s™)
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Figure 6.2 Three processes in the 2FFR of the modified ZAB-2F
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The practice of applying a potential to the collision cell to separate the M and
CID processes is very useful because it is clearly essential to separate these
phenomena before applying physicochemical arguments to the results.
Dissociations in the charged collision cell now produce fragment ion peaks
displaced from their normal position and will contain only a minimal contribution from
MI products, provided that the length of the cell is much less than that of the FFR
(ca. 3% in our apparatus). These displaced CID mass spectra, corrected for the
minor MI contribution, yield [B4H")/[B.H"] data (isolated CID ratios) which have been
shown to be independent of the nature of the target gases (He, Oz, Ar and Xe) as

well as their pressures.3-6

If a positive potential, V, is applied to the collision cell, the incoming ions will
be decelerated towards the cell, and accelerated upon exiting the cell. The resultant
kinetic energy (KE) of the fragment ions generated inside the cell will be higher than
those produced in the FFR (KE'). The corresponding ion peaks will move towards

higher kinetic energy by a certain amount. For example,

ion (m/z 100) — ion (m/z 70) + neutral
70
KE(m/z70)= W(Vacc -V)+V (eV) 6.1
. 70
KE(m/z70)= ﬁxvacc (eV) 6.2
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V. is the acceleration voltage, normally set at 8000V. The displacement of ion m/z

70 is (100-70)/100eV.

Note that presence of the electric charge on the cell will have no effect on the
fragment ions produced in the FFR (either prior to or after the collision cell), the
kinetic energies of these ions will not be affected thereby. Therefore, by measuring

the peak heights of the displaced peaks, isolated CID ratios will be obtained.

6.11 Problems arising from the practice of applying potential to the cell

Care must be taken to ensure that neither the sign or the magnitude of the
voitage applied to the collision cell had any significant effect on the relative peak
abundances. Examples show that there can be significant mass discrimination (i.e.
a lower multiplier response) against lower mass fragment ions when a large

negative potential (more than -500 V) is applied.

However, discrimination against lower mass fragment ions only became
apparent when the mass ratio of AH'/AH'B fell below 0.33. Thus for metastable
AH'B ions the low recording abundance of the AH" fragment would lead to too high
a ratio for BH*/AH". Applying a positive charge (+500 V) to the cell did not affect the

relative abundances of the fragment ions.

In the present experiments this situation did not arise. Note for exampie that

Figure 7.5 was produced stepwise, with AH'B comprising close homologues.
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6.2 Formation of the proton-bound dimers

The proton-bound dimers were generated under Cl conditions in the ion
source by self-protonation of the monomers. High pressure is the key factor for the
dimer ion yield as well as the ratio measurements. Compounds of high or medium
volatility work well in this method. Biomolecules which in general are not volatile, are
difficult to treat unless a different sample introduction system such as electrospray
or a specially designed ion source is used, e.g., high-pressure pulsed ion source
mass spectrometer. It was also found in the present work that for some less volatile
compounds, the addition of methanol helps produce the adduct ions. lon source

temperature has only a small effect on the yield of the dimers.

6.3 Experimental errors in the measured proton affinities; simple amines
The [B4H')/[B.H"] ratios, R values, were reproducible to within 20% and so
the /InR uncertainty was only ca + 0.2. This is illustrated in the Figure 6.3 where the
range of R values is very large so that as many as four stepwise R value
determinations were required, leading to four times the above /InR uncertainty. It is
also indicated in the figure that the uncertainties in /nR do not significantly affect the
position of the cross-over point of Mi and CID lines. The uncertainty in the final PA

value was estimated to be no worse than + 4 kJ mol! with consideration of the

uncertainty of the NIST values (mostly less than + 3 kJ mol™).7
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Chapter 7 The proton affinities of simple amines. A test case for

the kinetic method

7.1 Introduction

The kinetic method is a now well established technique for determining
thermochemical properties such as proton affinities (PA) and gas-phase basicities
(GB) and acidities (AG°xciq). To date, with few exceptions, the kinetic method has
been used to relate a known thermochemical datum (or data) with unknown values,
most commonly for proton affinities, where the need for PA values for biomolecules
has provided a strong incentive. The lack of systematic studies to examine the
kinetic method was well brought home by the three recent “commentary” articles in
which the method was critically appraised but without any new data being

presented.1-3

The systematic study of the method for proton affinity measurement has been
carried out through a variety of proton-bound pairs of amino compounds with
formula RsNH,, R{RoNH, where R; and R; are chiefly alkyl groups C4 to Co. The
results are extended and examined further to a,o-diaminoalkanes and other
selected amines. The proton affinities of most of these amines are well established

in the NIST database?® although some need either to be revised or to be given for

new values.
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Both metastable and collision-induced dissociations of the proton-bound
amine dimers were studied. Particular attention has been given to considering

activation entropy effects and the problem of reverse activation energy barriers.

7.2 Experimental

The proton-bound dimers were generated under chemical ionization
conditions in the ion source of our modified triple sector (BEE) VG ZAB-2F mass
spectrometer by self-protonation. The metastable and collision-induced

dissociations of the mass selected proton-bound dimers were studied in the 2FFR of

the instrument.

The target gas was He (unless otherwise stated). The observed He pressure
required to reduce the mass selected ion flux by ca. 10% (i.e., single collision

conditions) was ca. 8 x 10 mbar and was used in all these experiments.

Peak heights from the individual scans were used to measure the relative
abundances of the fragment ions, the apparatus being set in low energy resolution
mode. To separate the CID peaks from Mi peaks, a potential of +500V was applied
to the collision cell (cell 2), shifting the former to higher translational energies. Care
was taken to ensure that neither the sign nor the magnitude of the voltage applied to
the collision cell had any significant effect on the relative peak abundances. The
CID peak heights were corrected for the smail Ml contribution.5-8 Kinetic energy

release values were measured by established methods.®
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The ion source pressure was measured externally using an ion gauge. The
ion source temperature was normally maintained at 423 + 5 K and the inlet system
was kept at a similar temperature. Compounds of research grade were purchased

from Aldrich Chemical Co (Milwaukee, WI) and used without further purification.

Calculation of the log k vs. internal energy (E) curves were done using the
standard RRKM expression, k(E) = oN“/hp (no rotation effects considered),
employing the sums and densities of states calculated via the direct count algorithm
of Beyer and Swinehart.'0 The model compound used to generate the curves was
the proton-bound dimer of methylamine and ethylamine, and the vibrational
frequencies were from ab initio calculations. Transition state frequencies were taken
as the dimer frequencies and the lowest five were scaled by a scaling factor to
achieve a desired AS®. For AS® < 0, scale factors >1 were used and for AS™ > 0,
scale factors < 1 were used. Results of ab initio and RRKM calculations for the

proton-bound dimer of methylamine and ethylamine are shown in Appendix Il.

7.3 Unimolecular reaction dynamics

A unimolecular reaction is defined as any system that evolves in time as a
result of some prior stimulus or excitation step. Thus, both dissociation and
isomerization are examples of unimolecular processes. An unimolecular reaction, A

— products, is written as:

diA]
-4t = k[A] 7.1
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when integrated, equation 7.1 gives rise to the time dependence of the

concentration of A(t):
(Al=[AJe™ 7.2

where k is the unimolecular rate constant (s) and [A¢] is the concentration of

species A attime, t = 0.

The connection between k(T), often called the canonical rate constant, and
k(E), the microcanonical rate constant, involves averaging k(E) over the energy
distribution:

©

K(T) = jp<E. TK(E)IE) 73
EO

where E° is the activation energy and p(E,T) is the distribution of internal energies at
a given temperature, T. In many applications the quantity of interest is k(T) because
most natural systems can be described adequately by a thermal distribution
characterized a given temperature. However, there are many systems that show the
importance of studying k(E) as v\fell as p(E,T) rather than k(T) - the theory can be

tested adequately only by comparing the measured and calculated k(E).

7.3.1 RRKM theory
The earlier version of RRKM used the classical approximation of the absolute

rate theory (the oscillators are not quantized, also called RRK theory):
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k(E) = v(1 -EEO)S" 74

where s is the number of oscillators in the molecules (sometimes also called the
number of ‘degrees of freedom’) and E is the internal energy of the precursor ion, E°
is the activation energy for the reaction, v is frequency factor, representing the ratio
of the product of vibrational frequencies in the reactants and in the transition state.

Note that v relates to the ‘tightness’ of the transition state: the tighter a transition

state, the lower is the frequency factor.

A better description of unimolecular reactions is the RRKM (developed by
Rice, Rampsperger, Kassel and Marcus) or the Quasi-Equilibrium Theory (QET,
developed by Wahrhaftig, Rosenstock and coworkers). These theories take into
account the quantized nature of vibrations and rotations. It is the RRKM/QET

formulation which is the starting point for modern statistical theories.

o G (E-E°)

KE) =% eE

75

where o is the reaction symmetry factor, G*(E-E°) is the sum of the vibrational
states from O to E-E° in the transition state, p(E) is the density of vibrational states at

the energy E and h is Planck’s constant. For simplicity, the role of rotations is not

included in the equation.
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The RRKM theory predicts that the rate k(E) increases exponentially with the
internal energy E. The evaluation of the RRKM equation requires a knowledge of
the activation energy, E°, the n vibrational frequencies of the molecule and the n-1
vibrational frequencies of the transition state. All or part of these parameters can be

treated as adjustable when fitting experimentally determined rate constants.

The 2n-1 vibrational frequencies of the molecule and the transition state are
not completely independent parameters. This is more evident in the canonical,
thermodynamic version of transition state theory in which the rate constant is

expressed in terms of entropy of activation (AS”) and enthalpy of activation (AH").

k(T)=—-2—e R e RT 76

h
AS® is evaluated in terms of the vibrational frequencies of the reactant and the

transition state.

The entropy of activation (AS*), as determined from the canonical partition
function, provides a quantitative measure of the degree of “tightness” or “looseness”

of the transition state.

