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ABSTRACT 

 

This dissertation presents dissociation mechanism and dissociation kinetics 

studies of gas-phase ions using mass spectrometry (MS).  Dissociation of a gas-phase 

ion is related to its fundamental properties such as composition and structure.  However, 

the detailed processes, internal energy deposition during ion activation as well as the 

mechanism of dissociation, are not fully known.  In the present work, ion structural 

studies from which mechanisms can be inferred were performed using infrared multi-

photon dissociation (IRMPD) spectroscopy, soft-landing, IR spectroscopy, and quantum 

chemical calculations.  Kinetics studies involved instrument modification to add 

surface-induced dissociation (SID) capability and peak shape analysis.  

Structural studies were performed to determine dissociation mechanisms.  The 

b2
+
 ion from AGG is an oxazolone structure as indicated by the IRMPD spectrum and 

quantum chemical calculations.  Protonated 4-ethoxymethylene-2-phenyl-2-oxazolin-5-

one is also an oxazolone-type structure, while protonated cyclo-AG is a diketopiperazine 

structure.  Soft-landing experiments were carried out to corroborate IRMPD results.  

Soft-landed protonated cyclo-AG and protonated 4-ethoxymethylene-2-phenyl-2-

oxazolin-5-one underwent neutralization and retained their structures.  The soft-landed 

b2
+
 ion of AGG showed evidence of ring opening and conversion into a linear structure. 

The modified matrix-assisted laser desorption/ionization (MALDI) time-of-flight 

(TOF) mass spectrometers with SID capability were used to study fast dissociation 

kinetics (sub-microsecond dissociation). Silicon nanoparticle assisted laser 
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desorption/ionization (SPALDI) allows the study of small molecule dissociation kinetics 

for ions without the matrix interference observed in MALDI.  Well characterized 

systems, such as, N(CH3)4
+
, N(CD3)4

+
, and substituted benzylpyridinium ions were used 

to confirm reliability of the peak shape analysis.  Obtained dissociation rates, of sub-

microsecond order, are consistent with the known dissociation theories.  

Dissociation of fullerenes, C60 and C70, was also investigated with the SID method 

using a fluorocarbon self-assembled monolayer (FSAM) surface.  Fullerene ions 

produced C2n
+
 fragments ion in the kinetic energy range of 150−300 eV.  At higher than 

400 eV, mass spectra showed additional small fragment ions composed of odd numbers 

of C units.  Energy resolved MS/MS curves support parallel dissociation at high SID 

energies while peak shape analysis explains sequential dissociation at about 150 eV range.  

Instrument modification of a MALDI-TOF mass spectrometer with SID capability 

allowed successful studies of fast unimolecular dissociation kinetics of small ions and 

fullerenes. 
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CHAPTER 1. BACKGROUND AND SIGNIFICANCE 

 

1.1 Overview 

Mass spectrometry (MS) is a central research technique that is heavily applied in 

the analytical and biological sciences [1].  In addition to these important applications, 

mass spectrometry is also an important tool for the study of fundamental chemical 

processes.  The key components of mass spectrometry are ionization of the analyte, 

mass analysis, and detection.  Tandem mass spectrometry (MS/MS), in which fragment 

ions are generated from a selected precursor ion and are used to determine precursor 

structure, provides an essential technology in ion structure characterization [2-11].  

Success of MS/MS depends on many factors, including the type of activation used.  Ion 

dissociation is related to the fundamental property of the ion, but detailed fragmentation 

processes have not been fully understood and are heavily studied in present days.  In one 

of the projects of this dissertation research, a surface-induced dissociation (SID) device 

was introduced into a Bruker matrix assisted laser desorption/ionization (MALDI) time-

of-flight (TOF) mass spectrometer in order to improve our understanding of how ions 

fragment and energies are transferred upon collisions with surfaces.  The observation 
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time window of the modified MALDI SID TOF lies in the sub microsecond region, 

allowing the detection of the fragmentation products in the range of a few nanoseconds to 

a few hundred nanoseconds.  Fast gas-phase dissociation processes of 

tetraalkylammonium ions, substituted benzylpyridinium ions, C60 and C70 were studied.  

The experimental peak shapes were compared with theoretical peak shapes generated by 

unimolecular dissociation theory.  

In addition to SID, vibrational spectroscopy was used to better understand how 

peptides fragment at a molecular level.  Much of the current knowledge of peptide 

fragment ion structure is based on indirect evidence.  Often, fragment ion structures are 

assumed based on likely fragmentation mechanisms.  In other cases, the structures are 

inferred from indirect methods, such as fragmentation patterns of a particular product ion 

in tandem MS experiments.  For example, the oxazolone and diketopiperazine pathways 

for b2
+
 ion formation have long been a subject of debate [12-17].  The Wysocki research 

group has shown that infrared multi-photon dissociation (IRMPD) action spectroscopy 

can be used to settle this debate.  This dissertation illustrates the use of another approach, 

probing mass-selected product ions “soft-landed” on a self-assembled monolayer surface 

with IR reflection absorption spectroscopy (IRRAS) for structural studies.  
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1.2 Generation of Gas-Phase Ions 

The first step in mass spectrometry involves ionization, a process during which 

neutral analytes form gaseous ions.  Ionization methods have developed over the years, 

each with its own advantages and disadvantages.  Electron impact ionization (EI) and 

chemical ionization (CI) were the first to be developed.  EI and CI require volatile and 

thermally stable compounds, and hence are mostly used for small organic molecules [18, 

19].  Fast atom bombardment (FAB) widened the range of analytes that could be studied 

by mass spectrometry by eliminating the volatility requirement [20, 21].  It can generate 

intact ions, and can be used for larger analytes than those that can be studied using EI and 

CI.  However, FAB cannot be applied to molecules larger than 10,000 Da such as 

proteins.  The breakthrough in ionizing large biomolecules came in the 1980s, when two 

ionization techniques, matrix-assisted laser desorption/ionization (MALDI) [22, 23] and 

electrospray ionization (ESI) [24] were introduced.  Koichi Tanaka and John Fenn, who 

developed MALDI and ESI respectively, were awarded the 2002 Nobel Prize for their 

inventions. 
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1.2.1 Electrospray Ionization (ESI) 

ESI is a soft ionization technique that generates intact ions without extensive 

fragmentation during the ionization process.  Since its introduction by John Fenn, it has 

become one of the most widely used ionization methods.  During ESI, a solution 

containing analytes and volatile solvent is aerosolized at atmospheric pressure.  For 

example, in the research described in Chapter 3, peptides were sprayed with water and 

methanol at a ratio of 30:70 with 1% acetic acid.  The solution is sprayed through a 

syringe needle with a high voltage of e.g. 3.5kV applied to the needle.  The sprayed 

droplets continue to desolvate as they pass through drying gas (N2) and a heated capillary 

(about 120°C).  One formation mechanism suggests that after dramatic reduction of the 

droplets size, electrostatic repulsion exceeds the surface tension and fully desolvated ions 

are liberated by Coulomb fission.  The ESI process is illustrated in Figure 1.1. 

There are two mechanisms for ion formation from charged droplets.  One is the 

charge residue model (CRM) [25] and the other is ion evaporation model (IEM) [26, 27].  

In the charge residue model, a droplet goes through solvent evaporation and Coulomb 

fission and eventually only one analyte remains in the ultimate droplet. In the ion 

evaporation model, when the droplets reach a certain charge density through evaporation 
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and Coulomb fission, ions form from the surface of highly charged microdroplets rather 

than from an ultimate droplet.  There is a continuing debate on the ion formation 

mechanism and recent evidence suggests that the ion evaporation model is valid for small 

ions [28, 29], whereas the charge residue model may describe large molecules [30]. 

 

 

Figure 1.1 Schematic representation of ESI process. Reproduced with permission from 

[31]. 
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1.2.2 Laser Desorption/Ionization (LDI) 

Laser desorption/ionization (LDI) was introduced in the 1960s [32, 33].  Low 

mass organic salts and laser light-absorbing molecules are easily ionized by LDI.  Solid 

samples absorb the laser light, which causes sample evaporation and ionization.  

Because LDI does not require a matrix, there is no matrix interference in the low mass 

range.  LDI generates radical ions by raising the analyte to its ionic potential energy 

regime; therefore LDI requires high laser energy [34].  Even electron ions can be formed 

with the assistance of co-deposited metal with analyte, which can generate metal-cation 

attached ions [35, 36].  Using high laser energy leads to high internal energy deposition 

during the ionization process, which causes fragmentation consistent with a “hard 

ionization” method.  In the research described in Chapter 4, LDI was used to generate 

pre-charged ions.  A pulsed N2 laser, wavelength of 337nm, was used for laser 

irradiation, and helped ion desorption.  

 

1.2.3 Matrix-Assisted Laser Desorption/Ionization (MALDI) 

MALDI was introduced by Koichi Tanaka [22] and by Hillenkamp and Karas [23] 

in the 1980s.  In a MALDI experiment, the analyte of interest is co-crystallized on a 
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plate with a large excess of organic matrix.  The laser beam irradiates the co-crystallized 

sample.  UV and IR lasers have been used for MALDI.  Commonly used lasers are the 

N2 laser at 337 nm wavelength [37] and frequency tripled (355 nm) [38] and quadrupled 

(266 nm) [23] Nd:Yag lasers.  The high ratio of the matrix to the analyte assures that the 

matrix, rather than sample molecules, absorbs laser photons.  As the matrix/sample 

crystalline structure becomes energized by laser photon absorptions, crystal integrity and 

surface binding forces are reduced.  The matrix and the analyte desorb and evaporate. 

The absorbed energy is transferred to the analyte, assisting the ionization process.  The 

processes are shown in Figure 1.2.  The detailed mechanisms of ion formation have 

been heavily studied [39-42]. 
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Figure 1.2 Matrix-Assisted Laser Desorption/Ionization (MALDI) process. Reproduced 

with permission from [43] 

 

A wide variety of matrices have been developed, typical UV MALDI ones 

include α-cyano-4-hydroxycinnamic acid (CHCA), 3,5-dimethoxy-4-hydroxycinnamic 

acid (sinapinic acid, SA), 2,5-dihydroxybenzoic acid (DHB), and dithranol (DTH) 

(Figure 1.3).  CHCA is a commonly used matrix and in the research described in Chapter 

6, CHCA was used for MALDI experiments.  UV MALDI matrices contain a suitable 

chromophore, usually an aromatic structure, which absorbs laser photons and results in 

electronic excitation upon photon absorption.  Because matrix is in large excess 
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compared with the analyte and by absorbing most of the laser power, the matrix 

conserves the analyte as an intact molecular form and prevents fragmentation during the 

ionization process.  Matrices, with their carboxylic acid presence, are also considered as 

protonating agents for the analyte.  The exact roles of the matrix and the nature of the 

MALDI ionization mechanism are still under debate and are still heavily studied.  It has 

been proposed that the matrix undergoes ionization first and then subsequent ionization 

of the analyte follows, which is known as a gas-phase cationization process [44, 45].  

Rather than the gas-phase processes, cluster ionization, which considers precharged ions 

in crystalline state has also been proposed [40].  In addition to protonated ions, radical 

ions are also reported in the MALDI process [46].   
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Figure 1.3 Common MALDI matrices. (a) a-cyano-4-hydroxycinnamic acid (CHCA), (b) 

3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid, SA), (c) 2,5-dihydroxybenzoic 

acid (DHB), (d) dithranol (DTH) 

 

1.2.4 Silicon nanoParticle-Assisted Laser Desorption/Ionization (SPALDI) 

Siuzdak and coworkers developed desorption/ionization on porous silicon (DIOS) 

as a matrix-free ionization method for mass spectrometry [47].  Instead of using a 

chemical matrix, DIOS-MS uses a porous silicon surface to trap analyte molecules and 

efficiently absorb UV laser energy.  Wen and coworkers in the Wysocki group further 
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explored the application of commercially available silicon nanoparticles for 

desorption/ionization mass spectrometry.  The use of silicon powder was optimized and 

was reported as silicon nanoparticle-assisted laser desorption/ionization (SPALDI) [48].  

Silicon particles with a diameter of 30 nm were oxidized with 10% HNO3 and then dried 

thoroughly in a vacuum concentrator.  The oxidized particles were derivatized with a 

semifluorinated reagent to remove reactive Si-OH functional group (Figure 1.4).  It is 

thought that the derivatized silicon powder absorbs UV photons and localized heating 

assists desorption/ionization of the analyte [48].  In addition, fluorination increases the 

work function of the silicon nanopowder and reduces the neutralization of sample 

 

Figure 1.4 Preparation of derivatized silicon nanoparticle. Figure courtesy of Y. Hua 
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It was reported that background ion signals caused by both in-source and post-

source decays are minimized in SPALDI as lower laser fluence is required for ionization 

when compared to MALDI [48, 49].  Signals from matrix-ionization are also minimized 

because this is a matrix-less technique.  Internal energy deposition of MALDI is poorly 

defined and it has a broad distribution.  It is hard to know the initial internal energies of 

ions generated by MALDI [50].  SPALDI gives less internal energy to the analyte during 

the ionization process than conventional MALDI or LDI and this feature can lead to a 

lower average and narrower internal energy deposition by SPALDI, which is an 

advantage in the study of ion dissociation energetics [49, 51]. 

 

1.3 Mass Analyzers 

Mass spectrometers require ionization sources, mass analyzers, vacuum systems, 

and ion detectors.  After ion formation in the source, mass selection of the ions of 

interest takes place in the mass analyzer for tandem mass spectrometry analysis.  Ion 

activation and dissociation take place in the mass analyzer in trapping instruments or in 

collision cells or regions in transmission mass spectrometer.  There are several types of 

mass analyzers based on their physical principles.  The properties of the mass analyzer 
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are very important in performing experiments successfully.  For example, infrared multi-

photon photodissociation (IRMPD) mentioned in Section 1.4.4 works best coupled with 

trapping analyzers such as Fourier transform ion cyclotron resonance (FT-ICR, Section 

1.3.3) or ion trap analyzers.  High energy (few keV) collision-induced dissociation (CID) 

is only available in sectors or TOF-TOF.  Selection of the instrument depends on the 

research purpose. 

 

1.3.1 Time-of-Flight (TOF) 

Time-of-flight (TOF) mass spectrometers detect ions based on their velocity.  

