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1. Introduction 

Understanding the mechanism of ion dissociation and the major processes 

that influence the ion intensities observed in mass spectrometry is 

fundamental to advance many fields of chemistry. During my Ph.D. 

research, I investigated several systems to determine the fundamental 

properties of dissociating ions, such as the initial internal energy distribution, 

and the effective temperature that describe the initial state of the molecular 

ion. These parameters, and a carefully constructed framework to describe 

how they change in the mass spec experiments allows an accurate 

calculation of the basic features of the mass spectrum, such as ion 

intensities, and – in the case of metastable decays – peak widths. For this 

latter, my aim was also to model the kinetic energy release (KER) and kinetic 

isotope effect (KIE) in the dissociation of protonated dimers and clusters. 

All of these carefully chosen model simulations also helped to improve our 

RRKM-based program package, MassKinetics so that, in the immediate 

future, it can be used to model a wide variety of systems with close-to-

experimental accuracy. 

The studied systems can be categorized into four groups: the dissociation of 

a) protonated alkylamines; b) protonated benzlypyridines, and protonated 

aromatic benzoic esters; c) protonated methanol clusters; and d) the most 

commonly used protonated oligopeptide, leucine enkephalin was 

investigated. The experimental results were taken either from previous 

publications or were obtained in our research group. As the principal theme 

of my graduate research was the modeling of mass spectra, this thesis was 

structured from the modeling point of view: the results were categorized 

into four subchapters: a) modeling ion energy distributions at different 
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stages of the dissociation processes of various model systems; b) modeling 

the kinetic energy release for protonated alkylamine and protonated 

methanol cluster systems; c) calculation of the kinetic isotope effect for 

protonated alkylamine systems; d) re-evaluation of the previously published 

experimental data of protonated leucine enkephalin.  

2. Results and Conclusions 

2. 1. Calculating Internal Energy Distributions 

It is widely accepted that the internal energy and its distribution play an 

important role in shaping the spectrum in any mass spectrometry 

experiment. Therefore, as the first step in my studies, the internal energy 

distribution was examined using model compounds: protonated 

benzylpyridinium and protonated benzoic ester ions in an electrospray 

ionization source. These molecules are often used to determine the energy 

profile of a mass spectrometer because they readily yield very accurate 

experimental data for the modeling calculations, and for this reason they 

were chosen for our MassKinetics studies. In my thesis work, I have 

modeled the internal energy distributions of the protonated alkylamine 

dimers from two different experimental setups. 

These ions dissociate through a loose transition state and the intensity ratio 

of the two possible fragment ions can be used to determine the dissociation 

energetics. The experimental ion intensities were used to determine the 

survival yield (SY), and the correlation between the critical energies and the 

transition states was investigated: the logarithm of the SY was found to be 

proportional to the logarithm of the critical energy in the case of the 

benzylpyridinium salts. However, the correlation was less pronounced for 



 4

the protonated benzoic ester ions. Therefore, the degree of fragmentation of 

the different substituted benzylpyridinium ions varies due to changes in the 

critical energies, whereas in the case of the protonated ester ions, it is the 

different transition states that lead to the different degrees of fragmentation. 

The survival yields were then used to determine the corresponding 

characteristic temperatures. Using these, the internal energy distributions 

were calculated and it was found that they closely resemble thermal energy 

distributions. My calculations gave very similar internal energy distributions 

for the various substituted benzylpyridinium and benzoic ester ions, and 

there was no significant difference between the average internal energy 

distribution of the protonated benzylpyridinium ions and that of the benzoic 

esters, either. These results conformed the previous assumption that the 

electrospray ion source produces roughly the same initial internal energy 

distributions for systems with similar degrees of freedom. 

The effect of the collisions was demonstrated by calculating the thermal 

energy distributions at an initial 353 K temperature plus either 20 or 40 

collisions in the source and it was found that the internal energy distribution 

can be reproduced by a thermal distribution calculated at higher 

temperatures (790 K, and 1210 K, respectively). The effect of the cone 

voltage on the mean internal energy was also studied for both sets of the 

precursor ions, and an excellent linear relationship was found regardless of 

the ion structure.  