Q* U*-uU Mg U*-U
AS‘ =kB |n_Q_+ T =kB in nqq‘: + T 77
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where Q's are the total partition functions, g/s are the molecular vibrational and
rotational partition functions, and U's are the thermodynamic intemal energies at the
temperature T, at which AS™ is to be calculated. Tight and loose TS can then be

simply defined as follows:

AS* >0 Loose TS 78
AS* <0 Tight TS

The effect on the slopes of the k(E) curves for the dissociation of the
bromobenzene ion with various assumed AS® from positive to negative, based on
the frequencies in Table 7.1, and activation energies are shown in Figure 7.1 Mitis
evident that two parameters can generate a whole family of k(E) curves. Thus, if
neither E° nor the transition state structure is known, any set of data can be fitted by
RRKM theory. The lower the TS frequencies, the steeper the slope. However, if
either E° or if the frequencies are known from calculations, then the RRKM equation
reduces to a one parameter model in which either the magnitude of the rate or the

slope can be adjusted, but not both.

The frequencies along with their corresponding activation energies were
arbitrarily chosen so that the curves would pass through a common point on the
graph. The experimentally obtained rates are consistent with an E°of 2.76 eV and a
AS® of 8.3 cal mol’ K'.12.13 Clearly from a given data set in which k(E) has been

measured over some energy range, it is possible to extract both the AS™ and E°.
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The RRKM theory not only provides a simple and quantitative means for
distinguishing loose and tight transition states but it also provides a means for
comparing the microcanonical rate data with canonical data in which AS® is
extracted directly from the TST analysis of the data. The usual temperatures at
which AS® are reported are 600 and 1000 K because these are in the range of the

usual thermal data.

Table 7.1  The vibrational frequencies used for k(E) curves of Figure 7.1

Molecular ion | 3054(5), 1518(4), 1292(2), 1053(8), 821(3), 654(3), 460(1), 409(1), 315(1),
254(1), 181(1)

where Y(5) is 650, 450, 332, 245, 160, 115, 92 and 40 c¢m™ for curves 1 through 8
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Figure 7.1 (A) Calculated k(E) curves for the bromobenzene ion dissociation in which

the vibrational frequencies and the activation energies are varied, thereby
providing k(E) curves with different slopes; (B) Calculated k(E) curves
for bromobenzene ion. The open circles are obtained by lowering the last five vibrational
frequencies to 115 cm’' in the transition state. The PST(phase space theory)
rate constant had the lowest two frequencies replaced by free rotors, while in the
other three lines all transition state frequencies were multiplied by the indicated factor:°
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7.3.2 Application of the RRKM theory to the dissociations of proton-bound dimers
For an homologous series of molecules, B, joined in pairs by a proton, it is
reasonable to propose that the log k vs. E curves for the species’ dissociation into
the two protonated monomers will be essentially parallel to each other, separated by
the difference in their proton affinities. This applies when A(AS®) = 0, a common
assumption when homologous series are being investigated. For the kinetic method
to be used to measure the proton affinity of an untested homologue, B, there are

still some more assumptions which need to be considered.

1. That the internal energy distributions of B1H'B, ions dissociating as metastable
ions are the same, irrespective of the species, By and B,. This appears to be a
reasonable assumption provided that the distribution of the relevant internal

energies is a simple exponential function.5

2. That the same criterion (but of course, a different internal energy distribution)
applies to B/H'B, ions activated by high translational energy collisions. Note
that the criterion of essentially parallel log k vs. E curves does not rule out the
possibility that the entropies of activation, AS®, are non-zero, but only requires
that the entropies of activation for dissociating B1H'B, ions be the same i.e.,

A(AS®) = 0.

3. That the competing dissociations have no reverse energy barrier. This is a

reasonable assumption, especially when the dissociation can be viewed as a
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simple bond cleavage. If however, the reverse reaction required a considerable
geometry change in either reactant, this assumption may no longer apply. It has
been customary to measure the kinetic energy releases associated with each
reaction channel. Typically for metastable B{H'B, ions the Tos values have
been 15-25 meV,5-8.14 3 range believed to be compatible with the cleavage of a
simple covalent bond. Note however that this argument may be incorrect; if the
bond is largely electrostatic in character and the transition state has no well
defined reaction coordinate (e.g., the [CH.CH.OH_]"" ion dissociation by loss of
H,015.16) then the kinetic energy release can be very small indeed, < tmeV. If
such a metastable ion had a large internal energy content, by for example being

accessed via an energy barrier, a larger kinetic energy release would result.

In the ensuing discussion, assumptions 1-3 will initially be taken as correct, but

will be modified as and when necessary.

Figures 7.2 (A) and (B) illustrate, as an example, the effect of activation

entropy on the curvature of calculated log k vs. E curves for two competing

dissociations with an activation energy difference of 7 kJ mol™. If both dissociations

have negligible entropies of activation (Figure 7.2 (A)) their log k vs. E curves are

essentially paralle! within the Mi rate constant range which is from ca. 10° - 105 s™.

Note however that they do tend slowly to converge at high internal energies. In

Figure 7.2(B), the greater curvature of the lower energy dissociation channel's plot

arises from the transition state for this dissociation being tighter than that for the
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reaction of higher energy, (i.e., AAS”, the activation entropy difference between the
lower and higher energy channels, is negative. This convention is used throughout
this work). The curves cross and this intersection in the example shown is at the
upper end of the metastable ion time window. Note that the smaller the activation
energy difference between the two competing dissociations (in the present case the
difference in PA), the more susceptible the system becomes to such entropy effects
(i.e., the more likely the curves will cross). If however the transition state for the
higher energy process is looser than that for the other dissociation channel (Figure
7.2 (C)), then the curves will diverge. Experimentally, this should resuit in a CiD

ratio being greater than the M ratio.

To illustrate and confirm the effect of very different log k vs. E curves for
competing reactions a completely independent and well studied system was
selected. The ionized butylbenzene dissociations were recorded in the Ml and CID

regimes:

CHy+
ky ¢ CiHe 7.9
CgHg* [ ]
k2 CH2+
+ .C3 H7 7. 1 0

From results of Baer et al.,7 it is known that for this system the log k vs. E

curves for reactions 7.9 and 7.10 cross at k = 107° s with the activation energy
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difference E2° - E+° = 60 kJ mol™* and AS;” - AS+” = 44 J mol”' K" (see Figure 7.3).
The MI ratio (ki/k2) was 82 and this inverted, becoming 0.46, in the CID. The CID
result was obtained using He, O, and Xe as target gases and the ratio was target
gas independent, as has been found for all our recent kinetic method studies.5-8
Target gas densities were the same for each gas and the pressures were well below
single collision conditions. Corrections for other collision-induced dissociations were

minimal at such pressures.

Consider the absolute rate theory representation of the kinetic method, given

by the equation

k _,Q°  [PA®B)-PA®,)

in— =1 711
kn Qn;= RTeff
Q* APA
=inR=In +

where APA is the difference between the proton affinity of the unknown, B, and the

standards B,. If there is no net difference in entropy of activation, Q" = Q,", then

APA

inR= RTeq

712

If for all Ml dissociations the internal energies of the various fragmenting
B4H'B, ions are the same, then a plot of InR vs. PA(B, ) will produce a straight line.
With the same proviso for collision-induced dissociations a second straight line (of

different slope) will be generated. These lines should intersect at InR = 0 and give
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PA(B) at that point. If AAS™ is not zero, then the intercept of each line on the InR =0
axis occurs at an apparent gas phase basicity value. These in tum are internal
energy dependent (because a term “TAAS" is involved) and the intercept values will
not therefore be identical for Ml and CID plots. The lines will then cross above or
below the InR = 0 axis. Above, if the AS™ for B is greater than zero and below if AS™
is less than zero, relative to any activation entropy for the standards, B,. Figure 7.4
illustrates these three situations just mentioned. The point at which the lines cross

gives the PA for the base under investigation.
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Figure 7.2 Log k vs. E curves for two competing dissociations of the proton
bound dimers (A) AAS™ = 0 and APA = 7 kJ mol™'; (B) AAS™ =
-16 J mol' K and APA = 7 kJ mol'™"; (C) AAS™ = +30 J mol”' K
and APA = 7 kJ mol™
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7.4 Results and discussion
7.4.1 Dissociation characteristics of proton-bound dimer of amines

The MI and CID mass spectra of the proton-bound dimer ions were both
dominated by the production of the two protonated monomers; other fragment ion

abundances were negligibly small.

Three other observations must now be discussed. The fraction of the adduct
ion flux that dissociated in the FFR was dependent on the measured ion source
pressure, but InR was essentially independent thereon. For the proton-bound dimer
of n-C4HoNH, and n-C3H;NH,, the flux of adduct ion increased by a factor of ca. 800
over the ion source pressure range 10° to 10 mb, and the degree of dissociation
dropped from 12% at the lower pressure (10° mb) to 3% at the higher pressure
(10* mb). Thus, a greater proportion of the cluster ions are being “cooled” at higher
ion source pressures (i.e., their internal energy distribution is shifted toward lower
internal energy). However, the ratio of [n-CsHgNH3")/[n-C3H7NH;"] remained in the
range of 9 + 2. The value of R was also unchanged within the same experimental
reproducibility by altering the ion source temperature from 320 to 550 K (T able 7.2).

The same effect was observed for the isolated CID ratios.
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Table 7.2  lon source temperature effect on the product ion ratio of the

proton-bound dimer of n-CsH11NH2 and n-CsHgNH;

T(°C) 50 100 120 150 200 230 250 280

InR (CID)° 2+0.2

a) R=[n-CsH1 1 NHs’]/ [S-CaH7NH3’]

b) Helium as collision gas, +500 V on the collision cell in 2FFR

It is apparent therefore that the internal energy distribution of the adduct ions,
which was clearly dependent on ion source pressure and temperature, has little or
no effect on the metastable and collision- induced dissociations. The internal energy
segments to observe MI and CID dissociations are E.° - E>° and from E;° and E>° to
», Es° and E,° are the activation energies for the dissociations. By changing an
experimental parameter, e.g., ion source pressure or temperature, it is not possible
to significantly alter the ratio of adduct ion fragmentations expressed as the relative
areas under the corresponding energy segments, but only the fractions of the total
number of ions that could fragment in the corresponding time-frames. Thus, the ratio
of the fragment ion abundances is independent of the adduct ion internal energy

distribution in these experiments.