TOF analyzers have two regions; a constant acceleration region, and a constant velocity 

region known as the field free region (FFR).  In the acceleration region, ions are 

accelerated by a fixed electric potential which is referred to as acceleration voltage.  Ions 

then enter the FFR, where no further acceleration occurs and proceed towards the 

detector. In other words, all the electric potential energy is changed to kinetic energy in 

the FFR (Figure 1.5). With fixed electric potential, heavy ions have lower velocity while 

light ions fly faster, reaching the detector at different times.  The relationship between 

applied potential and velocity is given in Equation 1.1. 
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m

2qeV
       

2

1
   2  mqeV        Eq. 1.1 

 



l
t             Eq. 1.2 

 

 

Figure 1.5 Schematic of time-of-flight (TOF). Va is the acceleration voltage. d and l are 

the length of each section. 

 

q is charge of the ion, V is the potential, m is the mass of the ion, and  is velocity.  If the 

length of TOF is l, the flight time becomes l divided by  (Equation 1.2).  An actual 

flight calculation is much more complicated, but Equation 1.2 gives a basic idea of how 

TOF works.   
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Because TOF measures flight time, it involves triggering of ion introduction to set 

a starting time point of ion motions.  TOF is well-suited to pulsed introduction of ions 

and MALDI uses pulsed lasers for ion desorption, which is compatible with the TOF 

analyzer [52, 53].  Theoretically, a TOF mass spectrometer has no mass discrimination.  

All the generated ions, even large biomolecules (over a megadalton), can be transmitted 

in TOF [54].  With very high acceleration voltage, a TOF mass spectrometer is 

inherently fast with regards to the experimental time frame.  Even large proteins can 

reach the detector within hundreds of microseconds in commercial instruments.  In 

addition, TOF has high ion transmission as it is not a scanning instrument. 

TOF was first invented in the 1940s with low resolution [55].  There have been 

many efforts to increase the resolution of the TOF analyzer.  MALDI generates ions with 

time, space, and kinetic energy distributions [52, 56].  Wiley and McLaren introduced 

dual stage acceleration (Figure 1.6) which improved resolution regarding the spatial 

distribution [57] and Wiley and McLaren type TOF is widely used in most commercial 

MALDI TOF instruments.  In the ion source region, there is a strong electric field 

gradient.  Ions with the same mass, depending on the location of iron formation, will 

accelerate under different potential energies.  Eventually all the ions are focused at a 
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space focal plane.  Wiley and McLaren type TOF can set space focal plane very far from 

ion source so that ions of different masses can have enough drift region to be separated 

by their flight time.  In Figure 1.6, E is an electric field, s and D are the length of source 

and drift tube, and s0 is where the ion forms and the two identical m/z ions are indicated 

from at different s0.  The two ions of the same m/z will arrive at the detectors at different 

times with single stage acceleration and at the same time with dual stage. 

 

Figure 1.6 Comparison of (a) single-stage and (b) dual-stage acceleration. Reproduced 

with permission from [52]. 

 

Delayed extraction (Figure 1.7) is used to reduce peak broadening caused by 

initial kinetic energy distribution [58, 59].  This technique uses retarding extraction from 

ion source.  At time zero, the same voltage as the acceleration voltage is applied to the 

exit electrode in the source region so that it generates a field free region in ion source.  
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Ions generated with different initial velocities spread out spatially.  The voltage applied 

to the exit electrode is then lowered and ions are pulsed.  Ions with faster initial velocity 

will travel further and will experience the new field to a lesser extent.  Eventually the 

slower ions which experience a higher field catch up with faster ions.  

 

Figure 1.7 Illustration of delayed extraction. Solid arrow () is initial velocities of ions. 

Dashed line () is the electric field. The exit electrode has same voltage as acceleration 

in (a) and (b), then the voltage is lowered in (c). 

 

A reflectron can compensate for kinetic energy spread and spatial distribution [60, 

61].  A reflectron, a stack of electrodes, is placed at the end of the field free region.  

Each electrode is connected through a resistor so that the whole setup functions as a 

voltage divider.  The front electrode is grounded and the last electrode has higher 

voltage than the ion acceleration voltage.  Ions entering the reflectron are retarded by the 
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electric field and when the ions are stopped by reaching a potential equal to the initial 

accelerating potential (assuming no additional kinetic energy), the ions are reflected back 

into the drift region.  The penetration depths into the reflectron depend on the kinetic 

energies of the entering ions.  Ions with higher kinetic energies enter the reflectron 

earlier than ions with lower energies, but higher ones penetrate deeper and spend more 

time in the reflectron.  This allows correction of energy distribution among the ions.  

Dual stage acceleration, delayed extraction, and reflectron have improved the resolution 

of TOF mass spectrometer tremendously and TOF has become a very popular mass 

analyzer. 

 

1.3.2 Quadrupole 

Because TOF did not have good resolution until the later introduction of delayed 

extraction and reflectron and because sector instruments were large, slower, and involved 

the use of high voltages incompatible with higher pressures, the quadrupole gained much 

popularity during the earlier times of MS development [62].  A quadrupole mass 

analyzer is composed of four cylindrical rods where a combination of DC and RF 

potentials are applied.  A pair of opposite rods has the same DC and RF voltages, while 
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the other set of rods has opposite polarity of DC and the opposite phase of RF as shown 

in Figure 1.8.  As an ion enters the quadrupoles in the ion path direction, depending on 

its electric charge, it will experience an attractive force from one pair of rods and an 

opposing force from the other.  The four rods generate a hyperbolic electric field.  With 

the hyperbole functions and the equation of motions, the ion motions in the field can be 

described by Equation 1.3 to Equation 1.5 [63].  U is the DC and V is the RF voltage.  r0 

is the distance between the center of the four rods to the surface of any quadrupole.   is 

angular frequency of the RF.  z is the ion path direction. 

 

Figure 1.8 Experimental configuration of a quadrupole mass analyzer. Reproduced with 

permission from [63]. 
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One pair of rods works as a low pass mass filter while the other works as a high 

pass mass filter.  With these two filters, a quadruple mass spectrometer can function as a 

band pass mass filter.  When cations enter into a quadrupole mass spectrometer, a 

positive DC set of rods operates as a high pass mass filter.  Cations and the rods have the 

same polarity, so a repulsive force exists and the ions are repelled from the rods.  But 

with the RF voltages, the oscillating ac potential, light ions are more affected than heavy 

ions.  Eventually the light ions are defocused in the hyperbolic field and expelled.  The 

negative DC rods work as a low pass mass filter as heavy cations will eventually be 

defocused by the negative DC potential which overwhelms the force from the applied RF 

voltages.   

The quadrupole analyzer has unit mass resolution which is far lower than that 

achieved in a TOF analyzer, but it is very compact and inexpensive and operates at 

relatively high pressure.   Quadrupole analyzers are used to construct triple quadrupole 
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mass spectrometers (QqQ) [62].  q represents a quadrupole in RF only mode, so there is 

no mass filtering, and q functions with added gas as a collision cell.  QqQ has various 

scanning modes such as product ion, neutral loss, and precursor ion scans along with 

selected or multiple reaction monitoring (MRM).  Its scanning ability has made QqQ 

popular for many applications, such as drug discovery and metabolomics studies [64].  

Quadrupoles are widely used in hybrid instruments such as QqTOF [65] or Qq-FTICR.  

Hybrid instruments have significantly improved mass resolution, because of the final 

TOF or ICR analyzer, compared to the unit mass resolution of the quadrupole.   

 

1.3.3 Fourier Transform Ion Cyclotron Resonance (FT-ICR) 

A Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer is a 

trapping instrument which uses a strong magnetic field.  FT-ICR was commercialized in 

the 1960s [66, 67] and is now widely used.  In an ICR cell, ions of interest enter into a 

uniform magnetic field region.  The ions move in a circular path which is governed by 

Lorentz force (Figure 1.9).  Lorentz force FL depends on the ion velocity , the magnetic 

field strength B, and the charge which is equal to centripetal force Fc as shown in 

Equation 1.6 [68, 69].  This circular motion is referred to as cyclotron motion.  Using 
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angular velocity (=r), cyclotron frequency and radius of the motion are defined in 

Equation 1.7.  The cyclotron frequency is inversely proportional to mass-to-charge ratio. 

cL F
r

m
BqF 

2
         Eq. 1.6 

m

qB
f c

c




22
          Eq. 1.7 

Ions enter through a trapping plate and after ions enter, electrostatic trapping 

potentials are applied to the plates.  Between the plates, ions undergo a periodic 

oscillation along the magnetic field axis.  Ion detection in ICR is different from those of 

TOF and quadrupole.  TOF and quadrupole involves ion impact of the surface of the 

detector while ICR detects the image current of the ion nondestructively.  Excitation 

plates exert an excitation RF field which is in resonance with cyclotron frequency of the 

ion of interest.  Among all the ions, only the ion of interest absorbs the applied energy 

and spiral outward.  The excitation pulse is short in order to prevent the collision of the 

ion to the plates.  The cyclotron motion of the excited ion is measured by the detection 

plates as shown in Figure 1.9.  The time domain of the image current undergoes a 

Fourier transform.  The obtained frequency is used to produce a mass spectrum [68, 69].  
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Figure 1.9 Schematic diagram of the ICR cell, consisting of two excitation plates (right 

and left), two detection plates (top and bottom) and two trapping plates (front and back). 

Reproduced with permission from [70]. 

 

1.4 Ion Activation Method  

Tandem mass spectrometry (MS/MS) allows further structural studies of the 

selected precursor ions while giving several advantages [5, 71].  Fragmentation during 

the ionization process is not sufficient to give structural information of the analyte.  

MS/MS can exclude obscure fragmentations which are caused by the mixture introduced 

into the ion source by selecting only one particular species of interest.  Many different 

instruments and ion activation/dissociation methods are used to achieve these purposes.  

The most common way to fragment molecular ions is by collision induced dissociation 



 

 

51 

(CID) [72, 73].  Although CID is common, alternative techniques have been successfully 

developed depending on the instrument types and experimental aims.  There are a 

number of MS/MS techniques, including surface induced dissociation (SID) [2], 

sustained off-resonance irradiation collision induced dissociation (SORI-CID) [3], on-

resonance excitation CID (RE-CID) [74], electron capture dissociation (ECD) [9], 

electron detachment dissociation [11], electron transfer dissociation (ETD) [7], blackbody 

infrared radiative dissociation (BIRD) [6], UV/Vis photodissociation [10, 75], and 

infrared multi-photon dissociation (IRMPD) [4, 8].  The techniques used in this 

dissertation work, skimmer CID, SID and IRMPD, will be discussed in further detail. 

 

1.4.1 Collision-Induced Dissociation (CID) 

CID is the most commonly used ion activation method in commercial instruments.  

CID has been introduced into various instrument types; magnetic and electric sectors [73], 

quadrupole [62], Fourier transform ion cyclotron resonance (FT-ICR) [3, 74], ion trap 

[76], and time-of-flight (TOF) [77].  During CID, the ion of interest is excited upon with 

collision with inert noble gasses such as He, Ar, N2, or Xe.  Depending on gas pressure 

inside the collision cell and instrument types, sector and TOF usually allow single 
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collision between the analyte and collision gasses, while others involve multiple 

collisions.  During ion and neutral collisions, the translational energy of the ion is 

converted into its internal vibrational energy that eventually overcomes the 

intramolecular bond energies resulting in ion fragmentation.  Maximum energy transfer 

during collision, the center-of-mass collision energy ECM, is defined as,  

analytegas

gas

LABCM
mm

m
EE


         Eq. 1.8 

where mgas is the mass of the collision gas, manalyte is the mass of the ion of interest, and 

ELAB is the ion kinetic energy in the laboratory frame of reference [78].  In the case of 

multiple collisions, which is usually tens eV collision, small amounts of energy are 

incrementally added to the analyte ion, which leads to fragmentation through lowest 

energy dissociation pathways.  Meanwhile, single collision in sectors and TOF involves 

few keV collision and this high energy collision enables high energy dissociation 

channels. 
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1.4.1.1 Skimmer CID  

Skimmer CID was used in Chapter 3 and it will be discussed further.  This 

dissociation takes place between the nozzle and skimmer of an electrospray interface 

(Figure 1.10) [79].  Therefore skimmer CID generates first fragment ions in source 

region, which enables further tandem MS in subsequent mass analyzers depending on the 

instrument.  High pressure in ESI source causes many collisions between gases and the 

analyte.  The collisions can cause not only collisional activation such as CID but also 

cooling of the ions through energy redistribution [80].  To overcome collisional cooling 

in the high pressure region, a large voltage difference between nozzle and skimmer was 

used.  This enhances ion fragmentation [81].  Skimmer CID has been applied to even 

large biomolecules [82]. 
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Figure 1.10 Schematic illustration of the ESI source with nozzle and skimmer. 

Reproduced with permission from [79]. 

 

1.4.2 Post-Source Decay (PSD) 

Ionization process can deposit sufficient internal energy into the ion, causing ionic 

fragmentation in the source region.  In-source decay or metastable ion dissociation 

(MID), is used to describe the in-source fragmentation [83].  In MALDI process, high 

laser fluence can affect in-source decay.  Post-source decay (PSD) is used for the term to 

describe the MID phenomenon by MALDI TOF community. PSD differs from other 

dissociation techniques as it does not involve additional ion activation steps other than 
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the ionization process.  Before CID was introduced into TOF analyzer, PSD was used as 

a structural analysis tool in MALDI TOF [84].  PSD can be also applied to kinetics study.  

The intensity ratio between parent ion and fragment ion is used to calculate survival yield 

(SY, Equation 1.9).  The survival yield combined with the reaction time was used to 

calculate dissociation rate of the molecular ion and internal energy deposition during 

ionization process [49, 50, 85, 86] 

fragmentparent

parent

II

I
SY


         Eq. 1.9 

 

1.4.3 Surface-Induced Dissociation (SID) 

When hyperthermal ions with less than 100eV kinetic energy collide on a surface, 

several processes can occur (Figure 1.11); including surface-induced dissociation [2], ion 

surface reaction [87], surface sputtering, ion neutralization, and soft-landing [88].  

Similar to CID, upon ion-surface collision, the translational energy of projectile ions is 

converted into its internal vibrational energy which leads to ionic fragmentation.  When 

compared to instrumentation of other activation methods, SID is simple.  It employs a 

solid surface instead of collision gas to induce dissociation, eliminating the need for 
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additional gas or vacuum lines inside the instrument used for CID, or any optics used 

during photodissociation. 