Dissociation rate curves were calculated as a function of the internal energy 

and the appearance energies were determined to demonstrate the kinetic 

shift in the modeled experiment.  

In the case of the protonated alkylamine dimers, results from two different 

experimental setups were taken from the literature – using a high-pressure 
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and a low-pressure ionization source – and MassKinetics calculations were 

carried out to explain the significant difference in the experimental results. 

In the case of the high-pressure experimental setup, the experimental results 

were successfully modeled assuming thermal internal energy distribution. 

The effective temperatures (Teff) were determined from the measured ion 

intensity ratios (IH/ID = KIE) based on the kinetic method. In the case of 

low-pressure ionization source, the experimental and calculated Teff and the 

ion ratios were significantly different; hence the assumption of the thermal 

distribution of the internal energy was refuted. The internal energy 

distributions were examined in detail, and, based on the experimental data, it 

was concluded that a) there is a high fraction of high-energy ions, leading to 

high fragment ion abundances, while at the same time, b) the effective 

temperature is low, i.e. the energy distribution are very narrow above the 

fragmentation threshold to account for the findings with help of the kinetic 

method. 

It was also confirmed that the source temperature does not have a large 

effect on the observed Teff and KIE, because the tail of the thermal 

distributions corresponding to the source temperature is similar above the 

fragmentation threshold. However, a lower source temperature results in a 

reduced fragment ion yield due to the smaller tail of the distribution that 

stretches above the fragmentation threshold. 

Finally, the internal energy distribution of the fragmenting ion population 

under mass spectrometric conditions was compared to the internal energy 

distributions of ions fragmenting under thermal, equilibrium conditions 

(high-pressure limit). The two internal energy distributions were found to be 

similar at many temperatures for many of the studied systems. The roughly 
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similar shape of the calculated internal energy distributions serves a good 

qualitative support for the kinetic method that was used in this research. 

2. 2. Modeling Kinetic Energy Release 

Results from metastable ion measurements were used to model the kinetic 

energy release of protonated alkylamine dimers and protonated methanol 

clusters.  

Statistical energy partitioning was assumed for both examined systems and 

the modeling results were found to be in excellent agreement with the 

experimental results, which show that the metastable peaks can be fitted 

with a single Gaussian function. The model calculations showed that 

KER(D) is similar to a Maxwell-Boltzmann 3-D distribution that is, the 

KER is due to a three dimensional translational motion, which is still a 

matter of debate in the literature. 

Based on the results that the KERD is three dimensional, the mean kinetic 

energy release, <KER> was determined both from the metastable peak, and 

was connected to Teff using the simple relationship of <KER> ≈ 3/2 kBTeff. 

The observed agreement between the experimental kinetic energy release 

and 3/2 kBTeff yields further proof of the three dimensional KER 

distribution. It is important to point out that in this calculation the Teff and 

the KER data came from separate studies, the parameters used in the 

modeling were measured and calculated independently.  

In the case of the protonated methanol clusters, low-temperature FAB 

technique was used to produce protonated methanol clusters and the KER 

processes were studied by recording the metastable water loss of the 

selected clusters. KERD curves were calculated and the distribution shapes 
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were examined and compared to 2-D, 3-D and 4-D Boltzmann 

distributions. Mean KER values, <KER>, were found to increase sharply 

with increasing cluster size for n = 1 – 7, and level out around octamer size. 

Transition state temperatures were determined using equations from three 

different methods: an equation describing Boltzmann distribution; an 

equation describing the <KER> of a thermal system; and an equation 

describing the FHBT.  The temperatures determined by the three different 

ways are very similar and found to increase with cluster size: the maximum 

value of <KER> was about 25 meV, with a T# of 210 K. These results 

assert that the product energy distribution can be described statistically with 

3-D translation. Also, with increasing cluster size, the temperature of the 

transition state becomes approximately equal to the internal temperature of 

the cluster. This in turn applies that the internal energy of the methanol 

clusters is rather low, at 210K.  