Collision gas effects including the nature of target gas as well as its pressure
were studied by examining the isolated CID ratios of the proton-bound dimer of n-

CsHoNH, and n-CiH;NH,. It is commonly known that internal energies of the
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dissociating ions are greatly increased with introduction of the collision gas and they
are proportional to the pressure of the gases. For example, the degree of
dissociation was ca. 8% at pressure of 4x10"® mb and ca. 25% at pressure of 1x1 0”7
mb (He). As a comparison, the fraction of dissociation for the Ml process was ca.
3%. Note that all of the observations were made under the same ion source

pressure of 10 mb.

The isolated CID ratio was independent of both the nature of the collision
gases and their pressures. For example, the isolated CID ratio, 2.0 + 0.2, was
insensitive to collision gas (He) pressures from 2x10® mb to 1x10° mb, showing
that the small fraction of multiple collisions at the higher pressure did not effect the
results. The same ratio was observed for other collision gases (O, Ar, Xe).
However, the mixed CID ratio was variable with either of the two (see Table 7.3).
Note that different collision gases do not produce significantly different internal
energy distributions of the ions under the same collision conditions (i.e., single
collision conditions) because a similar fraction of ions that dissociate are observed

irrespective of the fact that they have different collision cross sections.
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Table 7.3  Observation of collision gas effect for the pair of n-C4HgNH, and

n-CaH;NH;
He
P(x10°, mb) 2 4 6 9 15 40 100
Riso” 2.1 2.0 2.0 2.0 2.0 1.9 1.8
Rmix’ 8 5.2 4.1 34 3.1 2.6 2.3
0
P(x10°, mb) 5 12 40 200
Riso 2.0 2.0 2.0 1.9
Rmix 6.9 48 3.4 2.6
Ar
P(x10%, mb) 6 25 60 500
Riso 2.0 2.0 2.0 1.8
Rumix 6.3 4 3 2.2
Xe
P(x10%, mb) 20 50 130 800 1500
Riso 1.9 1.9 1.9 1.8 1.7
Rmix 6.2 34 24 23 2.2

a) Rig= [n-C4H9NH3’]I[n-CgH7NH3’] with +500 V on the collision cell in 2FFR
b) Rmix = [n-C4HgNH;Yn-C3H/NH;'] without charges on the cell
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7.4.2 Alkylamines

In Figure 7.5 the In(B{H'/B,H") values are plotted with CoHsNH: as the
unknown using NIST4 data and our reported results’ for PA values of the partner
amines. Table 7.4 lists all the values relevant to this study. Note that the data in
Table 7.4 are from the NIST database and are derived from equilibrium
measurements, unless indicated otherwise. The uncertainty in the NIST values is
quite small and rarely exceeds % 3 kJ moi'. The reversal of the NIST values for n-
CsH13NH2 and n-C;HisNH; is certainly incorrect and in figures where these are

required, our revised PA values’ will be used.

In keeping with the requirement that in(Q:*/Q,") is zero, the line for the
metastable ion results crosses that for the CID observations very near to InR = 0,
and gives a PA of 910 kJ mol™, within experimental error the same as the reference

value for CoHsNH;, 912 + 2 kJ mol™ 4

Entropies of protonation# are closely similar for primary amines and so the
above result is perhaps not unexpected, although it should strongly be emphasized
that this being a kinetic method, transition state rather than product entropies must

apply to the observations.

The kinetic energy release accompanying the metastable ion dissociation of

the proton bound amines was typically ca 15 meV, as obtained from the haif height
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width of the energy resolved peak. For collisionally excited ions KER was ca 30

meV, in keeping with these ions’ having a higher energy content.

Table 7.5

Kinetic energy release (KER) values of metastable and

collisionally activated (n-CsHgNH,)H*(n-CiH7NH,)

KER (meV)
Proton-bound  [------ -oommemeemee et
dimer Mi Isolated CID Mixed CID
m/z 60 74 60 74 60 74
CiHoNH;"..CaH;NH, 14 15.3 32.1 27.3 30.8 24.0

It was reported’ that for t-butylamine, there was an inversion of InR values for

MI and CID observations when the PA of the reference n-alkylamine became close

to but less than the PA of t-CsHoNH,, 934 + 3 kJ mol™ (derived from equilibrium

studies'8). This inversion was not reproducible and careful repeat experiments

produced the results shown in Figure 7.6. The lines cross close to InR = 0,

eliminating the possibility of an entropy of activation; the derived PA value for t-

butylamine, 930 kJ mol™, is slightly but significantly lower than the reference value.

Note that for a value of 934 kJ mol™ to be obtained in the present experiment, either

all the reference PA values have to be too low by 4 kJ mol™ (e.g. moving the Ml line

bodily to the right) or some of the reference PA values have to be in error beyond

the NIST quoted limits. This seems unlikely given the close fit of the data to a line.
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Before leaving the t-C4HoNH result, the effect 6f a reverse energy barrier in
lowering the PA obtained by the kinetic method cannot be ignored. There are fifteen
values quoted in reference 4 for this PA, all in close agreement. To force the resuit
in Figure 7.6 to give a cross-over at 934 kJ mol, all the reference PA values for Cs
to Cq would have to be too low by up to 4 kJ mol”'. We feel that this is unlikely and
we propose that the above low value arises from a small reverse energy barrier,
(Erev). Note that the KER for the formation of protonated t-butylamine is not
significantly larger than that of n-alkylamine and so does not sensitively probe a
small reverse energy barrier for the corresponding reaction. The existence of a
reverse energy barrier can make the measured ratios not a reflection of the true PA
difference (APA), but the energy difference between the two transition states instead
(AE®). Figure 7.7 presents the potential diagram for the dissociations of the proton-
bound dimer, one of which has a reverse energy barrier. This problem will also arise

later with the observation on diaminoalkanes.

An additional evidence to support the proposal that a small reverse energy
barrier towards the reaction to form protonated t-CsHgNH; is that the reaction 7.13
involves a large Erev (.KER = 10 kJ mol) indicating a large, energy demanding
geometry change. Therefore, it is quite reasonable that a similar but smaller Erev

(ca. 4 kJ mol™) could well apply to the reaction of (CH3)3CNH3" — (CH3)sCNH2 + H*.

(CH3)CNH2’. (CHa)zc’NHz + OCHa 7.13
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Note that the above graphical approach is not radically different from that
adopted by Fenselau et al.1® who however evaluated a quasi temperature term (Te)
from the slopes of such plots. The absolute magnitude of the entropy of activation
cannot be evaluated without a knowledge of the internal energies of the fragmenting
ions. We have already indicated doubts as to the application of equilibrium
thermodynamics to such systems, particularly with regard to metastable
dissociations where T.s was shown to not correspond to a thermodynamic

temperature.S
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Figure 7.7 Potential diagram for the competing dissociations of proton-bound dimers,
one of which has a reverse energy barrier (E,,)
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A similar result was obtained for s-propylamine as an unknown (Figure 7.8).
The cross-over point was at InR = 0 and the PA thereat, 922 kJ mol™, is within

experimental error the same as that given in the reference data (Table 7.4).

It was useful to extend and replot the data obtained earlier for benzylamine,”
where the NIST value appeared to be too low by at least 10 kJ mol™”'. Figure 7.9
shows the analogous graph for benzylamine vs. a series of n-alkylamines. The MI
and CID lines cross close to InR = 0, giving a PA value for benzylamine of 924 kJ
mol” and indicating moreover that there is apparently no significant net entropy of
activation effect for this phenyl substituted amine. It is noteworthy that the gas
phase basicity vaiues given in the NIST tables are 879.3, 879.3 and 891.8 kJ mol™';
the first two provide the listed PA value, 913 kJ mol™, whereas the latter gives a PA
of 926 kJ mol™ in good agreement with the present result. Also shown in Figure 7.9
are the InR values when t-butylamine was used as an additional standard. The data
points are displaced from the n-alkylamine Ml and CID lines by the difference
between the reference and the new (cross-over) PA values, providing support to the

suggested Ee, for t-CsHgNH..

7.4.3 Other selected amines

When averaged InR values are used, allylamine and pyridine appear to fit the
plots for primary amines shown in the Figure 7.10 very well; the aromatic amines,
benzylamine and 2-phenylethylamine, are less satisfactory.” If these molecules are

to fit the line for n-alkylamines then the PA values for benzylamine needs
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considerable revision upwards, from 913 kJ mol’ to ca. 924 kJ mol™'; 2-
phenylethylamine may be too high, but only by ca § kJ mol™. The proposed PA

value for benzylamine is in good agreement with the one obtained in the Figure 7.9.

Figure 7.10 was constructed as such that the anchor point for s-ions, s-
C3H;NH; was measured against n-C4HgNH and the others were measured relative
to s-C3H;NH,. Similarly, t-CsHgNH, was measured relative to n-C3H;NH2. Note that
beginning with s-C,, the InR values for sec-sec proton bound pairs are larger than
for the corresponding s-n proton bound pairs, and t-n pairs behave likewise. This
may arise from the proposed small reverse energy barriers for the generation of
protonated s- and t-species. However, this effect can be canceled out when pairing

s-s, t-t.

7.4.4 Dialkylamines

The kinetic method plots for dialkylamines having established PA values? are
shown in Figure 7.11, the reference data are in Table 7.4, with new (estimated)
values for (CsH11)2NH, (CeH13)2NH and (CH3)(n-CgH13)NH derived from InR results.
Results for (CH3)(C4Hg)NH are shown in Figure 7.12. The Mi and CID lines intersect
at InR = 0, giving a PA value of 951 + 4 kJ mol™ for (CHa)(CsHg)NH. Also shown in
Figure 7.11 are the results for (s-C3H7):NH and (s-CsHg)}:NH. The InR values for
these di-sec-alkylamines, relative to other di-n-alkylamines, are not well compatible
with their NIST PA values, 972 + 2 and 981 kJ mol™' respectively, which appear to

be too high. These di-sec-alkylamines were measured as unknowns vs. di-n-
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alkylamines and the results are shown in Figure 7.13. The cross-over points are
close to InR = 0 and are at 968 and 976 kJ mol™ respectively, both below the
reference PA values. An entropy effect alone would have given a cross-over point
significantly below or above InR = 0 but at the reference PA value. These results
mirror that for t-CsHgNH; and we again suggest that for these compounds t00, Erey is

not zero but ca. 4-5 kJ mol™.