 

 

Figure 1.11 Schematic of hyperthermal ion-surface collision processes including surface 

sputtering, surface-induced dissociation (SID), ion-surface reactions, ion neutralization, 

and soft-landing. Arrows do not indicate spatial distribution of products 

 

When radical ions collide with a metal surface, ion neutralization becomes 

dominant.  To prevent this unwanted reaction, self-assembled monolayers are deposited 

onto a gold surface.  Depending on the nature of the deposited thin organic film, the 



 

 

57 

dissociation results are greatly affected.  The extent of energy deposition during surface 

collision has been studied for various self-assembled monolayers [89].  A fluorocarbon 

self-assembled monolayer (FSAM) is a harder surface than a hydrocarbon self-assembled 

monolayer (HSAM).  A “Hard” surface generates a larger fraction of fragment ions 

while a “Soft” surface results in a smaller fraction of fragment ions and more precursor 

ions [90].   

Another attractive feature of SID is that the activation of molecular ions is readily 

accomplished.  Collision energy is easily controllable via variations in the potential 

difference between the ion source and the surface.  A wide range of collision energy is 

achievable in SID.  In addition, SID provides higher internal energy deposition than that 

of CID.  The surface has heavier mass than that of inert collision gases, so SID has a 

larger center-of-mass collision energy than CID (Equation 1.8).  SID provides a large 

amount of activation energy into the analyte of interest during a single collision with the 

surface.  With a single collision with the surface and good energy transfer efficiency 

during the collision, SID is very valuable to mechanistic and kinetics studies.  SID has 

been introduced into various instruments - quadrupole [91], time-of-flight (TOF) [92, 93], 

quadrupole-TOF [94], and FT-ICR [95] - for these mechanistic studies. 
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1.4.4 InfraRed Multi-Photon Dissociation (IRMPD) 

The collision of a molecular ion with an inert gas increases the internal energy of 

the ion. Infrared multi-photon dissociation (IRMPD) is another slow-heating method 

similar to multiple collisions CID.  IRMPD was introduced in late 1970s [8].  IR 

photons are absorbed through vibrational modes which match with the energy of the 

photons.  The ion receives energies by photon absorption, resulting in dissociation.  

The internal energy is increased in small steps and when internal energies greater than the 

lowest dissociation channels are available, dissociation occurs.  A pulsed CO2 laser, 

wavelength of 10.6 m, is the most commonly used laser for IRMPD.  Recently tunable 

mid IR lasers are used for IR source [96, 97].  IRMPD has been conveniently adapted to 

trapping instruments.  Fourier transform ion cyclotron resonance (FT-ICR) requires ultra 

high vacuum to obtain high resolution.  Introducing collision gas (CID) is not the best 

method for ICR and IRMPD can overcome the pressure problem [4, 8].  IRMPD has 

been successfully introduced into ion trap too [98].  The advantage of using IRMPD in 

trapping instruments is that additional photon energy can be absorbed by the fragment 

ions as well, leading to additional fragmentations.  The extent of fragmentation during 

IRMPD can be easily managed by the duration of laser irradiation [99]. 
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1.5 Kinetic Measurement of SID 

Dissociation mechanism and kinetics depend on the nature of the ion of interest. 

However, many mechanistic details of ion dissociation are still not fully understood and 

are still studied today.  The Wysocki group has developed a method to observe 

nanosecond order dissociation using a time-of-flight (TOF) instrument and surface-

induced dissociation (SID) [51, 92].  Development of a kinetic methods to estimate the 

dissociation time frame based on statistical dissociation theory enables the study of 

dissociation mechanism.  SID has advantages over multiple excitation methods for 

kinetic studies as described in Section 1.4.3 [100].  The internal energy during ion-

surface collision can be obtained from kinetic study, because the internal energy has 

direct relationships with the dissociation rate [83].  The calculated internal energy is also 

applicable to determine energy conversion efficiency of the surface, because all the 

internal energy was obtained during a single collision as described in Figure 1.12. 



 

 

60 

 

Figure 1.12 Schematic presentation of the potential energy surface by single excitation of 

SID and multiple excitations by multiple collision activated CID. Reproduced with 

permission from [100]. 

 

1.5.1 Unimolecular Dissociation 

Unimolecular dissociation is a widely adapted theory that explains ion 

dissociation in mass spectrometry.  An elementary reaction is defined by its molecularity 

and if a reactant spontaneously decomposes to yield a product, the reaction is termed 

unimolecular dissociation [101].  This reactions is shown in Equation 1.10; AB
+
 is the 

reactant, AB
*+

 is the activated species, and A
+
 is the fragment ion.  Various ion activation 

methods were introduced in Section 1.4. 

BAABAB ondissociatiactivation     *       Eq. 1.10 
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Rice-Ramsperger-Kassel-Marcus (RRKM) theory has been widely accepted to 

explain unimolecular dissociation [102-107].  RRKM theory is a microcanonical 

transition state theory.  It assumes rapid intramolecular vibrational energy redistribution 

(IVR), which is obtained by the activation, occurs among the vibrational modes of the ion 

prior to dissociation.  Marcus developed RRKM theory based on RRK theory 

considering vibrational and rotational energies including zero-point energies [102, 103].  

IVR and vibrational and rotational densities enables us to calculate the RRKM rate 

constant k(E) based on the microcanonical transition state.  

 

Figure 1.13 Diagram of the energies for the RRKM theory 
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Figure 1.13 shows the RRKM theory energies.  AB
*+

 stands for the activated 

species and AB
‡+

 is the transition state (TS).  E is the internal energy obtained by 

activation and E0 is the activation energy barrier.  The RRKM rate constant is given by, 

)(

)(
)( 0

Eh

EEW
Ek




          Eq. 1.11 

W is the number of state in the transition state,  is the density of the state in the activated 

species, and h is the Planck constant.  As shown in Equation 1.11, the excess energy over 

the transition state is very important for the ion dissociation.  The more excess energy 

presents, the faster dissociation occurs.  Each instrument has a time window, which 

means that only certain reaction time regimes can be observed by a certain type 

instrument.  Excess energy over the transition states governs the dissociation rate and 

this excess energy to be monitored in the mass spectrometer is call kinetic shift [108].  

For example, the SID TOF instrument in Chapter 4, 5, and 6, measures sub-microsecond 

order reactions.  To make ion dissociations happens in that time window, large amounts 

of excess energy have to be applied.  To monitor the same reactions in trapping 

instruments which have longer observation time windows, lower excess energies are 

sufficient.  Kinetics shifts vary with instrument type. 
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1.5.1.1 Single Step Reactions 

In this kinetic study, first-order unimolecular dissociation was adapted to explain 

the molecular ion dissociation.  Gas-phase dissociation mass spectrometer does not 

involve reverse reaction, therefore irreversible reaction as shown in Equation 1.12 was 

used for the kinetics.  A1 is the precursor ion, A2 is the fragment ion and k1 is the 

dissociation rate constant of A1.  With a mathematical solution, time dependent A2 is 

obtained as Equation 1.13 [101].  Substituted benzylpyridinium ions, which are shown in 

Chapter 6, undergo this first-order with single step dissociations and Equations 1.13 was 

used to calculate dissociation rate constant. 

     21
1 AA

k


         Eq. 1.12 

 tkeAA 1
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         Eq. 1.13

 

 

1.5.1.2 Consecutive Reactions 

Depending on the nature of the precursor ions, consecutive dissociation reactions 

can be followed by the first dissociation.  In this case, fragment ions undergo further 

dissociation.  The reactions in this project do not involve any ion-molecule interactions, 

so all the fragments undergo first order dissociations.  First-order consecutive reactions 
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are shown in Equation 1.14 to Equation 1.17.  As stand for precursor and fragment ions 

and ks stand for dissociation rate of each As.  In Chapter 4, N(CH3)4
+
 under goes first-

order two steps dissociation.  CH3 loss is the first channel, followed by H loss.  In 

Chapter 5, consecutive C2 losses were observed from C60 and the losses were modeled by 

these consecutive reactions.  
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1.5.1.3 Parallel Reactions 

Depending on the nature of the precursor ions, fragment ions can be generated 
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from precursor ions simultaneously.  First-order parallel reactions are shown in Equation 

1.18 to Equation 1.20.  As stand for precursor and fragment ions and ks stand for 

dissociation rate of each As.  In Chapter 5, C60 also may undergo first-order parallel 

dissociation.  C2 and C4 are lost from C60 simultaneously and each carbon losses can be 

modeled by these parallel reactions.  
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        Eq. 1.20 

 

1.5.2 Incoming Ion Measurement using Floating Detector 

The kinetics measurement was carried out on MALDI SID TOF instrument 

(Section 2.1).  Ions flying toward the surface have spatial and kinetic energy 

distributions formed at the ion source [52].  These ion packets collide to the surface with 

these distributions and then undergo dissociation.  Therefore, to perform kinetics studies, 

ion distributions have to be defined.  The surface setup is interchangeable with a floating 

detector (Bipolar MCP, Burle, Lancaster, PA) that measures the arrival time distribution 



 

 

66 

of the ion packet from the source (Figure 1.14).  The floating detector has a similar 

dimension to the SID set-up, so the similar dimension can exclude ion packet broadening 

or narrowing which can be caused by different size between the floating detector and the 

SID set-up.  The detector has a capability of floating at similar electric potential as the 

collision target, allowing the voltage difference between the floating detector and the ion 

source to be the same as the collision energy.  Changing voltages of the floating detector 

enables the measurement of the arrival time distribution of the ion packet corresponding 

to different collision energies. 

 

 

Figure 1.14 Ion arrival distribution measured by a floating detector.  Instrument is 

simplified and detailed set-ups were omitted in this figure. 
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1.5.3 Peak Shape Analysis 

The molecular ions are generated in the ion source and activated by a single 

collision with a surface and the peak shapes of resulting fragment ions are analyzed to 

interpret fragmentation kinetics [51].  The peak shape analysis model is implemented by 

a convolution of the first-order unimolecular dissociation process with the arrival time 

distribution at the surface as shown in Figure 1.15.  The fragment ion intensity increases 

exponentially as the parent ion intensity decreases exponentially.  This exponential curve 

(which indicates the fraction of precursor converted to fragment at a given time after 

activation) is convoluted with the arrival time distribution of the ion packet at the surface 

(a distribution that is experimentally obtained by using the floating detector).  For the 

curves shown in Figure 1.15, log k values of 7.5, 8.0, and 8.5 are illustrated for the parent 

ion decay, and the mean value of 25 nanoseconds (ns) and standard deviation value of 7 

are used for the arrival ion distribution, values similar to actual experimental results.  

The dissociation rate inversely affects the peak width as shown in Figure 1.15: as 

dissociation rates increase, the convoluted model peak becomes narrower (log k = 8.5).  

Conversely, slower reactions cause peak broadening (log k = 7.5).  This calculated 

convoluted peak is compared with the experimental results to estimate the average 
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dissociation rate of a specific dissociation pathway.  Equations 1.15 to 1.17 were 

convoluted with the ion arrival distribution to find out rate constant ks of consecutive 

reactions. 

 

 

Figure 1.15 Peak shape analysis model (a) fragment ion formation at log k values of 7.5, 

8.0, 8.5; (b) incoming ion arrival distribution at the surface; (c) convolution of (a) and (b). 

Reproduced with permission from [51] 
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1.5.4 Shattering Mechanism 

Shattering mechanism is a special dissociation phenomenon of SID.  It is non-

statistical dissociation and does not involve IVR.  Therefore the dissociation rate is not 

predictable by the RRKM theory.  Shattering occurs within few vibrational time periods.  

Shattering has been experimentally observed with the surface impact of weakly bound 

clusters [109, 110].  (NH3)nH
+
 clusters completely decompose into monomers rapidly, 

faster than IVR time regime.  Small molecules such an Si(CH4)3
+
 also behave in 

instantaneous dissociation upon the surface impact [111].  Dynamics simulations also 

proposed possible shattering of small peptides [112, 113].   

Shattering of large peptides such as bradykinin has been studied in a FT-ICR SID 

instrument [114, 115].  Laskin et al. proposed a shattering mechanism for protonated 

des-Arg1- and des-Arg9-bradykinins (PPGFSPFR and RPPGFSPF).  The FT-ICR 

instrument is not designed to measure very fast dissociations such as faster then IVR time 

regime.  The Wysocki group has shown that large peptide size of bradykinin undergo 

unimolecular dissociation [92].  In Chapter 4, 5, and 6, SID TOF, with the observation 

time frame of zero to hundreds of nanoseconds, provides a means to distinguish between 

a surface shattering mechanism and a fast unimolecular dissociation. 
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1.6 Soft-Landing 

Soft-landing is defined as the deposition of an intact polyatomic ion from gas-

phase onto an appropriate solid surface at low collision energy [88].  It is reported that 

the landed biomolecule retains both its structure and function (i.e. biological activity of 

proteins) [116].  Low collision energies are preferred to prevent the surface-induced 

dissociation and ion-surface reactions.  Simple organic cations to large proteins have 

been successfully soft-landed [88, 116-119].  Self-assembled monolayers, bare gold, 

liquid, and metal treated oxides have been severed as landing surfaces [88, 118, 120-122].  

The landed molecule has an interaction with the surface.  For self-assembled monolayer, 

hydrophobic or hydrophilic interactions are possible depending on the terminal group 

[117, 118].  The types of self-assembled monolayer have different tendencies for ion 

neutralization [118].  More information on soft-landing will be provided in Chapter 3. 
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CHAPTER 2. EXPERIMENTAL METHODS AND COMPUTATION 

 

2.1 Instruments 

This section describes instruments used in this dissertation. The detailed 

experimental conditions will be discussed separately in each chapter.  Presented here are 

the two MALDI TOF instruments (Bruker Proflex and Bruker Reflex III), a dual 

quadruple mass spectrometer (Extrel 4000), and FT-IR spectrometers (Thermo Nicolet 

iS10, Thermo Nicolet Magma 550 and Thermo Nicolet Nexus 670). 

 

2.1.1 Bruker Proflex MALDI-TOF 

Bruker Proflex (Bruker Daltonics Inc., Billerica, MA) is a bench top MALDI TOF 

mass spectrometer and it has been modified to study SID  [92].  A flange-mounted 

surface assembly was introduced into the time-of-flight behind the reflectron ion optics.  

A drift tube was originally placed after the reflectron and was used for linear mode 

operation.  The surface assembly replaced the drift tube and no machining or 

modification of any of the remaining hardware was required.  The surface setup is 

interchangeable with a floating detector (Bipolar MCP, Burle, Lancaster, PA) that 
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measures the arrival time distribution of the ion packet from the source (Section 1.5.2).  

The instrument schematic is presented in Figure 2.1. 

 

Figure 2.1 Schematic diagram of MALDI SID TOF modified from Bruker Proflex. The 

box with dotted line represents SID set-up which is interchangeable with a floating 

detector. Modified from [92]. 