KER curves were also studied using MassKinetics, reproducing the 3-D 

curves; and the calculated mean KER values showed similar increasing 

tendencies with increasing cluster size. 

2. 3. Modeling Kinetic Isotope Effect 

The dissociation of protonated alkylamine dimers were studied by Norrman 

and McMahon [88], and the experimentally observed ratio of the reaction 

rates in non-deuterated vs. deuterated ions (kH/kD) was found to be larger 

than unity, indicating a normal secondary isotope effect. In my thesis work, 

this kinetic isotope effect was modeled with MassKinetics. In the case of the 

high-pressure ionization source, the experimental results were reproduced 

very well assuming thermal initial energy distribution for the molecular ions: 
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very good agreement between the calculated and the measured KIE values 

of the α-D substituted amines was found. In this case, not only the 

direction, but also the degree of the – very small – secondary kinetic isotope 

effect was successfully modeled with good accuracy. For the β-D substituted 

alkylamines, the experimentally observed KIEs were found to be of similar 

magnitude compared to the α-D substituted amines. However, the zero-

point energy differences from quantum chemical methods were 

approximately four times smaller than for the α-D alkylamines leading to a 

calculated kinetic isotope effect that was much lower than the experimental 

values. 

2. 4. The Protonated Leucine Enkephalin – Study 

Leucine enkephalin was chosen for my studies because this molecule is one 

of the most commonly used standards in mass spectrometry. Several papers 

have been published reporting the Arrhenius dissociation parameters for the 

best studied dissociation process, the MH+ → b4+ fragmentation reaction, 

however, major discrepancies can be found in the published data. The 

measured Ea values range from 0.94 to 1.66 eV with a standard deviation of 

0.25 eV. The published pre-exponential factors also span a large range (logA 

values from 9.1 to 15.7). 

First, we found a strong correlation between the activation energy and the 

pre-exponential factor, connecting a high activation energy with a loose 

transition state (high logA), and a low activation energy with a tight TS. This 

suggests that despite the large deviation among the published results for Ea, 

and logA, the experiments might yield similar values for the Gibbs free 

energy of the fragmentation reaction. From the activation enthalpy, and the 
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pre-exponential factor – which corresponds to the activation entropy –, the 

<∆G#> could be determined to be 1.34 eV with a standard deviation of 

only 0.03 eV (5 %). Note, however, that in this approximation, the 

temperature dependence of ∆S# was not taken into account.  

As the next step, the published raw experimental data were used to 

construct an overall Arrhenius plot to investigate the temperature (or 

internal energy) dependence. The results show that the data are consistent, 

and that there are no significant deviations from a linear trend (R2 = 0.97). 

The Arrhenius-type evaluation resulted in an activation energy of 1.14 eV 

and a pre-exponential factor of 1011.0 s–1 at the mean temperature of the 

experiments (489 K). The pre-exponential factor corresponds to an 

activation entropy of –38.1 J�mol–1�K–1. The effect of possible systematic 

errors was evaluated by including or excluding data sets from the evaluation. 

This shows that systematic errors are modest, and are similar to the 

influence of random errors. The final results (with a 95% confidence limits) 

are ∆rH = 1.14 ± 0.05 eV; logA = 11.0 ± 0.5, ∆S# = –38.1 ± 9.6 J�mol–1�K–

1, and so far represent the best available data set for the b4+ dissociation 

channel of protonated leucine enkephalin.  

This study also gives an important message for future reference: it was 

demonstrated that determining dissociation parameters using two or more 

different mass spectrometers allows one to use data from a wider 

temperature range and, therefore, to determine more accurate and more 

precise dissociation parameters from the Arrhenius plot.  
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