It is worth noting that the effect of ion size on the proton affinities of the di-n-
alkylamines in which both substituents increase by a CH; group produce a smooth
asymptotic curve, Figure 7.14. Also included in this Figure are (CsH11)2:NH and
(CeH13)2NH and these PA values are shown in Figure 7.11. That these values fall on

the PA vs. size curve indicates that they are certainly reasonable.

Intermediate species with mixed alkyl groups have PA values which depend
on the nature of the substituents rather than the size of the ion as a whole. This is
also illustrated in Figure 7.14. Thus for example, single substitution in (CH3)NH
has very close to the same effect as alkyl group change in CH3NH, but double
substitution has less than twice the effect e.g. CH3NHz — CzHsNH2, APA = 13 kJ
mol™; (CH3):NH — (CzHs)2NH, APA = 23 kJ mol (see Table 7.4). Now we must
consider the s-C3H; and s-C4Hy species. From the NIST data, CH3NH; — s-
CiH/NHz, APA = 25 kJ mol”; CHsNH; — s-C4HNHz, APA = 31 kJ mol” and
(CH3)2NH — (s-C3H7)2NH, APA =42 kJ mol™; (CH3):NH — (s-CsHg)2NH, APA = 51

kJ mol™', a remarkably consistent series of changes. This consistency is lost if the
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cross-over values are used. This circumstantial result lends some support to the

proposed E.y effect.

Finally, to search for any activation entropy effects (or reverse energy
barrier), selected di-n-alkylamines, as unknowns, were run with a series of n-
alkylamines. The difference in PA values is not too great for (CH3):NH, but for the
higher homologues chosen, (n-Pr),NH and (n-Bu);NH, only CID observations could
be made (Ml ratios would exceed 10,000 and so be subject to collisional activation

by residual gas in the FFR). The results are shown in Figure 7.15.

For (CH3):NH, the cross over point is close to InR = 0 giving a PA (CH3):NH
=026 kJ mol™. At the reference value for (CH3);NH, 930 kJ moi™,4 nonylamine and
t-butylamine are significantly favored as the proton carrier. Note that the above
cross-over PA value for t-butylamine, 930 kJ mol™, is shown in Figure 7.6 and is

very close to the line, consistent again with the above arguments.

Is the lower PA observed here for (CH3).NH due to an entropy of activation or
a small reverse energy barrier for the dissociation in which the dialkylamine retains
the proton? The former is unlikely; a AS™ acting against (CH3).,NH would lead to a
cross over point below the x-axis at PA = 930 kJ mol™. The wealth and narrow
range of datat for the PA (CHa):NH again leads us to suggest that for this

dialkylamine and its homologues a small E., effects the kinetic method

observations.
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For (n-Pr:NH the extrapolated CID line intersects the PA axis at the
reference value for this amine. The (n-Bu);NH line crosses the axis at 964 kJ moi™,
reasonably close to the NIST value, 968 kJ mol™,4 considering the long
extrapolation invoived, a clear identification of an E.y for these species cannot be

confirmed.

Thus for all the n-alkyl and di-n-alkyl amines studied here, there are no clear
effects in their “kinetic method” behavior which can be ascribed to activation
entropies. There appears in some cases to be a small reverse energy barrier as

considered above.

7.4.5 a, o - diaminoalkanes

In a recent study by Siu et al.,20 low translational energy collision-induced
dissociations of a,w-diaminoethane through pentane were described. In that work,
three or four di-alkylamines were used as standards. For the InR vs. PA (standard)
plots, the slope was related to an apparent temperature. However, the “apparent
PA” (where the InR vs. PA (reference molecule) line crossed the x-axis) was plotted
against the transiational energy of the ions, which typically was varied from ca. 0.6
to 2.5 eV. The intercept at zero volts was proposed to give the true PA value for the
di-aminoalkane. Calculations were also presented, using density functional theory,
to describe the energies and equilibrium geometries of the protonated diamines and
their adducts with some simple di-alkylamines. The above approach sidestepped

the problem of using the apparent temperature in the determination of the PA. They
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did however report that when an apparent temperature was extracted from the data
and the method of Fenselau et al.!® was applied, the resuiting PA values were

always higher than those derived from the apparent PA vs. ion energy graphs.

7451 1,2-diaminoethane

The reference PA for this molecule, 952 + 3 kJ mol” 4 is sufficiently low that
both n-alkyl and di-n-alkyl amines can be used as standards. The results for Ml and
CID experiments are shown in Figure 7.16. The crossover point is not on the x-axis
and the PA thereat, 949 kJ mol™, is close to the reference value. For collision-
induced dissociations there appears to be a significant AS™ effect, acting against the

diamino compound and giving an apparent AG™ of 935 kJ mol™.

Note too the inversion from positive to negative of InR for (CH3)}(C2Hs)NH and
for (CzHs):NH, whose PA is the same as that of 1,2-diaminoethane, both InR values
are negative. Note also that the t-butylamine PA of 930 kJ mol™ appears again to be
justifiable. If our E.e, argument for the di-n-alkylamines is also correct, then the
heavy lines in Figure 7.16 should be moved 4 kJ mol™ to the left. The cross-over
point moves to 945 kJ mol™’ and the intercepts to 941.5 and 931 kJ mol™' for MI and
CID observations, respectively. The AS” effect is unchanged but the cross-over PA,

945 kJ mol™, is now 7 kJ mol”' below the NIST value.4

Also shown in Figure 7.16 are data from the work of Siu et al.20 (open

circles); these results were for the lowest translational energy for this
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diaminoalkane, 0.8 eV. As with their corresponding data at 1.5 and 2.0 eV
translational energy, the three points are poorly colinear. The three intercepts for the
three energies were 940, 940 and 938 kJ mol™', respectively. Their extrapolated PA
value was 942 kJ mol™!, and their calculated value was 959 kJ mol™. It is curious
that their InR values are close to our resuits for high translational energy collisions,
implying that the internal energies of the CID ions from the two experimental
methods were similar. This however does not hold for the larger diaminoalkanes

described below.

The new results here are in keeping with the calculations of Siu et al.20 In
protonated 1,2-diaminoethane, the ion is only weakly bidentate, with a long —NHj"eee
H,N- bond, 1.87 A (supplementary data, Siu et al.20). From the data presented for
protonated 1,4-diaminobutane, coordination with an amino substrate lengthens the
above bond from 1.54 to 1.76 A, relaxing the bidentate structure. Considering the
reverse reaction for the 1,2 compound, R2NH + H3N'CH,CH;NH, a small activation
energy may be required to allow the dialkylamine to achieve the optimum distance
from the -NH3" group. For the forward reaction, it is clear that the activation entropy
for the looser transition state leading to R;NH." + HaNCH2CH.NH: will be greater

than that for the proton remaining with the diamine.

7452 _1.3-diaminopropane

In the same study Siu and coworkers20 reported a PA for this compound of

971 kJ mol™, the transiational energy range used was 0.6 to 2.0 eV. The NIST PA
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value for this molecule is 987 + 2 kJ mol’.4 Their calculated value was again

higher, 992 kJ mol™.

A problem which arises in the above study concems the PA of di-
isobutylamine, whose PA should (by analogy with the monoamines) be greater than
that of di-n-butylamine. The NIST values are 958 and 968 kJ mol™”,4 respectively.
Accordingly we have measured the InR values for di-isobutylamine against other di-
alkylamines (Figure 7.17) and the derived PA, 969 + 4 kJ mol' shows that the NIST
value is indeed too low by ca. 11 kJ mol” (see also Figure 7.11 and Table 7.4).
Moreover, this properly reflects the difference between the corresponding simple
alkylamines. Replotting Siu's data using the revised PA value for di-isobutylamine

gives better lines and an extrapolated PA (by their method) of 975 kJ mol™.

Our results for 1,3-diaminopropane are shown in Figure 7.18. Only di-
alkylamines could be used as standards and Ml measurements were restricted to
only four reference compounds. Note that all standard molecules having PA > 955
kJ mol™' preferentially retain the proton in CID experiments. The crossover point is
at 971 kJ mol™, well below the reference value, and although their data do not fall

close to our line (see Figure 7.18) this value is the same as that found by Siu et al.20
The new results differ from those for the diaminoethane in that there is a

large AS” effect, for CID ions amounting to a AG™ 31 kJ mol™ below the reference

PA; the crossover point, 971 kJ mol™, is aiso low by 16 kJ mol™.
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We propose that these results show the presence of both an activation
entropy and a reverse activation energy barrier of about 20 kJ mol™', including the
Ev for dialkylamine. The above calculations of Siu et al. show an appreciably
shorter —NH; *»sNH>— bond in the protonated 1,3 compound than in the 1,2
analog; 1.65 vs. 1.87 A respectively, but not as short as for the 1,4 diamine (1.54 A).
Therefore an energy barrier for the reverse reaction is indeed a reasonable

proposal.

An additional experiment was performed to seek support for the suggestion
that a reverse energy barrier was involved in the 1,3-diaminopropane
fragmentations. The kinetic energy release values, KER, for the Gaussian product
ion peaks (from the Mi and CID mass spectra) for the competing dissociations of
(CaHs)sNHeeeH eee(NH,CH,)2, (Miz 134 — m/z 61; m/iz 134 - m/z 74) and the
corresponding observations for (CsHg),NHessH +eeHN(CH2)sNH2 (m/z 214 —» m/z
75; m/z 214 - m/z 130) were measured. The M| fragmentations gave KER values
of 14, 13, 18 and 14 meV and the corresponding CID KER results were 39, 30, 28,
and 32 meV, respectively. The failure of this test does not however negate the
proposal; the partitioning of a significant fraction of the (quite small) excess energy
in the transition state into transiational degrees of freedom of the products may not

be occurring here.
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7453 1.4-diaminobutane

The kinetic method graph for this compound with dialkylamines as the partner
molecules is shown as Figure 7.19. The MI and CID lines cross below InR = 0 and
the PA thereat, 978 kJ mol™, is far from the reference PA for this diamine, 1006 + 1
kJ mol”'. The lowest translational energy CID data of Siu et al.20 are also shown;
they are not colinear. We propose that much larger AS® and E.. effects are

operative, the latter may be as great as 32 kJ mol™.