 

A 337 nm N
2 

laser (VSL 337i, Laser Science Inc., Cambridge, MA) is used for the 

MALDI ionization.  The MALDI source has dual stage extraction (Section 1.3.1).  The 

reflectron enables the normal reflectron mode operation when SID is not desired.  The 

off-axis MCP detector between the ion source and the reflectron is used to detect ions for 

the normal mode reflectron operation and the SID experiments.   
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The surface assembly consists of a collision target with a brass holder and a Ni 

grid (20-line mesh, BMC Industries Inc., St Paul, MN) which were electrically isolated 

from each other by a 5-mm-thick Macor spacer (Figure 2.2).  The extraction grid, a 

brass holder, Macor spacers, and a collision target were mounted on a custom-built 

assembly consisting of a z-movable stage (model BLM-2751, MDC, Hayward, CA) 

combined with a set of hinges, allowing variation of the angle between the target surface 

and the plane parallel to the last reflectron electrode.   

 

Figure 2.2 Schematics of the surface assembly. The circle represents hinges that allow 

changing azimuthal angle by the inner-arm moving z-axis while the outer arm remaining 

the place. Figure courtesy of C. Gamage. 
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2.1.2 Bruker Reflex III MALDI-TOF 

Bruker Reflex III (Bruker Daltonics Inc., Billerica, MA)  is also used for SID 

experiments.  This commercial instrument has ion optics that guide ion beams more 

efficiently than Proflex and is equipped with a 2GHz digitizer (Proflex had 0.5GHz) 

which allows measurement of nanosecond order dissociation reactions.  Reflex III uses 

a 337nm N2 laser (VSL 337i, Laser Science Inc., Cambridge, MA) with maximum energy 

of 400 J while Proflex has 150 J laser.  Another important difference between the 

modified Proflex and Reflex III is the location of the reflectron.  In Reflex III, the 

reflectron assembly is directly mounted on the conflat flange and therefore there is no 

space between the reflectron and the flange (Figure 2.3).  A linear mode detector, high 

mass MCP, is followed by the reflectron assembly.  

 

 

Figure 2.3 Schematic diagram of MALDI TOF, Bruker Reflex III. The center dotted line 

represents normal axis of the instrument. 
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Recently the SID set-up was inserted into Reflex III with modifications to the 

design.  The detailed modification is explained in Chapter 5.  Briefly, the linear mode 

detector and the reflectron were removed to make available space for the surface 

assembly.  The surface set-up was inserted with a zero-length reducer flange to 

compensate different diameter of the conflat flange.  Since the reflectron is removed, 

normal mode reflectron operation is no longer available with the modification.  Other 

than using a zero-length reducer, no machining or modification of any of the remaining 

parts was required.  

 

2.1.3 Extrel 4000 amu Dual Quadrupole Mass Spectrometer 

Extrel 4000 amu instrument (Extrel Core Mass Spectrometers, Pittsburgh, PA) has 

ESI as an ion source and two quadrupole mass analyzers.  The quadrupoles allow mass 

detection up to 4000 amu.  The dual quadrupoles are arranged in 90° geometry with a 

surface assembly placed to intersect the ion beam path (Figure 2.4).  The assembly is 

rotatable so that the collision angle relative to the first quadrupole (Q1) can vary.  The 

capillary is heated to 120 °C to help desolvation.  A series of lenses (source lenses and 

pre and post lenses of quadrupole) guide ion beams inside the instrument. 
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Figure 2.4 Top down view of the Extrel 4000 amu dual quadrupole instrument including 

the electrospray (ESI) ion source region, electric lenses, quadrupoles, surface holder 

region and detector.  

 

The surface collision energy is defined by the difference between the skimmer 

voltage in ion source and the surface potential.  For normal mode MS operation, the 

surface is positioned at an approximately 45° angle relative to the ion beam from the first 

quadrupole, Q1.  For the soft-landing experiment, the surface directly faces the first 

quadrupole so that the ion beams collide at a normal angle to the surface.  In case of 

peptide fragmentation studies, skimmer CID is performed at the ionization source region 
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and the first quadrupole selects the ion of interest.  The soft-landing experiment is 

further explained in Chapter 3. 

 

2.1.4 Fourier Transfrom IR Spectrometer (FT-IR) 

FT-IR spectrometers (FT-IR) are used to investigate the structures of soft-landed 

molecules.  FT-IR spectrometers use mid-infrared (4000−400 cm
-1

) radiation.  A 

vibrational mode which absorbs IR photon (mid-IR) and leads to a change in dipole 

moment is IR active.  Each molecular structure has specific vibrational bands and 

vibrational spectroscopy can elucidate molecular structure.  Three FT-IR spectrometers, 

Thermo Nicolet iS10, Thermo Nicolet Magma 550 and Thermo Nicolet Nexus 670, were 

used in this thesis.  Each instrument is equipped with a different accessory (ATR, 

IRRAS, and PM-IRRAS) respectively.  Detailed descriptions of these accessories are 

provided in the next section.  Detailed discussions of FT-IR background are reviewed 

elsewhere [123, 124] and will not be further discussed in this thesis. 
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2.2 Methods and Experiments 

This section describes the general methods related to fragment ion structural study 

project.  Preparation of the self-assembled monolayer is applied to both SID experiment 

and soft-landing.  Basics of vibrational spectroscopy for soft-landing project will be 

introduced.  The detailed experimental conditions will be discussed separately in each 

chapter.   

 

2.2.1 Preparation of Self-Assembled Monolayer 

Chemically modified gold surfaces were used in the SID and soft-landing 

experiments.  Glass slide coated with a 50 Å  layer of titanium followed by a 1000 Å  

layer of gold (Evaporated Metal Films Corp., Ithaca, NY) were used as substrates for 

preparing the SID collision targets.  The Au-coated slide was cleaned for 15 min with a 

UV cleaner (Boekel UV cleaner model 135500, Boekel Industries, Inc., Feasterville, PA), 

followed by an ethanol rinse.  The clean surface was then immersed in a 1 mM ethanolic 

solution of 2-(perfluorodecyl)ethanethiol (FSAM, CF3(CF2)9(CH2)2SH, C12F10) for 24 

hours.  After 24 hours, the surface was sonicated in ethanol for 1 min to remove 

unbound material.  The sonication step was repeated for a total of six cycles using fresh 
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ethanol each time.  Hydrocarbon SAM surfaces were prepared in the same manner, 

using hexadecanethiol (HSAM, CH3(CH2)15SH, C16) instead of C12F10.  The thiols 

used for SAM formation were synthesized by the Chemical Synthesis Facility of the 

Department of Chemistry, University of Arizona.  The surface preparation technique is 

further explained elsewhere [125]. 

 

2.2.2 IRMPD Action Spectroscopy 

Gas-phase structures of ions are difficult to measure directly using conventional 

spectroscopy tools because ions are moving inside the instrument, and the density of ions 

are low due to the space charge effect [126, 127].  The tunable mid IR lasers have 

enabled IRMPD techniques to be applied as a spectroscopy tool [96, 97].  IRMPD action 

spectroscopy is different from IR spectroscopy.  Conventional IR measures intensity of 

incoming and outgoing IR light while IRMPD action spectroscopy detects fragment ions 

inside the mass spectrometer not the IR beams directly.  Multiple IR photons, which are 

monochromatic, are absorbed by a specific normal mode of an ion which leads to 

dissociation of the ion known as IRMPD.  The IR wavelengths are tunable and the 

fragment ions are recorded as a function of IR wavelength to produce a spectrum.  Free 
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electron laser (FEL) offers 2,000−1,000 cm
-1

 mid IR while IR optical parametric 

oscillator (OPO) offers 3,500−3,000 cm
-1

 [126, 127].   Recently, IRMPD spectroscopy 

has been used to investigate the structure and site of protonation in amino acids and 

peptides [128], to probe alkali-metal complexes of amino acids and peptides [129], and to 

investigate the structure of the b2
+
 peptide fragment ions [130, 131] and c-type ions 

formed by electron capture dissociation [132]. 

IRMPD action spectroscopy experiments were performed using the Free Electron 

Laser (FEL) at Le Centre Laser Infrarouge d’Orsay (CLIO) in France, coupled to an 

electrospray ionization-Fourier transform ion cyclotron resonance mass spectrometer (7.0 

T Bruker Apex Qe) [133] or a quadrupole ion trap.  For IRMPD spectroscopy of intact 

peptides, the generated ions were transferred directly to the ICR cell and fragmented by 

IRMPD.  Fragment ions studies involved CID prior to IRMPD.  The molecular ions 

were fragmented in the quadrupole collision cell.  The fragment ion of interest was 

isolated in the ICR cell and then dissociated by the free electron laser at different 

wavelengths as shown in Figure 2.5.  
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Figure 2.5 Schematic of IRMPD action spectroscopy experiment at CLIO. 

 

2.2.3 Attenuated Total Reflectance (ATR) 

Attenuated total reflectance (ATR) uses total internal reflection which is a 

phenomenon that when incident angle of the beam is higher than critical angle, the 

transmittance becomes zero.  If the beam passes in the higher refractive index medium, 

however, even at critical angle, radiation penetrates into the lower refractive index 

medium.  This penetrating radiation is the evanescent wave.  When the evanescent 

wave is absorbed in the lower refractive index medium, the reflected beam becomes 

attenuated.  The molecule of interest is placed at less dense medium and the incidence IR 

beam is attenuated at characteristic absorption bands.  The IR absorption is obtained 

from the intensity ratio between the attenuated beam and the incident beam. 
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The attenuated total reflectance (ATR) experiment was carried out in the Nicolet 

iS10 (Thermo Scientific, Madison, WI).  An ATR sampling accessory, Nicolet Smart 

iTR with ZnSe crystal (Thermo Scientific, Madison, WI), is attached to the spectrometer.  

The solid powder of commercial peptides was measured directly without any further 

sample preparation.  Spectra in the mid infrared region of 4000−650 cm
-1

 were 

collected for each sample.  Resolution was set at 4 cm
-1

 at a gain of 2.  256 scans were 

averaged with a mirror velocity of 0.4747 cm/s.  Automatic suppression of CO2 and 

water was not used. 

 

2.2.4 Infrared Reflection Absorption Spectroscopy (IRRAS) 

IR reflection absorption spectroscopy (IRRAS) was used to characterize the soft-

landed species on self-assembled monolayer.  IRRAS uses a phase shift of IR beams 

reflected from metal surfaces [134].  The phase shift of p-polarized light depends on the 

incident angle.  For a gold surface, at around 80° incident angle, the phase shift becomes 

90° and the sum of the incident and the reflected beam shows a constructive interference.  

For s-polarized light shows 180° phase shift regardless of the incident angle which leads 

to a destructive interference between the incident and the reflected beam.  IRRAS 
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technique has been used to study the orientation of the terminal group of self-assembled 

monolayer [135] and the structure of soft-landed molecules [118, 120]. 

A Nicolet Magma 550 FT-IR spectrometer (Thermo Scientific, Madison, WI) was 

used with a Spectra Tech FT-80 Fixed 80° Grazing Angle Accessory (Thermo Scientific, 

Madison, WI).  A ZnSe polarizer (25 mm diameter, Optometrics, Ayer, MA) was placed 

in front of the attachment in order to transmit primarily p-polarized light to the surface as 

shown in Figure 2.6.  Spectra in the mid infrared region of approximately 4000−650 cm
-

1
 were collected and resolution was set at 4 cm

-1
.  One thousand scans were averaged in 

transmission mode for each surface with a mirror velocity of 0.6329 cm/s.  Automatic 

suppression of CO2 and water was not used. 
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Figure 2.6 Schematic of fixed 80° grazing angle accessory. Modified from Pike 

Technologies manual. 

 

2.2.5 Polarization Modulation IRRAS (PM-IRRAS) 

Polarization Modulation - IR reflection absorption spectroscopy (PM-IRRAS) 

was also used to characterize the soft-landed species on self-assembled monolayer [136].  

The polarization of the incident beam between p- and s- polarizations is achieved by a 

photoelastic modulator (PEM).  ZnSe crystal is periodically compressed and stretched by 

piezoelectric transducers, which produce doubly-modulated signals, p- and s- polarized 

light.  A demodulator generates the sum (Ip+Is) of p- and s- polarized light after 



 

 

85 

reflection from the sample, and the difference (Ip−Is).  From Greenler’s theory, only Ip is 

absorbed by the surface molecules while Is is not, so the difference, Ip−Is, contains the IR 

absorption by the surface species [134].  Water vapor absorption is greatly reduced by 

PM-IRRAS, since the difference, Ip−Is, does not contain the gas-phase absorption.  

C=O stretching of peptide lies in water vapor region, so PM-IRRAS technique can 

improve IR signal better than normal IRRAS for soft-landed peptides.  The sum signal 

serves as a reference signal, and the PM-IRRAS signal is obtained as Equation 2.1 where 

R is the reflectance from the sample surface. 

sp

sp

II

II

R

R







         Eq. 2.1 

A Nicolet Nexus 670 FT-IR spectrometer (Thermo Scientific, Madison, WI) was 

used with dual channel capability equipped with an external optical bench (table-top-

optical module, TOM, Thermo Scientific), a mercury cadmium telluride (MCT) detector 

(Thermo Scientific), photoelastic modulator (PEM) (Hinds Instruments PM-90 with 

II/ZS50 ZnSe 50 kHz optical head, Hillsoboro, OR), and demodulator (GWC Instruments 

synchronous sampling demodulator, Madison, WI).  The difference between IRRAS and 

PM-IRRAS instrumentation is the IR beam is directed to the external optical bench as 
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shown in Figure 2.7.  The IR beam from the external beam port travels through a series 

of mirrors.  The p-polarized beam after the polarizer passes through the photoeleastic 

modulator (PEM) and then focused onto a sample surface at 80° from the surface normal.   

The reflected beam reaches a MCT-A detector through a lens.  

 

Figure 2.7 Schematic of table-top-optical module (TOM) setup of PM-IRRAS. Modified 

from Thermo Scientific manual. 
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2.2.6 NMR Spectroscopy 

NMR Spectra were acquired on a Bruker DRX-600 Spectrometer operating at a 

1
H frequency of 600.13 MHz using a Nalorac 5 mm HCN z-axis gradient probe at a 

temperature of 25.0 °C.  The sample (40 mg) was dissolved in 0.6 mL of CDCl3.  
1
H 

chemical shifts are referenced to residual CHCl3 at 7.24 ppm and 
13

C chemical shifts are 

referenced to solvent CDCl3 at 77.0 ppm.  The phase-sensitive heteronuclear multiple 

bond correlation (HMBC) [137] was acquired in echo-antiecho mode with 512 complex 

data points in t2 and 375 complex data points in t1, using an evolution delay of 50 ms for 

long-range CH couplings.  Two dimensional (2D) data was zero-filled to 2048 (F2) x 

1024 (F1) data points and a cosine-bell window function was applied in both dimension.  