As found in 1,2- and 1,3- analogues, the KER values for the metastable and
collision-induced dissociations of (CsH11)2NHseeH"eesNH,(CH;)sNH2, m/z 246 — m/z
89; m/z 246 — m/z 158, were measured. The MI fragmentations gave KER values
of 19, 19 meV and the corresponding CID KER results were 23, 39 meV,

respectively. Again failure to observe the presumably appreciable Erev in the

corresponding dissociation.

The results from these last three compounds illustrate the chief weaknesses
of the kinetic method, which clearly does produce reliable results but only when
entropies of activation and reverse energy barriers are negligible (as exemplified by
the homologous compounds described here). Note that a cross-over point at InR =
0 is not a guarantee that the PA thereat is correct. The effect of a reverse energy
barrier, which in principle could give too high as well as too low an observed PA,
cannot be discounted. That these difficulties arose for molecules having two proton

binding groups in fairly close proximity gives cause for alarm as to how these

192



problems will apply to simple biomolecules such as amino-acids, where carbonyl

and amino groups are both present.
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Table 7.4

Proton affinity values from the NIST database

and kinetic measurements from this thesis

PA PA PA
Compounds  (kJ mol™) Compounds  (kJ mol™) Compounds (kJ moi™)
NIST'98° NIST"98° NIST'98*
899+ 2 936+ 4° . 958
CH\NH S-C5H13NH2 NH("BU)Z 969 + 4°
912+2 923 981
Csz,NHz n-C7H15NH2 927i 4b NH(S-BU); (976 + 45)
n-CaH,NH; 918 +2 n-CeHi7NH; 929 NH(Pe), 971 £4°
s-CaH;NH, 924 +2 n-CoHigNH, 930+ 4° NH(Hex), 973+ 4
922+2 930 £ 2 952 +2
n-C‘HsNHz NH(Me)z 926 t 4c NHZ(CHz)ZNHz (950 t 4C)
. 925+5 942 + 7+
i-CHoNH; NH(Me)(E) 222 | NHy(CH.)NH; (331 : fc)
$-C.HsNH, 930+2 | NH(Me)n-Pr) 950:4° | NHxCH,)NH, 1006 +2
(979 + &°)
934 +3 952 + 4° 930 +2
t'CgHgNHz (930 + 45) NH(MB)(n'BU) CsHsN
<
NCeHiNH, 9242 | NHMe)n-Hex) 959%4 | CH.CH,NH, 93 |
923+ 4
neo-CsH, NH; 928 +2 NH(Et), 952+4 CesHsCH,CH,NH, 93335413
s-CsHuNH, 933+ 4° NH(n-Pr), 962+3 | CH,=CHCH,NH, 910=x2
938 +4 972+2
t’c5H11NH2 NH(S-Pr)z (968 t4€)
+ +2
n-CeHysNH, :3:;:; NH(n-Bu), 968

reverse energy barrier, see text for discussion.
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a) The uncertainty given for the PA is the spread of the values given in the NIST tables unless
otherwise indicated. Where no uncertainty is given, NIST quotes only one value; b) Measured from
their position on the InR vs. PA lines; c) Measured from the crossover points (see text). Values in
parenthesis should not be quoted as new PA values because of the possible involvement of the



Table 7.6 Product ion ratios for metastable and collision-induced dissociations

of the proton-bound dimers of n-alkylamines

C1 Cz n-Ca ﬂ-Cs ﬂ-C7
R MI 1000°
(CID) C; (8.2
InR": M
«€ID) sgi?z
R MI 91
©o)  n-Cy @n
InR"; M1
(D) 4@3
R: MI 9
o n-Cq @
InR": Mt
(CID) g?%
R M . 14.7
(CID) i-Cq (2.5)
InR": MI
(cio) g::gl
R: MI 335
(CID) n-Cs (3.5)
IﬂR'Z Ml 8
(CI0) 22
R M 126
€ neo-Cs 4.2)
InR* MI
(cio) ggiil
R M 68 22
(CID) n-Cs 4.9) (1.4)
InR*: MI
8.7 8.8
R SRS e B8 @6). o
R M 115 4
coy n-Cy (5.8) (.n
R M 92 9.4
o O e 2B @8).
R M 1.4
(CID) n-Cg (1.2)
InR*: M 9.8
(o) (2.9)
R M 2.3
co  n-Cg (1.2
InR*: M 10
(€10) (2_5)

R: the ratios for the compounds listed in the columns to those in the rows
R*®: ratios normalized to [C,HsNH,')

197



Table 7.7 Product ion ratios for metastable and collision-induced dissociations of

the proton-bound dimer of s-, t-alkylamines and other selected amines

n-C, n-Cy n-C, n-Cs n-Ce n-Cy n-Ca n-Ce s-Cy s-Ci¢ 5s-Cs t-Ce o8
R M 1.3 26" 53' 93! 24" 36.6"
(cD) $-Cs My @17y @Y @26Y @arh) @s)
R MI 300 5.8 24 1.3 32°
o) $-Ce (5.6) (15 (11 (1.2 (2.9)
R M 8.8 6.2 5.6°
coy s-Cs (24) (2.2 (1.9)
R M 50.5 144 92 49 32
i) $-Ce (4.5) 26) @1 (1.9 (1.3)
R MI 2321° 42 14 6.4 3.2 19
o) t-Ce 2} @ @2 @0 @68 (13
R MI 20.9°
oy tCs (2.9)
R M ] 18.3 25 15" 31 49" 59
) 1.8 (12) (3h) (1.8 (21" 3.3
R: MI - 75° 3 56°
o § (1.5) (1.1) (2.4)
R: MI 26" 1285
(CID) Srymcrcrywy 1 (5 5')
R MI 187 2.1° 16.8
e (3.3) @ (5.2)

R: the ratios for the compounds listed in the columns to those in the rows
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Table 7.8

for the proton-bound dimers of dialkylamines

Product ion ratios for metastable and collision-induced dissociations

NH(Me); NH(MeXE!) NH(Me)(n-Pr) NH(Et), NH(n-Pr); NH(s-Pr); NH(n-8u); NH(n-Pe)y NH(n-Hex);
RM NH(Me)EY) 1719
{CID) (6.‘)
R:MI  NH(Me)(n-Pr) 28 2584" -
ESNURUNUURUS USSR @5) (69" O
R:MI  NH(Me)(n-Bu) 205 5.5 1.9" 403" -
e @3 ! (9 N 62 O
R:MI  NH(Me)(n-He .
T e e k]
RM  NH(EtKn-B
g (Et)n-Bu) 23
R:MI NH(E!) 702
(CID) (51)
R: MI NH(n-Pr), 254 80" 392"
e e T I (6369
R:MI NH(s-Pr); 1512 14 52"
) @y 12 sy
R MI NH(n-Bu), - 3064 15 49" 19"
v USSR @) ©2) @8 (8 @6
R MI NH(i-Bu) 5247 325 1.1 34" 124"
O e ©8)  @N_ M (6" @4
R:MI NH(s-Bu), - 895 18.5 4
SR UUS RS RTNS SV UUR .. NUURY 3. JUUSTURRUUURURRRO @7 09
R:MI NH(n-Hex); 2.8
(CID) (1_‘)

R: the ratios for the compounds listed in the columns to those in the rows

199



Table 7.9 Product ion ratios for metastable and collision-induced dissociations

for the proton-bound dimers of dialkylamines and n-alkylamines

n-C, n-C, n-C; n-Ce n-C; n-Cq n-Cq t-C, O

R:MI 135 18 35 14 2" 5.5 8" 126" 22°
(cipy  NH(Me) -1 -1 -1 -1 -1
(44) (3.1) (2) (13) (1.1 (1.2 (1.3 (@16 (1.8

.........................................................................................................................

R: Ml
(CID) NH(n-Pr) (28) (21) (20) (16) (12.5) (11)
R: MI
coy eRR L sa) @) (3)  (32)  (24) (13)

R: the ratios for the compounds listed in the columns to those in the rows
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Chapter 8 Determining the proton affinities of nitriles by the

kinetic method

8.1 Introduction

The kinetic method was used to determine the proton affinities of
homologous alky! nitriles from CH;CN to n-CgH17CN. The available PA values for
these nitriles are only for five members of the series, i.e., CH3:CN, C.HsCN, n-

CsH7CN. i-C3H7CN and n-C4H9CN.

The recent experiments by McMahon et al! provided PA values for CH;CN,
C,HsCN, n-C3H,CN, and i-C3H;CN measured by the equilibrium method using high
pressure mass spectrometry with a sector mass spectrometer. In the same report,
the kinetic method was applied to these bases using metastable ion abundances to
investigate the relationship between ion source temperature and the ‘effective
temperature’, derived from the plot of in [B,H")/[BzH"] vs. gas-phase basicities of the
nitriles. The ‘effective temperature’ was found to be related to the measured ion

source temperature but in an unexpected inverse ratio.

Meanwhile, the term ‘effective temperature’ has been addressed in a recent
study in this laboratory? in which metastable and collision-induced dissociation
experiments were performed using a sector instrument. On the basis of the

experimental results, it was concluded that the ‘effective temperature’ is not likely to
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have any physico-chemical significance and that the kinetic method is no better than

a semi-empirical approach.

Despite the problems of the physico-chemical interpretation of results, the
kinetic method appears generally to be satisfactory for measuring thermochemical
properties. In this chapter, the method was used for the determination of the PA
values for homologous alkyl nitriles, using the results of McMahon' and other
literature data as reference values. Both metastable and collision-induced

dissociations of proton-bound nitrile cluster ions were studied.