NMR data was analyzed using the MestReNova software package (MestReLab Research, 

Escondido, CA). 

 

2.3 Quantum Chemical Calculations 

Computer modeling was extensively used in this dissertation to find out the 

optimized structures, thermodynamic energies, and vibrational frequencies.  For initial 

steps, lowest level molecular mechanics (MM) calculations were carried out to search 
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possible low energy structures and the structures further optimized with density 

functional theory (DFT) calculations.  The large peptide (4050 carbons) calculations, 

which are shown in Appendix A, used only MM level calculations.  DFT levels with 

large basis sets (including diffuse and polarization functions) were not practical for their 

number of basis functions due to computer memory size.  MM calculations were carried 

out using PC (Pentium processor).  DFT calculations were carried out on SGI Altix ICE 

8200 (2.83 GHz quad-core Xeon, “Harpertown”, Silicon Graphic Interface, Fremont, 

CA) at high performance computing system (HPC, U. of Arizona).   

 

2.3.1 Molecular Mechanics 

MacroModel 8.1 (Schrödinger, LLC., New York, NY) was used for molecular 

mechanics calculations.  Peptides were built with the program’s amino acid library.  

Protons were added to the neutral state differentially, depending on the charge state of the 

ions.  For doubly charged model peptide AGAXAAR, which is shown in Appendix A, 

two protons were added to the most basic sites, the N-terminus amine group on Ala and 

side chain of Arg.  For singly charged b2
+
 ion, the proton was added to a lone pair of 

either carbonyl oxygen or nitrogen.  Monte Carlo Molecular Mechanics (MCMM) was 
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performed for the conformational searches to find out the lowest energy conformers [138, 

139].  The Merck molecular force field was used for MCMM [140].  100,000 steps were 

used for peptides and 10,000 steps for b2
+
 ions. 

 

2.3.2 Density Functional Theory (DFT) 

Density functional theory (DFT) was used to further optimize the results from 

MCMM conformational searches.  DFT uses electron probability density instead of the 

solving Hartree-Fock (HF) equations.  DFT calculation has gained popularity over HF 

methods since DFT gives closer results to the experimental [141].  B3LYP (Becke, 

three-parameter, Lee-Yang-Parr) was used for DFT [142] and Gaussian 03 (Gaussian, 

Inc., Wallingford, CT) was used for the computational works.  The MCMM results were 

first calculated at B3LYP/6-31G level, optimized at B3LYP/6-31+G(p), and followed by 

B3LYP/6-311++G(d,p).  IR frequencies were obtained for the optimized structures.  

Gauss View 3 (Gaussian, Inc., Wallingford, CT) was used to generate theoretical IR 

spectra.  All the optimized structures used in this dissertation are attached in Appendix 

B. 
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CHAPTER 3. PEPTIDE b2
+
 ION FRAGMENTATION MECHANISM STUDIES 

 

3.1 Introduction 

Determination of structural features at the molecular level can provide 

fundamental insights into the activity, behavior, and function of biological systems.  

While techniques such as NMR and X-ray crystallography have stood as benchmarks for 

the determination of biological structure, mass spectrometry is playing an increasingly 

important role in investigating structural features [143, 144].  With the advent of soft 

ionization techniques such as MALDI and ESI, biological systems from small molecules 

to peptides to macromolecular protein complexes can be examined using a range of mass 

spectrometric techniques [22-24].  Because analysis can occurs in a solvent-free 

environment, mass spectrometry also provides the opportunity to examine intrinsic 

features and interactions that may not be present in an aqueous environment.  

Studies of the structures of amino acids, peptides, and peptide fragments have also 

been a focus of mass spectrometry research [12-17].  In particular, the formation 

mechanism and structure of b2
+ 

ions have prompted numerous studies.  Two main b2
+ 

ion structures have been proposed as shown in Scheme 3.1, both of which feature cyclic 
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structural components.  If cyclization occurs by attack of the N-terminal amino group on 

the carbonyl carbon of the second amino acid residue, then a six-membered ring 

diketopiperazine structure is formed [145].  If the carbonyl oxygen of the first amino 

acid residue of a peptide attacks the carbonyl carbon of the second residue, a five-

membered ring oxazolone structure is formed [12-17].  Peptide or fragment ion 

structures can be probed using tandem MS, isotope labeling, gas-phase 

hydrogen/deuterium exchange, ion mobility, and computational modeling.  While many 

recent studies have shown that the b2
+
 ion of simple peptides is an oxazolone, these 

studies were performed using indirect methods [146-148].  Infrared multi-photon photon 

dissociation (IRMPD) action spectroscopy (Section 2.2.2), combined with comparison to 

theoretical vibrational spectra (Section 2.3.2) can probes structure using the IR modes of 

an ion structure of interest [128].  In the work shown here, IRMPD spectroscopy was 

used to investigate the b2
+
 ion structure of the tripeptide AGG.   

Another alternative spectroscopic method for the study of peptide fragment ions is 

to first “soft-land” the mass-selected product ions onto a self-assembled monolayer 

surface and then to probe their structures using IR reflection absorption spectroscopy 

(IRRAS) (Section 2.2.4).  Soft-landing combined with IRRAS has been successfully 
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used previously for structural studies of biomolecules [117, 118] to corroborate IRMPD 

results.  

 

Scheme 3.1 Formation of b2
+
 ion from a three residue peptide. (a) The amino terminus 

attacks the carbonyl carbon and cyclizes to form the protonated diketopiperazine. (b) The 

carbonyl oxygen from the N-terminal residue attacks the carbonyl carbon and cyclizes to 

form the protonated oxazolone. 

 

3.2 IRMPD Experiments 

IRMPD spectroscopy experiments were performed using the Free Electron Laser 

(FEL) at Le Centre Laser Infrarouge d’Orsay (CLIO) in France.  Two mass 

spectrometers were involved in this project.  An electrospray ionization-Fourier 

transform ion cyclotron resonance mass spectrometer (7.0 T Bruker Apex Qe) was used 

for IRMPD of cyclo-AG (Section 3.3.1) and the b2
+
 ion of Ala-Gly-Gly (Section 3.3.2) 
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[130, 133].  Singly protonated cyclo-AG was generated by using electrospray ionization 

and introduced into the ICR cell without any fragmentation.  The b2
+
 ion from 

protonated Ala-Gly-Gly was generated by using quadrupole-CID and only the mass 

selected b2
+
 ion was introduced into the cell for IRMPD analysis.  The free electron 

laser (FEL) was irradiated into the ICR cell to fragment the selected ion in the ICR cell 

and fragment efficiencies were recorded as a function of laser wavelength.  For other 

molecules studied (Section 3.3.3−Section 3.3.5), an ion trap instrument (Bruker Esquire 

3000+) was used in conjunction with the FEL.  Similarly, molecular ions were first 

generated using ESI then were introduced into the ion trap where the FEL was used to 

irradiate trapped ions of interest [131].  AGG, cyclo-AG, cyclo-HP, and cyclo-VP were 

purchased from Bachem (Torrance, CA) and 4-Ethoxymethylene-2-phenyl-2-oxazlon-

5one was purchased from Sigma-Aldrich (St. Louis, MO). 

The IRMPD experimental action spectra were compared with quantum chemical 

calculations of absorption IR spectra to determine the ion structures that produce the best 

IR spectral match with the experimental spectrum to determine the conformation and 

protonation site of the ion fragmented by the FEL.  Monte Carlo molecular mechanics 

(MCMM) calculations using the Merck molecular force field (MMFF) were carried out to 
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identify possible low energy structures.  Macromodel 8.1 was used for conformational 

searching and the resultant potential structures were optimized by density functional 

theory (DFT) calculations.  Both geometry optimization and IR frequency calculations 

were performed at the B3LYP/6-31G, B3LYP/6-31+G(p), and B3LYP/6-311++G(d,p) 

level for different b2
+
 oxazolone and diketopiperazine structures with protonation at 

various oxygen or nitrogen atoms.  The acylium structure was excluded due to the fact 

that it is a significantly higher energy structure compared to the two cyclic structures, as 

well as the lack of spectral overlap with the experimentally obtained action IRMPD 

spectra.  Theoretical IR frequencies were scaled with a factor of 0.978 and were 

convoluted with a Lorentzian profile with a 20 cm
-1

 full width at half maximum.  The 

most pertinent spectra and geometries were compared with the corresponding 

experimental spectra.  Because IRMPD measures the fragment ion efficiency, not the 

direct IR absorption, the intensity of IR bands have the possibility of being significantly 

different from the calculations [129]. 

In this section, the author performed quantum chemical calculations.  IRMPD 

experiments were carried out by Prof. Vicki Wysocki, Dr. Julia Chamot-rooke, Dr. Arpad 

Somogyi, Dr. Brittany Perkins (AGG, cyclo-AG), and Ashley Gucinski (cyclo-VP and 
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cyclo-HP). 

 

3.2.1 Cyclo Ala-Gly 

The dipeptide cyclo-AG has a known diketopiperazine structure, which was 

confirmed in both IRMPD experiments and quantum chemical computational results as 

shown in Figure 3.1.  The major fragment produced by IRMPD appears at m/z 101 and 

corresponds to the loss of CO.  Fragments also appear at m/z 84 and m/z 73 (concomitant 

loss of NH3 and CO).  IRMPD action spectra were compiled for all fragments generated.  

The b2
+
 diketopiperazine structure (cyclo-AG) protonated on the glycine amide 

oxygen (diketo CO(Gly)) has the lowest energy among all the diketopiperazine and 

oxazolone structures (Table 3.1).  The amide oxygen protonated diketopiperazine 

structures (diketo CO(Gly) and diketo CO(Ala)) have lower free energies than the amide 

nitrogen protonated forms (diketo N(Ala) and diketo N(Gly)) by 56.9 and 63.8 kJ/mol, 

respectively, which suggests that the amide oxygen protonated diketopiperazines are the 

major isomers present as opposed to the nitrogen protonated structures.  Among the 

possible optimized oxazolone b2
+ 

structures, the oxazolone ring nitrogen protonated 

isomer (oxaz ring N(oxaz)) is 14.9 kJ/mol lower in free energy than the free amino 
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protonated form (oxaz N(amino)).  Oxygen protonated oxazolone isomers were unstable 

according to the computational results.  They could not be optimized as oxazolones 

because opening of the oxazolone ring occurred.  Therefore only nitrogen protonated 

oxazolone isomers will be discussed further.  The structure of diketo CO(Gly), diketo 

CO(Ala), oxaz ring N(oxaz), and oxaz N(amino) in Table 3.1 are shown in Figure 3.1 and 

Figure 3.2. 

 

Table 3.1 Relative calculated enthalpy and free energy changes for the different structures 

of the AG b2
+
 ion.  

 

 ΔΔH298.15 (kJ/mol) ΔΔG298.15 (kJ/mol) 

diketo CO(Gly) 0.0 0.0 

diketo CO(Ala) 2.2 3.1 

oxaz ring N(oxaz) 16.8 16.7 

oxaz N(amino) 31.4 31.6 

diketo N(Ala) 56.1 56.9 

diketo N(Gly) 63.1 63.8 
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Figure 3.1 IRMPD spectrum of protonated cyclo-AG plotted as fragmentation efficiency 

for formation of the most abundant fragment ion vs. wavenumber and calculated spectra 

of two stable diketopiperazine structures. Reproduced with permission from [130]. 

 

Among all the structures, the two diketopiperazine isomers protonated at amide 

oxygens (diketo CO(Gly) and diketo CO(Ala)) show the best agreement to the experimental 

spectrum of protonated cyclo-AG in Figure 3.1.  The experimental band at 1775 cm
-1

 

corresponds to unprotonated carbonyl amide stretching (amide I mode).  Protonation at a 
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the carbonyl group causes the C=O to stretch simultaneously with the C-N bond, which 

causes a shift in the carbonyl stretching band to lower wavenumbers (1705 cm
-1

).  The 

band at 1512 cm
-1

 is an amide II mode.  The band at 1202 cm
-1

 is from the OH bending 

of the protonated carbonyl oxygen, 1446 cm
-1

 is the rocking mode of the methyl group 

and 1284 cm
-1

 is produced by the wagging motion of CH2.  The diketopiperazine 

structure protonated on the Gly amide oxygen shows similar band patterns to that 

protonated on Ala amide oxygen, with a slight shift in the amide I mode, which 

contributes to a broad band.  The 3.1 kJ/mol free energy difference, similar gas-phase 

proton affinities [149] and similar band patterns suggest that protonated cyclo-AG is a 

combination of the alanine and glycine carbonyl oxygen protonated structures. 

 

3.2.2 b2
+
 Ion from Ala-Gly-Gly 

The b2
+
 ion IR action spectrum of AGG shown in Figure 3.2 has a very different 

band pattern compared with the cyclo-AG spectrum.  The carbonyl stretching bands are 

blue-shifted by about 200 cm
-1

 to 1970 cm
-1

 and exist as a broad band with a shoulder 

rather than the distinct doublet present in the protonated cyclo-AG spectrum.  The b2
+
 

ion IRMPD spectrum is in excellent agreement with quantum chemical calculations for 
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the oxazolone protonated on the ring nitrogen (oxaz ring N(oxaz)).  The long shoulder on 

the C=O stretching band indicates a minor contribution from an oxazolone protonated on 

the free NH2 nitrogen (oxaz N(amino)).  In addition to the carbonyl stretching band, there 

is a strong band at 1630 cm
-1

 for the b2
+
 ion, which is absent for cyclo-AG.  The band at 

1630 cm
-1

 and its shoulder is characteristic of the scissoring mode of free NH2.  This 

band at 1630 cm
-1

 with a long shoulder to the blue side in the experimental spectrum 

indicates that the feature is most likely a combination of two adjacent computed bands.  

The band at 1339 cm
-1

 is from the twisting mode of free NH2.  Because the 

diketopiperazine structure does not have a free NH2, the 1630 cm
-1

 and 1339 cm
-1

 bands 

are characteristic markers for an oxazolone structure.  In addition, a protonated 

diketopiperazine exhibits a strong OH bending feature near 1202 cm
-1

, but there is no OH 

functional group in the either nitrogen protonated oxazolone structure, therefore no band 

at 1202 cm
-1

 is expected or observed in these spectra. The bands at 1471 cm
-1

 and 1445 

cm
-1

 are from the scissoring mode of the methyl group (oxaz ring N(oxaz)) and the NH3 

umbrella mode of the oxazolone structure protonated at free NH2 (oxaz N(amino)).  The 

band at 1294 cm
-1

 is from wagging of CH2 in the ring, and the band at 1239 cm
-1

 is 

related to twisting of CH3. 
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Figure 3.2 IRMPD spectrum of the b2
+
 ion produced by fragmentation of AGG plotted as 

fragmentation efficiency for formation of the most abundant fragment ion vs. 

wavenumber and calculated spectra of two oxazolone structures. Reproduced with 

permission from [130] 

 

In conclusion, the experimental IRMPD data and quantum chemical calculations 

show that protonated cyclo-AG is a diketopiperazine, and the b2
+
 ion generated from CID 

of protonated AGG is an oxazolone.  Cyclo-AG retains its cyclic form upon protonation 

and is most likely a mixture of structures protonated at either the alanine or glycine 

residue.  In contrast, the b2
+
 ion from AGG is an oxazolone with protonation at the ring 
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nitrogen as the major isomer.  This is the first time that an IR spectrum of a b2
+
 ion has 

been obtained, and for this AG b2
+
 ion, the oxazolone structure previously proposed based 

on calculations and experiments [146-148] was confirmed. 

 

3.2.3 Cyclo Val-Pro and cyclo His-Pro 

Additional commercial diketopiperazines, cyclo-VP and cyclo-HP, were used to 

confirm the relationship between IRMPD spectroscopy and soft-landing/IR spectroscopy 

which will be discussed in detail later.  Both cyclic peptides were also studied with 

IRMPD spectroscopy and quantum chemical calculations. 

 

3.2.3.1 Quantum Chemical Calculation Results 

Macromodel 8.1 and Gaussian 03 were used to determine the lowest energy 

structures among the protonated diketopiperazine and oxazolone structures of cyclo-VP 

and cyclo-HP.  The results are summarized in Table 3.2 and Table 3.3 respectively.  For 

cyclo-VP, the b2
+
 diketopiperazine structure (cyclo-VP) protonated on the valine amide 

oxygen (diketo CO(Val)) has the lowest energy among all the potential diketopiperazine 

and oxazolone structures optimized.  The amide oxygen protonated diketopiperazine 
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(diketo CO(Val)) has a lower free energy than amide nitrogen protonated forms (diketo 

N(Pro) and diketo N(Val)) by 63.1 and 73.4 kJ/mol, respectively, which follows the trend of 

relative energies of b2
+
 ion structures as seen with cyclo-AG.  With the presence of 

proline, the oxazolone can have only one fixed charge site located at the oxazolone ring 

nitrogen.  The oxazolone ring nitrogen protonated isomer (oxaz ring N(oxaz)) is 58.5 

kJ/mol higher in free energy than the lowest diketopiperazine structure.  The lowest 

energy diketopiperazine structure and oxazolone are presented in Figure 3.3. 

 

Table 3.2 Relative calculated enthalpy and free energy changes for the different structures 

of the VP b2
+
 ion. 

 

 ΔΔH298.15 (kJ/mol) ΔΔG298.15 (kJ/mol) 

diketo CO(Val) 0.0 0.0 

diketo CO(Pro) 20.6 19.8 

oxaz ring N(oxaz) 63.2 58.5 

diketo N(Pro) 64.9 63.1 

diketo N(Val) 75.9 73.4 
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Figure 3.3 Structures of (a) diketo CO(Val) and (b) oxaz ring N(oxaz) from Table 3.2. The 

dashed line is used to distinguish the two residues. 

 

Protonated cyclo-HP was also studied with IRMPD and calculations.  Histidine 

containing b2
+
 ions behave differently from aliphatic residues such as alanine or glycine 

as a result of the ability of the basic side chain to influence the b2
+
 ion formation pathway 

[131, 146].  The basic imidazole side chain plays a significant role in determining the 

fragment ions formed, especially compared to the influence of the side chain of valine in 

cyclo-VP.  The lowest energy structure among all the diketopiperazine and oxazolone 

structures is the diketopiperazine structure (diketo N(His) – CO(His)) that features a proton 

bridged between the imidazole pi nitrogen (N(His)) and the adjacent carbonyl oxygen of 

histidine (CO(His)).  The lowest energy structure, diketo N(His) – CO(His), is a 
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diketopiperazine that has lower free energies than the non-bridged carbonyl oxygen 

protonated forms (diketo CO(Pro) and diketo CO(His)) by 65.2 and 84.2 kJ/mol, respectively.  

Other proton bridged diketopiperazine structures (diketo N(His) – N(His) and diketo N(His) 

– CO(Pro)) also have lower energy than the non-bridged structure (diketo CO(Pro)) with a 

difference of 29.2 and 0.9 kJ/mol, respectively.  Similar to cyclo-VP, with the presence 

of proline, the oxazolone structure can have only one possible charge site on the 

oxazolone ring nitrogen.  The protonated oxazolone isomer (oxaz ring N(oxaz)) is 132.2 

kJ/mol higher in free energy than the lowest diketopiperazine.  The non-bridged 

protonated forms of the diketopiperazine structures (diketo CO(Pro) and diketo CO(His)) are 

lower than the oxazolone by 67.0 and 47.9 kJ/mol, which is similar to the trend seen for 

cyclo-VP.  Therefore, the basic side chain of histidine contributes to the stability of the 

diketopiperazine structures comparing with cyclo-VP (absence of the basic side chain).  

The lowest energy diketopiperazine and oxazolone structures are shown in Figure 3.4. 
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Table 3.3 Relative calculated enthalpy and free energy changes for the different structures 

of the HP b2
+
 ion. 

 

 ΔΔH298.15 (kJ/mol) ΔΔG298.15 (kJ/mol) 

diketo N(His) – CO(His) 0.0 0.0 

diketo N(His) – N(His) 37.9 36.0 

diketo N(His) – CO(Pro) 63.6 64.3 

diketo CO(Pro) 66.4 65.2 

diketo CO(His) 87.0 84.3 

oxaz ring N(oxaz) 137.9 132.2 

 

 

 

Figure 3.4 Structures of (a) diketo N(His) – CO(His) and (b) oxaz ring N(oxaz) from Table 

3.3. The dashed line is used to distinguish the two residues. 

 

 



 

 

106 

3.2.3.2 IRMPD Action Spectroscopy 

Among all the structures for protonated cyclo-VP, the diketopiperazine structure 

protonated at the amide oxygen of valine (diketo CO(Val)) shows the best agreement to the 

experimental spectrum of protonated cyclo-VP as shown in Figure 3.5.  The 

experimental band at 1747 cm
-1

 corresponds to unprotonated carbonyl amide stretching 

(amide I mode).  The band at 1693 cm
-1

 is from protonated carbonyl amide stretching 

red-shifted by the simultaneous stretching with C=O and C-N bond, which is the same as 

cyclo-AG.  The band at 1443 cm
-1

 is from N-H rocking.  The calculated oxazolone 

spectrum is clearly different from the experimental spectrum and that of the lowest 

energy diketopiperazine.  The experimental IRMPD results and quantum chemical 

calculations clearly identify a diketopiperazine structure for protonated cyclo-VP without 

any evidence for an oxazolone structure. 

 



 

 

107 

 

Figure 3.5 IRMPD spectrum of protonated cyclo-VP plotted as fragmentation efficiency 

for formation of the most abundant fragment ion vs. wavenumber and calculated spectra 

of the most stable diketopiperazine isomer and the oxazolone structure. 
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Figure 3.6 shows the IRMPD spectrum of cyclo-HP and the corresponding lowest 

energy theoretical spectra obtained from quantum chemical calculations of protonated HP 

oxazolone and diketopiperazine structures.  The lowest energy diketopiperazine 

structure (diketo N(His) – CO(His), Figure 3.4) shows the best agreement to the 

experimental spectrum of protonated cyclo-HP as shown in Figure 3.6.  The 

experimental band at 1753 cm
-1

 corresponds to unprotonated carbonyl amide stretching 

(amide I mode).  The band at 1661 cm
-1

 is due to protonated carbonyl amide stretching 

which is 32 cm
-1

 is lower than that of cyclo-VP.   The proton makes a bridge with the 

−nitrogen in the imidazole ring and this N-H also simultaneously stretches with C=O 

and C-N bond, which causes a red-shift compared to that seen in the spectrum of cyclo-

VP.  The band at 1610 cm
-1

 corresponds to the ring breathing mode for the imidazole 

side chain, while the band at 1441 cm
-1

 is from the N-H rocking.  Similar to cyclo-VP, 

the calculated oxazolone spectrum is clearly different from the IRMPD experimentally 

derived IR spectrum.  The theoretical spectrum from quantum chemical calculations 

clearly shows that a diketopiperazine structure is present for protonated cyclo-HP. 
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Figure 3.6 IRMPD spectrum of protonated cyclo-HP plotted as fragmentation efficiency 

for formation of the most abundant fragment ion vs. wavenumber and calculated spectra 

of the most stable diketopiperazine isomer and the oxazolone structure. 
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3.2.4 4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one 

4-ethoxymethylene-2-phenyl-2-oxazolin-5-one is a commercially available 

oxazolone.  This molecule is expected to provide similar results (e.g. the characteristic 

C=O stretching of the oxazolone structure) to that of the AG b2
+
 oxazolone ion.  In 

addition, it will be a good comparison between this oxazolone molecule and the cyclic 

peptides for the IRMPD experiment.  This molecule has two conformers, (E) and (Z) 

isomers, because of the alkene moiety of the ethoxymethylene (Figure 3.7).   

 

3.2.4.1 NMR Spectroscopy 

While the stereochemistry of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one was 

not specified from the manufacturer, the NMR data (Bruker DRX 600, NMR facility, U. 

of Arizona, Section 2.2.6) shows that the (Z) isomer is dominant.  The one dimensional 

(1D) 
1
H NMR spectrum is shown in Figure 3.7 (a).  ChemBioDraw Ultra 12.0 

(CambridgeSoft Corp., Cambridge, MA) was used to generate predicted NMR spectra of 

the (E) and the (Z) isomers.  The key difference between the (E) and the (Z) isomers is 

the chemical shift of the ethoxymethylene proton for each isomer.  In the (Z) isomer, the 

proton is close to the carbonyl group, which leads to a red-shift relative to the (E) isomer.  
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The singlet peak at 7.24 ppm confirms that this hydrogen peak is from (Z) isomer.  This 

was additionally confirmed by a two dimensional heteronuclear multiple bond correlation 

(2D HMBC) experiment, which showed a very weak correlation between this proton 

(7.24 ppm) and the carbonyl carbon (168.23 ppm) (Figure 3.8).  This correlation would 

be strong for an anti relationship (E isomer), due to the larger 3-bond JCH coupling.   

 



 

 

112 

 

 

Figure 3.7 1D NMR spectrum of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one. (a) 

experimental spectrum; (b) predicted NMR spectrum of the (Z) isomer; (c) predicted 

NMR spectrum of the (E) isomer. 
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Figure 3.8 2D NMR spectrum of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one. The x 

axis is 
1
H NMR and the y axis is 

13
C NMR. 

 

3.2.4.2 Quantum Chemical Calculation Results 

Quantum chemical calculations (using density functional theory at the B3LYP 

level using the 6-311++G(d,p) basis set) show that the protonated (Z) form is lower in 

energy than the protonated (E) form (Table 3.4).  The oxazolone ring has three 

protonation sites which include the oxazolone ring nitrogen, the carbonyl oxygen, and the 

oxazolone ring oxygen (Figure 3.9).  The ring nitrogen protonated (Z) structure is lower 



 

 

114 

in energy by 21.2 kJ/mol than the ring nitrogen protonated (E) structure and by 64.0 and 

67.3 kJ/mol lower, respectively, than the carbonyl oxygen protonated structures.  

Protonation at the carbonyl oxygen for (E)-4-ethoxymethylene-2-phenyl-2-oxazolin-5-

one result in a hydrogen bond between the carbonyl oxygen and vinyl ether oxygen.  

This hydrogen bridge lowers the energy of the ion, so the (E) form has similar energy to 

the (Z) form compared with those protonated at the ring nitrogen.  While there is another 

possible protonation site at the ring oxygen, this protonated ion is not stable and leads to 

a ring opening of the structure as shown by quantum chemical calculations. 

 

Table 3.4 Relative calculated enthalpy and free energy changes for the different structures 

of the 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one ions. 

 

 ΔΔH298.15 (kJ/mol) ΔΔG298.15 (kJ/mol) 

ring N – protonation (Z) 0.0 0.0 

ring N – protonation (E) 20.5 21.2 

carbonyl O – protonation (Z) 62.2 64.0 

carbonyl O – protonation (E) 64.8 67.3 
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Figure 3.9 Protonated isomers of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one.  (a) 

ring N - protonation (Z); (b) ring N - protonation (E); (c) carbonyl O – protonation (Z); 

(d) carbonyl O - protonation (E) from Table 3.4. 

 

3.2.4.3 IRMPD Action Spectroscopy 

The IRMPD spectrum shows excellent agreement with quantum chemical 

calculation for the ring nitrogen protonation of the (Z) form as shown in Figure 3.10 for 

4-ethoxymethylene-2-phenyl-2-oxazolin-5-one.  The experimental band at 1913 cm
-1

 is 

the C=O stretching in the ring.  The band at 1670 cm
-1

 is the C=C stretching between 

the carbon in the oxazolone ring and the carbon in vinyl ether.  The band at 1568 cm
-1

 is 
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the C=N stretching in the oxazolone ring and its shoulder is from the benzene ring 

breathing mode.  Protonation of the ring nitrogen of the (E) form has similar band 

features (Figure 3.10 (c)) but does not match as well as the (Z) form.  Both of the 

carbonyl oxygen protonated structures lack a band at 1913 cm
-1

, which corresponds to 

carbonyl stretching.  The C-H rocking mode in the benzene ring appears at 1482 cm
-1

.  