It has been shown? that it is necessary to correct [B4H')/[B:H"] ratios
measured in collision-induced dissociations for contributions from metastable ion
fragmentations. This is achieved by using an electrostatically charged collision cell,
effectively separating the two types of dissociations in an ion kinetic energy
spectrum. When such corrections were fully applied, the [B+H")/[B2H"] ratios for
proton-bound primary alkanol pairs were found to be independent of target gas
pressure (provided muitiple collisions were not involved) and also of the target gas
itself. 2 Many studies using sector mass spectrometers reported in the literature do
not take such corrections into account. Indeed, without corrections, [B1H")/[B2H"]
ratios can appear to be significantly dependent on the nature of the target gas. The
CID results were remeasured by applying a positive potential to the collision cell

since the ‘mass discrimination’ will result in incorrect ratios.
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The purpose of the present work was to try to repeat the McMahon results’
using a sector mass spectrometer, to compare MI and CID processes, and also to

estimate PA values for other homologous nitriles.

8.2 Resuits and discussions
8.2.1 Metastable ion and collision-induced dissociation experiments

The MI and CID mass spectra of the proton-bound dimer ions showed that
both spectra are dominated by production of the two protonated monomers; other
fragment ion abundances were negligibly small. The Mi and CID lines cross very
near to InR = 0 and give a PA of 781 kJ mol™, within experimental error the same as
the reference value for CH1CN, 780.4 kJ mol™'.3 The fact that the cross over point is

close to InR = 0 axis is in keeping with the requirement that In(Q;*/Qx") is zero.

As has been found for alkanol proton-bound pairs2 and also for amines,4.5
the [B,H')[B;H"] ratios were independent of ion source pressure for both Ml and
CID processes. The ratios from CID experiments were always smaller that those
from MI results alone. This is compatible with a much greater internal energy range
being observed for the former dissociating ions, where the observational time-frame
is from the collision (time zero) to the ions’ exit from the field-free region (us). The
narrow internal energy range sampled in the Ml experiment has been discussed in

detail elsewhere.2
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At low ion source pressures (ca. 1x10”° mb) as much as 10% of the [B1HB,]"
ion flux was metastable, whereas at high source pressures (ca. 1x10* mb) the
fraction was 2% or less. Within these limits the product ion ratio was therefore
independent of the fragmenting ions’ internal energy. The same effect has been
observed for protonated alkanol pairs2 and amines, 45 with no change in

[B4H'Y/[B2H"] from > 20% to < 1% dissociation of the adduct ion.

The kinetic energy releases for the metastable ion fragmentations were, as
expected, smaller than those for the CID dissociations. For example, for the
(C2HsCN)H*(n-C4HoCN) pair KER values for the production of C;HsCNH® were 20
meV (Ml) and 56 meV (isolated CID) and for n-C4HsCNH" were 22 meV and 40

meV, respectively.

The results are presented in Table 8.1 and are shown in graphical form in
Figure 8.1. The vaiues were obtained in a ladder fashion, pairing the following
nitrles to produce the results shown in the Table, C.HsCN/CHiCN, n-
C3H7CN/C2HsCN, i-C3H7;CN/C2HsCN, n-C4HgCN/CoHsCN, i-C4HgeCN/C2HsCN, n-
CsH11CN/n-C4HaCN, n-CsH11CN/C2HsCN, n-CgH13CN/n-CsHy1CN, n-CeH13CN/n-
C4HgCN, n-CgH13CN/n-C3H;,CN, n-C7H,sCN/n-CgH13CN, n-CgH17CN/n-C7H1sCN.

The reference PA values used are the average of those reported by

McMahon' and the selected values in the NIST compilation.3 Using the above

reference data, new PA values derived from MI and CID measurements for five
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nitriles are given in Table 8.2. Also shown in Figure 8.1 are the abundance ratios
from the results of McMahon.! The adduct ions in McMahon's ion source were in
thermal equilibrium with their surroundings. At the quoted ion source temperatures,
ranging from ca. 300 to 580 K, only ions at the highest temperatures should have
been discernibly metastable. The [RCNH*NCR] bond strength€ is ca. 125 kJ moi™
and with an Arrhenius A factor of 10™ s, only about 0.4% of the ions at 580 K
could be metastable. in view of the good fit of their data on Figure 8.1, it seems
highly likely that the dissociations observed by them resuited only from CID
processes. Thus the ratios from their Mi observations were actually the results of
residual collisions in the FFR and they, of course, were subject to change with the

background pressure in the FFR.

A temperature dependence test was performed using the proton-bound pair
of n-C4H¢CN and C,HsCN over the range of 323 to 523 °C by using the ZAB mass
spectrometer. it was found that the ratio, [n-C4HgCNH'J/[C.HsCNH"], was constant
at 87.3 + 5.0. Therefore, there was no correlation between Ter and ion source

temperature.

As pointed out previously,2 the quantity Ter does relate to the internal energy
of the fragmenting ions but for metastable ions it is clearly not a temperature in the
thermodynamic sense. A similar problem arises from the collisionally activated ions.
The term ‘effective temperature’ does not apply to the behavior of both metastable

and collisionally excited ions. If indeed, the slopes of any of these lines cannot
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legitimately be quantitatively related to a real temperature then secondary
estimates, such as attempts to identify entropy effects cannot properly be made.”8
Moreover, the entropy term, A(AS®), derived by taking the slope (Terr) and intercept

of the InR vs. PA plot has been so far incorrectly ascribed to relative entropies of

protonation.

With regard to the CID experiment, it is highly recommended that a positive
charge be applied to the collision cell in order to preclude the possible discrimination
against the low product ions. The problem of less secure PA values for the higher
homologues obtained in the CID experiment vanishes because of utilization of such
practice. The extreme example for this case is the proton-bound dimer of n-
CsH11CN and CoHsCN, the CID branching ratio drops from 46.5, which is anomalous
for the whole series, to 6.3 with switching the polarity of the potential applied to the
collision cell from negative to positive. The kinetic energy for the low fragment
(C2HsCNH*) is 2928 eV which is low enough to suffer from discrimination against

the low fragment ion.

An interesting phenomenon observed in the experiment is that the
dissociation leading to protonated CH3CN is extremely sensitive to collision gas and
thus the ratio of [C;HsCNHJ/[CH:CNH'] becomes variable because of the residual
background in the FFR. The shape of the metastable peak appears composite with
a Gaussian peak atop a broad base. With the introduction of the collision gas, it

becomes Gaussian (see Figure 8.2). The ratio was then measured by extracting
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height from the top component of the composite peak for protonated acetonitrile

relative to the that for protonated propanenitrile.

Several gases (Ar, Xe, Oz) other than He were used in the CID experiments
in order to investigate target gas effects.? Table 8.3 shows that the corrected CID
ratio for the [n-C4HsCN-H’-C,HsCN] ion pair is aimost independent of both the target
gas and its pressure. For He, essentially single collision conditions exist up to ca.
107 mb and to ca. 3x10” mb for the other gases. Under muitiple collision conditions
(1x10° mb He corresponds to more than 50% beam reduction), the mixed CID
ratios became unreliable owing to secondary fragmentations. In general, target gas
effects are indeed very small when full corrections are made for metastable ion

contributions.

In summary, the kinetic method allowed the measurement of PA values of a
series of homologous nitriles. The proton affinity values from metastable and
collision-induced dissociation are in good agreement only when care is taken to

avoid possible discrimination effects.

8.3 Future work

In the light of the successful application of the kinetic method to the simple
alkyl nitriles, a continuing interest will be the PA values for substituted nitriles such
as halogenated nitriles. For the halogenated nitriles, only CICH.CN has a PA value

in the NIST database. A recent paper by Wenthold'? determined the proton affinities
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of bromo- and iodoacetonitries using a flowing afterglow-triple quadrupole
apparatus. The branching ratios for dissociation of proton-bound dimers were
measured for collision energies ranging from ca 2 to 5 eV (center-of-mass energy).
Analysis of the CID branching ratios over the collision energy range gave PA values
for these two species of 179.8 and 182.9 + 1.6 kcal mol™', respectively. Irrespective
of the method used to obtain these values, the uncertainty of assigning Ten (ca.
40%) can resuit in errors of ca. 1 kcal mol™ for the uitimate PA data. The reliability of
these values for bromo- and iodoacetonitriies could usefully be confirmed by

carrying out metastable and isolated CID experiments in a sector mass

spectrometer.
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Table 8.1  [B,H')/[CH3CNH"] ratios (R) in the metastable ion (Mi) and collision

induced dissociations (CID) of proton-bound nitrile cluster ions

C1 Cz n-C3 n-C4 n-Cs n-Cs I'I-C7
R M 687
{cio) C. (5.5)
InR*: Mi 6.5
(CID) un
R MI 1 18.4
(i) n-Ca 3.0)
InRe: M 9.5
{CiD) (2.8
R Mi . 102
(CI0) i-Ca 4.5)
InR*: M 11.2
(cio) 3.2)
R MI 87.3
(cio) n-Cy @.5)
nR": Mi 1.0
(i) 3.2)
R MI ; 154
(CID) -Ca (5.5)
InRe: M 11.8
(CiD} (3.9)
R MI 244 24
{CID) n-Cs (6.3) (1.4)
n R%: M) 120 1.9
{CID) (3.5) (3.6)
R M 0.6 43 1.8
{CID) n-Ce (3.1) (1.9) (1.3)
n Re: M1 125 125 125
{cio) (3.8) (3.8) (3.8)
R M .7
(ci0) n-C7 (i
tn Re: M 13.0
(CID) (3.9)
R MI 15
(o) n-Cs 11
nR: M 134
() (4.0)

R: the ratios for the compounds listed vertically to those in the row

R*: ratios normalized to [CH3CNH"]
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Table 8.2 New PA and reference PA data for the nitriles

PA? PA° PA
R - (romNIST) ... from McMahon) | fromimawer

CH4CN 779.2 781.6 780.4°
Comen | tesn s roaz
""" T e
Cicsen | ess w2 .
""" T N
Cewen | st
Ceewen | soagt
Ceeen | 54
Teomen | w62
Tackeen | w68

(a) NIST compilation (1998)3

(b) McMahon's data’

(c) average PA values from McMahon' and NIST3
(d) new PA values from Figure 8.1
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Table 8.3  Target gas effect on the dissociation of the proton-bound
dimer of n-C4HsCN and C,HsCN
P He (o) Ar Xe
X1° | 2 5 8 15 50 10010 20 40 200 |25 50|15 80
Reo |51 45 45 45 45 41 |44 41 41 39 {43 43|40 39
Rwe |35 18 12 10 7 6 |19 12 9 6 [13 10|34 12
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Figure 8.2 (A) Composite metastable peak in the dissociation of C,H,CNH"..CH,CN into
CH,CNH’ in which a Gaussian peak atop a broad base; (B) A Gaussian peak
with a small introduction of collision gas (He)

229



Chapter 9 Gas-phase molecular and molecular pair proton

affinities of alkanols

9.1 Introduction

The kinetic method was used to evaluate proton affinity values for alkanols.!
The proton affinity value for n-butanol was revised from 789.22 to 793.7 kJ mol™,
and new PA values were estimated for n-pentanol (796 kJ mol™), n-Hexanol (799 kJ

mol™"), n-Heptanol (800 kJ mol™') and n-Octanol (800 kJ mol™").

In this Chapter it is described how the kinetic method was extended for
determining molecular-pair basicity (MPGB) and proton affinity (MPPA) values,
which were investigated through a study of proton-bound alkanol trimers. Since
molecular-pair proton affinity and basicity values were not available, it was

necessary to establish a set of data for the reference bases prior to actual

measurements.

The competitive dissociations of proton-bound trimers, i.e. three independent
units bound together by a single proton, were studied under Mi and CID conditions

in order to determine the relative MPPA values. Simple n-alkanols were selected as

monomer units and used as a test case for the studies of biomolecules.3

The proton-bound trimers containing two different simple alkanol molecules,

abbreviated as A and B, showed that their competitive fragmentations (9.1 and 9.2)
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leading to proton-bound dimers, A;H* and ABH", were dominant processes in both
Ml and CID regimes. Further dissociations do occur to a minor extent and therefore,
in order to estimate the rate constant ratio, ki/k2, it was necessary to “add back” the

abundances of secondary fragments to the abundances of the parent dimers.

AH + B 9.1

ABH' + A 9.2

If the kinetic method is applied to such reactions, then using the same
assumptions as those for proton-bound dimers, equations 9.3 and 9.4 can be
obtained. Since the kinetic method is based on the assumption that entrcpy effects
are negligible, it is best used for pairs of homologous compounds having similar size
and functional groups.

+ * -
ki (AH] _Qff MPPA(A;)-MPPA(AB)

ko [ABH']/2 = Q)* RTes

9.3

_ MPPA(A;) -MPPA(AB)
- RTef

94

The molecular pair proton affinity (MPPA), is defined as the negative of the
enthalpy change on addition of the two molecules to a proton (reactions 9.5 and

9.6):
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A+B+H ABH’ 9.5

A+A+H

AMH® 9.6

MPPA(AB) = AH(A) + AHO(B) + A(HO(H" ) - A(HO(ABH*) 97

MPPA(A, ) = 2A¢HO(A) + AHO(H™ ) — AfHO(AH™) 9.8

The factor of 2 in equation 9.3 is because the possibility for loss of A is twice

that for loss of B. Ter is the effective temperature of the activated trimer ABH".

The objectives of this study are to set up MPPA values for the molecular
pairs and use them to derive the MPPA value of an unknown and thus get an overall
picture for the dissociations of larger proton-bound adduct ions. The significance of
such an investigation is that such cluster ion studies help to bridge the gap between

the gas and condensed phases and in probing the details of molecular interactions.

9.2 Results and Discussion
9.2.1 Proton-bound dimers

Preliminary experiments' with a wide range of primary, secondary and
tertiary alkanols showed that for the latter two classes of compounds the Ml mass
spectra for (R1OH)H'(R.OH) were often dominated by processes other than the
dissociation to R,OH," and R;OH," (mainly olefin eliminations). The primary

alkanols are not so disposed and the competing reactions provided the major
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signals in the Ml mass spectra. However, the Ml mass spectra of the higher
homologues also showed a weak (<10%) water loss signal. Figure 9.1 shows the Mi

and CID mass spectra of the proton-bound dimer of (C2HsOH)H"(n-C3H;OH).

Ratios relative to C;HsOH," are given in Table 9.1 and the corresponding plot
of InR vs. PAs is shown in Figure 9.2. The PA values for n-C3H;OH and i-C4sH;OH
are provided by the NIST database2 and the revised and new PA values for n-
CsHgOH, n-CsH11OH, n-CgH130H, n-C7H1sOH and n-CgH47OH are derived from the
plot. The cross-over point of Mi and CID lines gives the PA value for C,HsOH, 775

kJ mol™', in good agreement with the NIST value,2 776.4 kJ mol™.



Table 9.1 Results for proton-bound dimers of alkanols

C. n-C; n-Cs n-Cs

..................................................................................................................

R: ratios for the compounds in the columns to those in the rows
R*: ratios normalized relative to [C:HsOH>"]
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A
n-C,H,OH,’
Cszon' [Dimer—HzO]
47 89
A - A —
61
B
{61°-H,0}
43
47
[47"-H,0]

29 89

Figure 9.1 (A) MI mass spectrum and (B) CID mass spectrum of (C,H,OH)H"(n-C,H,0H)
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9.2.2 Proton-bound trimers

The MI and CID mass spectra of proton-bound trimers of n-alkanols were
both dominated by the production of proton-bound dimers; secondary
fragmentations only occur to a small extent in the CID experiments, and were taken
into account when measuring the ratios. Figure 9.3 shows the Ml and CID mass

spectra of the proton-bound trimer of (C2HsOH),H*(n-CaH;0H).

For a series of A;BH® ions having a common functionality, then the ratios of
InfAz:H'J/[AB], InR, relate linearly with the [MPPA(A;) - MPPA(AB)J/RT with the
same assumptions as those for the proton-bound dimers. The plot of InR vs. MPPA
of a series of reference pairs gives a straight line with a slope of 1/RTex. If the
measurements were made in both Ml and CID conditions, then the cross-over point
of the Ml and CID lines should give the MPPA of the unknown. However, the

measurements are not complete without MPPA values for the reference bases.
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Figure 9.3 (A) MI mass spectrum and (B) CID mass spectrum of (C,H;OH),H’(n-C,H,OH)
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9.2.2.1 MPPA values for symmetric and unsymmetric dim

MPPA values for symmetric and asymmetric dimers can be obtained using

the thermochemical cycle shown in Scheme 9.1.

MPPA

A+B(orA) +H’ AH'B (or AH'A)
PA(A) D(AH"-B) or D(AH"-A)

AH* + B (or A)

Scheme 9.1
MPPA(AB) = D(AH" -B) + PA(A) 9.9
MPPA(A,) = D(AH" - A) + PA(A) 9.10

McMahon examined the solvent-exchange equilibra of nearly 30 oxygen n-
donor bases including alkanols and ethers, aldehydes and ketones, carboxylic acids
and esters and obtained a linear correlation (equation 9.11) between the strength of
the hydrogen bond in unsymmetric proton-bound dimers and the difference in

proton affinity of the two bases.4

D(AH*-B) = 30.8 + 0.46APA (kcal mol™) 9.11
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where APA = PA(B) - PA(A). The value of 30.8 + 2 kcal mol™ is the average
hydrogen bond energy in symmetric proton-bound dimers regardiess of the
functional group involved or the gas-phase basicity. The PA data were taken from

references 5 and 6.5.6

However, if one uses the most recent PA values in the NIST database? and

our experimental measurements!, and rejecting the points giving the poorest
correlation, a new relation (equation 9.12) is derived which is similar to Mautner's

equation’, D(AH*-B) = 30.4 + 0.30APA,

D(AH"-B) = 30.8 + 0.34APA (kcal mol™') 9.12

The plot to give equation 9.12 is shown in Figure 9.4. Table 9.2 lists McMahon's
data,4 AH; and AH, obtained by measuring solvent-exchange equilibra (9.13 and
9.14), and PA values taken from the current NIST database2 and our experimental

measurements.! Tables 9.3 and 9.4 are the calculated resuits for D(AH'-B) and

MPPA.

AH,

AHA' + B AHB® + A 9.13

AH,
AHB' + B

BHB® + A 9.14
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Table 9.2 Thermochemistry of proton-bound dimers of oxygen donor bases

A B AH,? AHZ® APA
.......................................................... almor? | Kealmoll  kealmall |
CH3;0H C2HsOH 2.3 2.4 53
"""" chon nCson 08 a1 24
"""" Coon  noMOM a1 a3 a1
ChomoH  ncwoH a1 02 v
omon om0 a0 s e
Chomon @m0 03 o4 5
"""" CHco (GHICHICO a2 A0 38
"""" crco @0 a6 40 38
"""" chaco  ©Hco a8 a1 s
CGhacmco GHaco a7 o7 23
cwmo | cemco o5 o1 20
hao | ooH0 a1 08 23

a) see ref.4; b) see ref. 1 and 2
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AD, kcal/mol

6 8
APA, kcal/mol

Figure 9.4  Plot of AD (D(AH'-B) - D(AH"-A)) vs. APA (PA(B) -PA(A)). Points
in the upper right quadrant are -AH, values from Table 9.2; points
in the lower left quadrant are AH, values from Table 9.2. Closed
circles (solid line) use NIST PA data as x values; open circles
(dashed line) use PA data from references 5 and 6 as x values.
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Table 9.3  Thermochemistry of ethanol solvation of protonated alkanol ions
AH" + C;HsOH — AHC,HsOH
AH """""""""""""""""""""" DAH'CHOHP
(kd mol™")
CH30H;" 136
"""""" GHore T e
.......... n-C3H7OH2 125
.......... n-C4H90H2 123
kon | 22

a) calculated from equation 9.12

Table 9.4 MPPA data for symmetric and asymmetric alkanol pairs
MPPA(Az)? B = C;HsOH MPPA(AB)?
A (kJ mol") A (kJ mol™)
CH3;OH 883.3 CH30H 890.3

"""" cronTaosa | ncawon  ems
"""" noron T Tass | ncHon  oter
"""" vomon et | ncwon o180
Tacwmon | Tese T

a) PA values are adopted from the NIST database2 and our experimental

measurements.
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The MPPA values generally parallel the PA values and MPPA(AB) data lie
between MPPA(Az) and MPPA(B.). Like PA data, the MPPA for homologous series
change smoothly with the alkyl chain length, becoming asymptotic at high molecular
weight (see Figure 9.5). The slope for MPPA(AB) is less steep than MPPA(A2). This

plot can help to estimate the MPPA value for a missing member among the series.