The band at 1318 cm
-1

 is the N-H rocking mode and the C-H rocking mode of the vinyl 

carbon is present at 1236 cm
-1

.  The IRMPD results of the commercial 4-

ethoxymethylene-2-phenyl-2-oxazolin-5-one feature similar IR bands compared to those 

seen for the oxazolone structure of the AG b2
+
 ion.  Based on these similarities and on 

spectral comparison of the calculated structure to the experimentally obtained IRMPD 

spectrum, the protonated ion of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one can be 

assigned as an oxazolone-type ion that is protonated at the ring nitrogen of the (Z) form. 
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Figure 3.10 IRMPD spectrum of protonated 4-ethoxymethylene-2-phenyl-2-oxazolin-5-

one plotted as fragmentation efficiency for formation of the most abundant fragment ion 

vs. wavenumber and calculated spectra, shown in (a) and (b)-(e), respectively. (a) IRMPD 

spectrum; (b) ring N - protonation (Z); (c) ring N - protonation (E); (d) carbonyl O – 

protonation (Z); (e) carbonyl O - protonation (E) 
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The IRMPD action spectrum (Figure 3.10 (a)) shows broader bands in 

1200−1400 cm
-1

 compared to calculated bands.  A possible explanation for this trend is 

the presence of rotational conformers (anti and gauche) for the ring N - protonated (Z) 

isomer.  Due to the presence of ethoxymethylene, there are anti and gauche forms from 

O-C bond.  Both anti and gauche structures have identical vibrational bands for C=O, 

C=C, and C=N (1500−1900 cm
-1

) as shown in Figure 3.11.  N-H wagging (1230 cm
-1

) 

and C-H wagging (terminal CH3, 1310 cm
-1

) appear at slightly different positions in the 

spectrum for both rotational conformers (Figure 3.11 (c) and (d)).  The energy difference 

for both conformers is only 0.01 kJ/mol, which is an easily obtained transition at room 

temperature, and additionally, the rotational energy barrier for anti and gauche is quite 

low.  Computations on an analogous molecule, n-butane, gives a rotational energy 

barrier of 13.8 kJ/mol [150].  Alkyl halides also have barriers ranging from 13.4−15.5 

kJ/mol [151].  The rotation barrier of the ethoxymethylene is expected to fall within the 

range of the above values.  During IR photon absorption, the molecule can easily absorb 

sufficient energy to overcome the energy barrier prior to dissociation.  Therefore, the 

combination of IR bands of two conformers could result in broader stretches, and with 



 

 

119 

the combination of multiple theoretical spectra, the calculations are justifiably in better 

agreement with the experimental results because of these expected deviations (Figure 

3.11 (b)).  Conversely, cyclo-AG and cyclo-VP do not have rotational conformers.  

Cyclo-HP has strong hydrogen bridging between the histidine side chain and the carbonyl 

group of the ring.  Therefore, the need to incorporate the effect of multiple rotational 

conformers to account for broadening of IR stretches applies to only the case of 4-

ethoxymethylene-2-phenyl-2-oxazolin-5-one of all of the systems presented here.  
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Figure 3.11 IRMPD spectrum and calculated spectra of protonated 4-ethoxymethylene-2-

phenyl-2-oxazolin-5-one. (a) IRMPD action spectrum; (b) 1:1 mix of (c) and (d); (c) ring 

N - protonation anti-(Z); (d) ring N - protonation gauche-(Z) 
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3.3 Soft-Landing Experiments 

Although IR action spectroscopy is a very powerful technique and has been 

successfully applied to ion structural studies, it requires a free electron laser (FEL) to 

explore ion dissociation of interest directly [152].  Because there are only two open-

access FEL facilities in the world that couple the laser to mass spectrometers, only a few 

days per year can be allocated for a given research group, limiting the ability to collect 

sufficient data.  Another option for spectroscopy of fragment ions is to “soft-land” the 

mass-selected product ions onto a self-assembled monolayer surface and to then probe 

their structures using IR reflection absorption spectroscopy (IRRAS).  Soft-landing 

combined with IRRAS has been successfully used for structural studies of molecules 

[118, 153].  The soft-landing experiments presented here are performed using the Extrel 

4000 quadrupole-surface-quadrupole instrument.  Fragment ions are produced by 

skimmer CID (Section 1.4.1.1) in the ion source region and the product ion of interest is 

mass-selected by the first quadrupole and allowed to collide at low energy into a surface 

placed into the ion beam path, normal to the beam. 

5 mL sample solution was sprayed with a speed of 1 uL/min.  Sample was 

allowed to soft-land for a total of 5000 minutes.  A picoamperometer was used to 
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measure ion currents at the landing surface, but the current was below the detection limit 

(1 pA).  Assuming an ion current of 1 pA, a total of 3x10
-7

 C of sample is landed during 

the sample deposition.  Therefore about 3x10
-12

 mole of sample (which is 0.4 ng for 

cyclo-AG) is landed on the surface.  After ion landing, the surface is removed from the 

vacuum chamber of the instrument, and PM-IRRAS is performed to obtain the 

vibrational spectra of the soft-landed ion species.  In collaboration with Prof. Pemberton, 

all the IR measurements were performed in the Pemberton group laboratory.  The 

IRRAS measurements were done by the author and the PM-IRRAS experiments were 

performed by Dr. Anoma Mudalige.  

 

3.3.1 Cyclo Ala-Gly 

All the molecules investigated by IRMPD were also analyzed using combined 

soft-landing-spectroscopy techniques. A concentration of 250 M cyclo AG in 30 : 70 : 1 

water : methanol : acetic acid was sprayed.  Five μL of the solution is electrosprayed 

with 3.0 kV applied to the needle at a flow rate of 1 μL/min at 120
o
C without the use of a 

nebulizing gas to soft-land the ion of interest on the surface.  Several surfaces (bare gold, 

C17, C16, C12F10, and C11OH (Section 2.2.1)) were tested for the landing surface.  A 
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collision voltage is defined by the potential difference between the skimmer and the 

surface; a collision voltage of 10 V was used for the experiments presented here, which is 

consistent for all peptide and peptide-analog systems studied herein.  Detailed voltages 

are summarized in Table 3.5 and lenses are shown in Figure 2.4. 

 

Table 3.5 Voltages applied to each lens during soft-landing of cyclo-AG (Volts). 

Capillary L1 L2 L3 L4 Q1 enter Q1 exit 

10 -10 6 -2 -6 -28 2 

Post Q1 

L1 

Post Q1 

L2 
surface Pre Q3 L1 Pre Q3 L2 Q3 enter Q3 exit 

-14 -136 0 -104 -126 -4 -102 

 

After sample deposition, the surface was removed from the Extrel 4000 and was 

analyzed using the IR spectrometer.  A Nicolet Magma 550 FT-IR spectrometer 

(Thermo Scientific, Madison, WI) was used for the IRRAS experiment (Section 2.2.4) 

and a Nicolet Nexus 670 FT-IR spectrometer (Thermo Scientific, Madison, WI) was used 

for the PM-IRRAS experiment (Section 2.2.5).  Initially IRRAS was used for IR 

detection, but to reduce water vapor interference in the lower wavenumber region of the 
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spectrum, PM-IRRAS was used thereafter.  Comparison samples in powder-form were 

run using ATR (Nicolet iS10 used) as a comparison standard for the IRRAS spectrum of 

the soft-landed sample (Section 2.2.3).  OMNIC software (Thermo Scientific, Madison, 

WI) was used for the operation of IR spectrometers as well as for data processing of the 

soft-landing IR data acquired.  Polynomial (5
th

 order functions used in this chapter) 

background correction was used for the PM-IRRAS spectra.  Using Equation 3.1, the 

PM-IRRAS signal (A) and polynomial background (B) were converted into absorbance 

unit [154, 155].  









 1        0223.0

B

A
Absorbance     Eq. 3.1 

 

3.3.1.1 Neutralization of Soft-Landed Ions 

Although a charged peptide is landed on a surface, a large portion of landed ions 

undergo neutralization by electron transfer from the SAM matrix or metal substrate or by 

proton loss [117, 156].  The Turecek group observed proton transfer from the arriving 

cations to the metal oxide layer.  The proton transfer caused a reduction of the metal 

surface and XPS confirmed the oxidation state of the metal [121].  Laskin et al. 

proposed an instant proton loss during ion-surface collision using doubly charge peptide 
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landing [156].  The Wysocki research group studied electron transfer from the SAM 

surface using neutralizations of radical cations [157, 158]; between hydrocarbon and 

fluorocarbon surfaces, short chain length of hydrocarbon SAMs showed the highest 

efficiency of neutralization of radical cations followed by long chain hydrocarbon SAMs.  

Fluorocarbon SAMS showed the least neutralizations.  The Laskin group showed 

similar behavior using peptide ions [118].  Water molecules inside the instrument also 

promote neutralization by solvation of peptide ions [117].  Even though the 

fluorocarbon retains charge better than other type of surfaces [118], the soft-landed 

sample and the surface is taken out from the instrument and is exposed to atmosphere 

prior to IR measurement, so it is reasonable to expect all the landed ions undergo 

neutralization before the IR spectra are obtained.  

Figure 3.12 shows a) the PM-IRRAS spectrum of soft-landed cyclo-AG on bare 

gold, b) the ATR-IR spectrum of powder cyclo-AG, c) the quantum chemical calculated 

spectrum of neutral cyclo-AG, and d) the IRMPD of protonated cyclo-AG.  Theoretical 

IR frequencies were scaled with a factor of 0.97 and were convoluted with a Lorentzian 

profile with a 20 cm
-1

 full width at half maximum.  The calculation was performed using 

density functional theory at the B3LYP/6-311++G(d,p) level.  All of the experimentally 
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seen IR bands and the predicted stretches from the quantum chemical calculations were 

summarized in Table 3.6.  Spectra obtained from the PM-IRRAS and ATR experiments 

give similar IR bands.  The frequency shifts and peak shape changes are from geometric 

differences (PM-IRRAS uses polarized IR beams and the incident angle of IR beams are 

different from that in ATR) between two experiments [159].  IR beams in ATR are 

multiply reflected in the ATR accessory and absorbed by the molecules.  Absorbance of 

ATR is much higher than PM-IRRAS (Figure 3.1).  ATR-IR was carried out on a neutral 

solid, which means that the sample on bare gold surface is also neutral.  If the sample 

still retains charge, the PM-IRRAS spectrum is more similar to the IRMPD action 

spectrum that is from protonated cyclo-AG.  The assumptions that all the landed 

molecules are neutralized are confirmed.  The experimental PM-IRRAS and ATR 

spectra do not agree with the spectra obtained from quantum chemical calculations, in 

contrast the IRMPD spectrum of the b2
+
 ion which matched calculations.  Because the 

Gaussian DFT calculation is based on a single gas-phase molecule, this should inherently 

differ from the IR spectra acquired suing PM-IRRAS and ATR.  This can be attributed 

to the fact that molecules in these types of IR experiments do not exist as isolated single 

molecules, but are instead a multitude of molecules in the solid phase.  Therefore, there 
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are justifiable reasons as to why the Gaussian calculations are not in good agreement with 

the IR spectra obtained from the ATR and PM-IRRAS measurements.  

 

Table 3.6 IR bands for experimental spectra and the quantum chemical calculation from 

Figure 3.12. 

 

PM-IRRAS ATR IRMPD DFT 

1684 cm
-1

 1665 cm
-1

 
1775 cm

-1
 

1705 cm
-1

 
1709 cm

-1
 (C=O stretching) 

1461 cm
-1

 1464 cm
-1

 1446 cm
-1

 1378 cm
-1

 (amide II) 

1328 cm
-1

 1331 cm
-1

 1284 cm
-1

 1294 cm
-1

 (CH2 wagging) 
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Figure 3.12 IR spectra of cyclo-AG. (a) PM-IRRAS of soft-landed cyclo-AG on a bare 

gold surface; (b) ATR of cyclo-AG powder; (c) calculated spectrum of diketopiperazine 

structure of cyclo-AG; (d) IRMPD of protonated cyclo-AG. 
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3.3.1.2 Multiple Molecule Calculations 

Calculations including five cyclo-AG molecules were optimized and frequency 

calculations were performed to confirm the interaction between molecules and the 

corresponding effect on the spectrum.  The presence of five cyclo-AG molecules mimics 

the solid phase cyclo-AG (Figure 3.13).  It is computationally challenging to optimize 

several molecules by DFT, and large basis sets for these molecules cannot be used due to 

the large number of atoms.  Five molecules were the largest complex that was 

computationally feasible, and they were optimized at the B3LYP/6-31+G(p) level.  In 

contrast to previous b2
+
 ion calculations, this complex was not converged at the higher 

B3LYP/6-311++G(d,p) level.  Theoretical IR frequencies were scaled with a factor of 

0.97 and were convoluted with a Lorentzian profile with a 20 cm
-1

 full width at half 

maximum.  Figure 3.14 and Table 3.7 show the peak shifts that occur when one and five 

molecules are calculated.  C=O stretching becomes weaker for five molecules, while the 

amide II and CH2 modes are stronger.  Protonation at the carbonyl group makes the C=O 

stretching weaker [130].  For IRMPD of cyclo-AG, C=O stretching was observed at 

1775 cm
-1

 and protonated C=O stretching 1705 cm
-1

 for protonated cyclo-AG (Section 

3.2.1).  The IR frequency of 1775 cm
-1

 was obtained using a scaling factor of 0.978 and 
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a basis set of 6-311++G(d,p), while the IR frequency of 1716 cm
-1

 and 1699 cm
-1

 (Table 

3.7) were obtained from 0.97 and 6-31+G(p).   The peak shift seen between one and 

five molecules results from interactions related to the carbonyl group.  For five 

molecules, the carbonyl group has interactions with adjacent molecule and makes a 

hydrogen bond.  This interaction causes a red-shift of the carbonyl stretch from 1716 

cm
-1

 to 1699 cm
-1

.  However, all five C=O are not chemically equivalent.  The lengths 

of hydrogen bonds are not exactly the same, which causes additional peak broadening.  

The carbons involved with CH3 and CH2 modes are also affected by the weakened C=O 

stretching.  Because these modes are adjacent to C=O, amide II and CH2 modes 

becomes stronger as C=O becomes weaker.  With these reasons, the five molecule 

calculation generates an IR spectrum that more closely resembles the measurement 

shown in the PM-IRRAS spectrum, as illustrated in Figure 3.14.  The calculation based 

on one molecule does not agree well with the IRRAS spectra and it is computationally 

challenging to perform the high level quantum chemical calculations necessary for such 

complexes.  Additionally, possible molecular interactions with the surface have not been 

considered here due to computational difficulties.  However, general peak shift trends 

between single molecule and multiple molecules were observed, so single molecule 
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calculations can be applied to peak assignments.    

 

Table 3.7 IR bands for experimental spectra and the quantum chemical calculation from 

Figure 3.14. 