9222 Experimental dat

Since secondary decompositions leading to the protonated monomer are
normally observed as minor peaks under CID condition, when calculating
In[ABH')/[A2H"], the sum of the abundances [ABH" + BH"] and [AH® + AH"] were

used. Results for Mi and CID experiments are shown in Table 9.5.

Two series of trimers, AB;H" and ABH' (where B = C,HsOH, A are
homologous n-alkanols from CH3;0H to n-CsH,,OH) were observed under M| and
CID conditions. The corresponding plot is shown in Figure 9.6. The lines cross at

MPPA = 906 kJ mol™' corresponding to the MPPA (C2HsOH)..

244



Table 9.5 Ratios (R) in the metastabie ion (MI) and collision induced

dissociations (CID) of proton-bound allkanol trimers

B,AH"
B = C,HsOH A

CH,0OH 249

R = [B;H')/[ABH"] (1.6)
n-CsH,OH 19.1"

R: MI (37

(CID) n-C4HsOH 87"
(4.8")

n°CsH11OH 1 98.1
(5.9")

A,BH"
B = C,HsOH A

CH,0OH 2417
R = [A:H'J[ABH'] 6.7

n-C3H7OH 3.8
R: MI (0.85)

(CID) n-C4HgOH 9.7

(1

n-C5H11OH 16.2

(1.3)
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Figure 9.5 MPPA values as a function of size (No. of atoms)
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9.2.3 Potential diagram for the unimolecular dissociation of a proton-bound dimer,

trimer and tetramer

A simplified potential energy diagram is used to demonstrate the
relationships between the various dissociation channels (Figure 9.7). A indicates the
difference in bond dissociation energies between the two channels. Thus A; = Dy -
D, = PA(A) — PA(B), D1 and D; are the bond dissociation energies of ABH", A, = D3
- Ds = MPPA(A;) — MPPA(AB), D3 and D, are the bond dissociation energies of
A;BH* and A; = Ds — Dg = MTPA(A;3) - MTPA(A:B), Ds and Ds are the bond

dissociation energies of A;BH’. MTPA represents Molecular Triplet Proton Affinity.

The order A, > A; > Az is expected. This can be understood from the fact that
as the number of ligands A bonded to H* increases, both D(A,H"-A) and D(A.1BH"-
A) decrease and the difference between them tends to zero. Note that molecule A

has a higher PA than molecule B.
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Figure 9.7 Potential energy diagram for a proton-bound dimer, trimer and tetramer
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9.3 Thermodynamics of cluster reactions

The clustering of molecules around ions provides information on the strong
(inner shell) solvation of ions.8 The thermodynamic data, i.e., AG°.1.n, AH%.10 and
AS°n.1n, Obtained from the measured temperature dependence of equilibrium
constants K1, are of interest to the field of ion solvation in condensed media® and
theoretical attempts to describe this solvation by quantum mechanical calculation of

the binding of a few solvent molecules to the ion.9.10 Examples of equilibrium

determinations are shown as reactions 9.15 and 9.16.

HyO*(H,0).s + H0 =——= H;0"(H,0), 9.15

NHs'(NHg)oy + NHy = NH,"(NH;), 9.16

Equilibrium constants K,.;, were measured according to equation 9.17.
P./P..; are observed ion intensities for H30"(H20)n.1 and NH,;*(NH3)n.1. Py are partial
pressures of neutral molecules such as H,O and NH;. van't Hoff plots of Kn.1n

against 1/T give AH°.1, and AS°,.1,» from which AG°,.1» can be derived.

Kn_1 n = 9.1 7

Pn—1ﬁl

The plot of -AH%,.1, vs. (n-1, n) illustrates the energy changes for reactions

(n-1,n) which are shown in Figure 9.8. For H30*(HzO)x, there is a distinct break after
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-AH®; 3, i.e., -AH°; 4 is significantly lower than -AH°; 3. There are two falloff points in
the bonding energies: after the dimer H30"eH,0 and after H30"¢(H20);,! the Eigen
structure which represents the complete inner shell. The pattern of changes for

NH, (NH3)s!1 is similar, but now the second falloff occurs after NH,'(NH3)s, i.e., the

complete inner shell for the ammonium ion.

The bond dissociation energy of the nth neutral molecule to the core ion is
remarkably constant irrespective of alkylation,'2 For example, ROH,"(ROH), and
RNH;"(RNH;) (R = n-CnHzne1), <AH%1 2 = 21 kcal mol* for the former and -AH°;2 = 16
kcal mol”' for the latter, which correspond to the values for HiO*(H:0), and
NH,*(NH3), clusters. These results show that the binding energy to the core ions is
not affected by alkyl substitution. If hydrophobic interactions did occur, they could
increase the binding energies but would also cause significant entropy loss. The
absence of such effects suggests that the inner shell ligands are purely hydrogen
bonded to the core ions and the alkyl groups are oriented away from the hydrogen-

bonding centers and also do not interact with each other.

Bonding to the core ions in the protonated organics appears to be dominated
by distinct ionic hydrogen bonds and alkyl group interactions do not contribute
significantly. it would be of much interest to extend thermochemical studies on
organic molecules to even larger clusters, but equilibrium studies are limited. New

methods13.14 applied to organic clusters should reveal rich and complex behavior.
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Figure 9.8 -AH°,,,,_,, vs. n-1,n for H;0"(H,0), and NH, (NH,), cluster ions
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S-1 The vibrational frequencies used for k(E) curves of Figure S-2

Species Harmonic vibrational frequencies (cm™)

6, 58, 79, 112, 166, 248, 268, 439, 481, 510, 855, 916, 1047,
Molecular ion (48) 1062, 1086, 1100, 1105, 1118, 1322, 1351, 1358, 1476, 1481,

1539, 1581, 1608, 1632, 1633, 1646, 1652, 1662, 1757, 1832,

1846, 1895, 2984, 3219, 3227, 3283, 3285, 3297, 3310, 3311,
(CHaNH)H"(C.HsNH;) 3344, 3677, 3705, 3747, 3778

4, 35, 47, 67, 100, 268, 439, 481, 510, 855, 916, 1047, 1062,
TS® (47) 1086, 1100, 1105, 1118, 1322, 1351, 1358, 1476, 1481, 1539,
1581, 1608, 1632, 1633, 1646, 1652, 1662, 1757, 1832, 1846,
1895, 2984, 3219, 3227, 3283, 3285, 3297, 3310, 3311, 3344,
AS*=0.4 Jmol' K 3677, 3705, 3747, 3778

a) The scaling factor is 0.6 and the vibrational frequency that most closely matches
the dissociation reaction (248 cm™) is rejected.
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S-1 Seleted geometric parameters for the proton-bound dimer (CH,CH,NH,)H’(CH;NH,).
Bond lengths are in angstroms.
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E (internai energy), eV

S-2 Logk vs. E curves for two simple bond cleavage reactions.
The curves were generated using the standard RRKM expression.
The model compound used to generate the curves was the proton
-bound amine dimer and the vibrational frequencies were from ab

initio calculations.?

257



Claims to original research

1. Appearance energy measurements were used to determine the AH° values for
(CH3)2C°NH,, CH,=CHCH," and *CH:NH, ions. The literature value for

(CH3).C"NH. was too high and needed to be revised.!

2. A mass spectrometric study of immonium (or oxonium) ions showed that they
interconvert freely at internal energies near their dissociation limit, on the basis
of their having very closely similar fragmentation patterns and KER values but
slightly different product ion abundances. The possible fragment ions’ structures
produced by these immonium (or oxonium) ions were assigned by observing

their corresponding CID mass spectra.

3. Kinetic energy release (KER) values for the methyl loss from the ionized simple
amines were used as a probe to elucidate their a-cleavage reaction mechanism.
To account for the large KER value for t-butylamine, an ion-neutral complex was
proposed as intermediate species which was separated from the molecular ion
by a large energy barrier, as confirmed by ab initio calculations.2 In contrast, the
a-cleavage reaction for the ionized isopropylamine was found to be a simple

bond cleavage process.

4. The systematic study of the kinetic method has been carried out by observing a

wide variety of proton-bound pairs consisting of amines,34 nitrilesS and
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alkanolsé using tandem mass spectrometry. Results were obtained for other

selected amines. New or revised PA values were given to the species whose PA

value are either wrong or not reported in the current NIST database.”

. The general effects expected from non-zero entropies of activation are described
in terms of how they influence log k(rate constant) vs. E(internal energy) plots for
such competing dissociations. For these homologous series such effects were
observed to be minimal and the kinetic method well renroduces most of the
reference PA values. However, it is possible that small reverse energy barriers
(ca. 5 kJ mol') may in some cases be identifiable by the kinetic method, in
particular for t-CsHgNH,, the homologous di-n-alkylamines and possibly larger

barriers for di-sec-alkylamines.

. Results have also been obtained for some bidentate species such as 1,2-, 1,3-
and 1,4-diaminoethane, propane and butane, respectively.4 Particular attention
was given to the effects of activation entropies, AS*, and the presence of reverse
energy barriers, E., both of which are here a significant problem for the kinetic
method. The results indicate that similar difficulties may apply to biomolecules
and that PA values for such species obtained by the kinetic method may be

flawed.

_ The kinetic method was extended to determine molecular-pair proton affinities

(MPPA), which were investigated through a study of proton-bound alkanol



trimers. Since these values were not available, it was necessary to establish a

set of data for the reference bases.8
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