PM-IRRAS Five Molecules One Molecule Bands 

1665 cm
-1

 1699 cm
-1

 1716 cm
-1

 C=O stretching 

1461 cm
-1

 1421 cm
-1

 1394 cm
-1

 amide II 

1328 cm
-1

 1313 cm
-1

 1307 cm
-1

 CH2 wagging 

 

 

Figure 3.13 Optimized five cyclo-AG molecules from DFT calculations. Frequency 

results are used to generate theoretical IR spectrum in Figure 3.14. 
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Figure 3.14 IR spectra of cyclo-AG. (a) PM-IRRAS of soft-landed cyclo-AG on bare 

gold; (b) DFT calculated spectrum of five diketopiperazine cyclo-AG molecules; (c) 

calculated spectrum of one diketopiperazine cyclo-AG. 
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3.3.2 b2
+
 ion from Ala-Gly-Gly 

The structure of b2
+
 ion from Ala-Gly-Gly has been shown to be a oxazolone 

structure [130].  The AG b2
+
 ion was landed on a surface and skimmer CID (Section 

1.4.1.1) was used to generate b2
+
 ion, as described previously.  The capillary voltage of 

107 V was used for cyclo-AG and to achieve skimmer CID, the capillary voltage was 

increased to 157 V.  Other experimental conditions are summarized in Table 3.8.  

Figure 3.15 shows the PM-IRRAS spectrum of soft-landed AG b2
+
 ion which was done 

on a C11OH surface.  Similar to cyclo-AG, AG b2
+
 ion will also undergo neutralization.  

The theoretical IR spectra of the oxazolone and the diketopiperazine structures of AG 

were compared with the PM-IRRAS spectrum.  Optimization was performed at 

B3LYP/6-311++G(d,p) and a scaling factor of 0.97 was used.  The landed molecules 

again show different IR bands behavior from gas-phase calculations, but even taking that 

into consideration, the spectrum acquired via PM-IRRAS does not agree with either 

calculation.  Peak shifts cannot explain the doublet in the C=O region (1695 cm
-1

 and 

1647 cm
-1

) and the amide II region (1549 cm
-1

).  Therefore, other structures must be 

present that would explain the features seen in the PM-IRRAS spectrum.  IR peaks at 

1512 cm
-1

 and 1185 cm
-1

 (negative peaks, see Figure 3.15 (b)) are most likely instrument 
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effects and stemming from either the IR source or detector. 

The AG b2
+
 oxazolone ion is kinetically favored during fragmentation more so 

than the diketopiperazine structure ion [130].  The energy difference between the 

oxazolone and the diketopiperazine are shown in Table 3.9.  The relative energy 

difference between the two structures is larger for the neutral AG molecules than for that 

of ionic forms of the AG b2
+
.  The IRMPD experiments for one wavelength typically 

takes only less than a minute and a single spectrum takes from 20 minutes to 2 hours, 

while soft-landing experiments takes several days.  In addition during skimmer CID, the 

fragment ions have a higher internal energy.  For such a large experiment time 

difference and added energy during fragmentation, structural changes may occur.  Even 

though the diketopiperazine neutral is 80.5 kJ/mol lower than the oxazolone neutral, the 

diketopiperazine structure was not observed in Figure 3.15.  Another explanation, taking 

into consideration the possibility of linear structures, is required. 
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Table 3.8 Voltages applied to each lens during soft-landing of AG b2
+
 (Volts). 

Capillary L1 L2 L3 L4 Q1 enter Q1 exit 

10 2 -24 -28 -8 -42 -12 

Post Q1 

L1 

Post Q1 

L2 
surface Pre Q3 L1 Pre Q3 L2 Q3 enter Q3 exit 

-22 -188 0 -36 -82 -6 -188 

 

Table 3.9 Relative calculated enthalpy and free energy differences of diketopiperazine 

and oxazolone between ion and neutral of AG b2
+
 

 ΔΔH298.15 (kJ/mol) 

(diketo – oxaz) 

ΔΔG298.15 (kJ/mol) 

(diketo – oxaz)  

ion 16.8 16.7 

neutral 81.8 80.5 
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Figure 3.15 IR spectra of (a) soft-landed AG b2
+
 ion on C11OH obtained by PM-IRRAS; 

(b) PM-IRRAS of C11OH SAM; (c) calculated oxazolone AG; (d) calculated 

diketopiperazine AG. 
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3.3.2.1 Soft-Landing of Linear Peptides 

A ring opening of the oxazolone structure can lead to structural changes.  Ring 

opening is possible at the energy levels present in this experiment and the opened 

structure is stable as confirmed by quantum chemical calculations [160].  Additionally, 

the presence of water vapor can also contribute to the structural changes.  The surface 

was exposed to atmosphere for the IR experiment and the IR measurement took at least 

30 minutes.  It can be proposed that the water vapor can change the ring opened 

structure to revert back to the linear peptide.  Protonated linear AGG and AG were soft-

landed and IR experiments were carried out for comparison to test this linear peptide 

regeneration theory (Figure 3.16).  Experimental and quantum chemical calculation 

conditions used are the same as those used for the cyclo-AG.  A distance of about 50 cm 

exists between the solution spraying needle and the surface, the solution which is sprayed 

needs to pass through the capillary (inner diameter of 0.5 mm and length of 20 cm).  

There are also two differential pumping stages to the surface.  Therefore the chance of 

neutral AGG reaching the surface is low, but it cannot be excluded.   

The PM-IRRAS spectrum of landed AG b2
+
 ion is very similar to the IR spectra of 

landed AGG and AG.  It is difficult to distinguish between the AGG and AG spectra 
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because of their structural similarity.  Both a single AG molecule model as well as a 

model with four aggregated AG molecules were optimized at B3LYP/6-31+G(p) level to 

produce theoretical IR spectra.  A scaling factor of 0.97 was applied to these theoretical 

spectra.  Similar to cyclo-AG, the calculation of multiple molecules together gives a 

better agreement with the PM-IRRAS spectrum.  The 1:1:1 mixture of two, three, and 

four molecule calculations is shown in Figure 3.16(d), which will be therefore used for 

peak assignments.  The bands around 1724 cm
-1

 are C=O stretches from the carboxyl 

groups.  The bands at 1645 cm
-1

 are C=O stretches from the carbonyl groups of each Ala 

while the Amide II bands are at 1540 cm
-1

.  The bands at 1400 cm
-1

 correspond to CH2 

scissoring and CH3 umbrella mode.  Stretching from the carbonyl groups is red-shifted 

and amide and CH3/CH2 modes are blue-shifted same as cyclo-AG.  From the 

comparison with landed AGG/AG and multiple molecule calculations, it is concluded that 

the oxazolone that was intended to be landed could never be successfully observed given 

the experimental conditions, as the structure seemed to convert to back to the original 

linear peptide. 

 

 



 

 

139 

 

Figure 3.16 IR spectra of (a) soft-landed AG b2
+
 ion on C11OH obtained by PM-IRRAS; 

(b) soft-landed AGG by PM-IRRAS; (c) soft-landed AG by IRRAS; (d) DFT calculated 

spectrum from multiple AG molecules; (e) DFT calculated spectrum from one AG. 



 

 

140 

3.3.3 Cyclo Val-Pro and cyclo His-Pro 

Cyclo VP and cyclo HP were landed on a C12F10 surface and IRRAS spectra 

produced from these soft-landed molecules are shown in Figure 3.17 and Figure 3.18.  

The experimental and quantum chemical calculations used are the same as those used for 

the cyclo-AG.  Again, it is expected that neutralization happens prior to IR measurement.  

The IR spectra appear very similar to that of cyclo-AG.  Below 1400 cm
-1

, signal-to-

noise ratio is poor for IRRAS and ATR and the peaks are difficult to assign.  Two 

distinctive peaks present are the C=O stretching at 1650 cm
-1

 and the amide II bonds at 

1450 cm
-1

.  The two C=O stretching modes of cyclo-AG (C=O from Ala and C=O from 

Gly) have similar IR frequencies.  However, quantum chemical calculations of cyclo-VP 

and cyclo-HP show doublet peaks for C=O.  The presence of Pro makes the nitrogen 

and the carbon bonds stronger, which causes a red-shift of the C=O stretching of Pro, 

while also contributing to peak broadening.  The IRMPD spectrum of protonated cyclo-

HP shows three distinct peaks between 16001800 cm
-1

.  The peak at 1610 cm
-1

 is from 

the ring breathing motion, which results from the hydrogen bridge between the 

−nitrogen in the imidazole ring and the carbonyl group of the His residue.  The added 

proton present after ionization creates this hydrogen bond, which is absent for a neutral 
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cyclo-HP.  The ring breathing mode of His becomes weaker as a neutral, explaining why 

the peak is not observed in Figure 3.18.  Although calculations of multiple dipeptides 

were not performed, the same explanations used for cyclo-AG can be applied.  

Compared to the single molecule calculation, the C=O stretching is red-shifted by 

intermolecular interactions while the amide II mode becomes stronger by the weakened 

adjacent C=O stretching. 
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Figure 3.17 IR spectra of cyclo-VP. (a) IRRAS of soft-landed cyclo-VP on C12F10; (b) 

ATR of cyclo-VP powder; (c) DFT calculated spectrum of diketopiperazine structure of 

cyclo-VP ; (d) IRMPD spectrum of protonated cyclo-VP. 
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Figure 3.18 IR spectra of cyclo-HP. (a) IRRAS of soft-landed cyclo-HP on C12F10; (b) 

ATR of cyclo-HP powder; (c) DFT calculated spectrum of diketopiperazine structure of 

cyclo-HP ; (d) IRMPD spectrum of protonated cyclo-HP. 

3.3.4 4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one 
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The cyclic peptides from this study appeared to retain their diketopiperazine 

structures after soft-landing and the oxazolone structure of 4-ethoxymethylene-2-phenyl-

2-oxazolin-5-one will be a good comparison with these cyclic peptides.  4-

ethoxymethylene-2-phenyl-2-oxazolin-5-one does not dissolve into water, so a solution of 

acetonitrile : methanol : acetic acid = 70 : 30 : 1 solution was used for electrospray 

ionization.  Moreover, the experimental and quantum chemical calculation conditions 

used are the same as those used that were used for the cyclic peptides.  The PM-IRRAS 

spectrum of soft-landed 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one on C12F10 is 

shown is Figure 3.18, and theoretical IR spectrum generated using density functional 

theory at the B3LYP/6-311++G(d,p) level with a scaling factor of 0.97 was performed for 

both the (E) and the (Z) isomers.  The neutral (Z) isomer is lower in energy by 12.5 

kJ/mol than the (E) isomer, while the protonated (Z) isomer is lower by 21.2 kJ/mol.  

The PM-IRRAS spectrum is shifted from the quantum chemical calculations, which is 

also seen in the experiments involving the cyclic peptides.  The experimental band at 

1750 cm
-1

 is from the carbonyl stretching in the ring.  The band at 1645 cm
-1

 is the C=C 

stretching between the carbon in the oxazolone ring and the carbon in vinyl ether.  In the 

theoretical IR spectra, the above two bands have similar intensities, but in the PM-IRRAS 
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spectrum, C=O stretching is much smaller than the C=C stretching.  The orientation of 

functional group can influence the IR signal intensity.  The surface selection rules make 

IRRAS measurement sensitive to only bonds that have dipole moments perpendicular to 

the surface [134].  The intensity suggests that the C=O bond is oriented parallel to the 

surface compared to C=C bond in the ring.  The frequency of C=O stretching mode in 

this oxazolone structure is higher than that of cyclic peptides.  If the b2
+
 ion of AGG 

retained the oxazolone structure, the C=O stretching should have been observed, but it 

was absent.  The spectrum produced by 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one 

clearly show that the oxazolone structure is maintained as it retained its characteristic 

C=O stretching in both the soft-landing and IRRAS experimental spectra. 
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Figure 3.19 IR spectra of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one obtained by (a) 

PM-IRRAS from soft-landing on C12F10; (b) DFT calculated spectrum of the neutral (Z) 

isomer; (c) IRMPD spectrum; (d) DFT calculated spectrum of the protonated (Z).isomer. 
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3.4 Conclusions 

IRMPD action spectroscopy and soft-landing combined with IRRAS experiments 

were carried out to investigate peptide dissociation mechanisms.  Quantum chemical 

calculations were performed to generate theoretical IR spectra.  Oxazolone and 

diketopiperazine structure were proposed for b2
+
 ion based on calculations and CID 

experiments.  Comparison of the IRMPD experiments and DFT calculations 

demonstrated that the b2
+
 ion of AGG was an oxazolone structure with protonation on the 

ring nitrogen.  This was the first time that an IR spectrum of a b2
+
 ion has been obtained, 

and for the AG b2
+
 ion, the oxazolone structure was confirmed.  IRMPD experiments 

confirmed that cyclo-AG, cyclo-VP, and cyclo-HP were all diketopiperazine structures 

and were protonated at the carbonyl oxygen.  The IRMPD spectrum of 4-

ethoxymethylene-2-phenyl-2-oxazolin-5-one was explained with the combination of the 

rotational conformers.  Soft-landing experiments were carried out to corroborate the 

IRMPD experiments; however, the oxazolone AG b2
+
 ion was not successfully landed.  

Furthermore, the IR spectra revealed neutralization of the landed ions.  Cyclic peptides 

were shown to retaine diketopiperazine structures after soft-landing and the use of 

quantum chemical calculations utilizing multiple molecule models explained the 



 

 

148 

experimental results better than single molecule calculations.  The soft-landed b2
+
 ion of 

AGG did not retain its oxazolone structure, but the IR spectrum did not support the 

diketopiperazine structure either.  The spectrum is similar in features to what would be 

expected for the linear peptide and it is proposed that ring opening of the molecule occurs 

followed by hydration to regenerate a linear peptide structure.  4-ethoxymethylene-2-

phenyl-2-oxazolin-5-one did feature the characteristic carbonyl stretching of oxazolone 

structure, which was absent from the b2
+
 ion of AGG.  If the landed b2

+
 ion retained its 

structure, the C=O bands would have been observed.  However, the kinetically favored 

oxazolone structure was not observed with given experimental conditions.  In the future, 

in-situ IR measurement combined with soft-landing experiment could perhaps solve this 

problem.  
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CHAPTER 4. DISSOCIATION KINETICS OF N(CH3)4
+
 AND N(CD3)4

+
 

 

4.1 Introduction 

Details of the dissociation mechanisms and rates of ions under given energy 

transfer conditions remain a subject of intense study.  Surface-induced dissociation (SID) 

has been successfully used for ion fragmentation studies of small molecules [91, 161-

164], peptides [92, 95, 100, 165-169], and large molecules and macromolecular 

assemblies such as proteins and protein/protein complexes [94, 170].  SID has several 

advantages over conventional CID.  Most notably, SID is a single collision process with 

a defined impact plane and arrival time, a very fast activation time [109], and high kinetic 

to internal energy conversion efficiency.  Because of these features, RRKM modeling 

has successfully explained unimolecular decay processes by SID [95, 100].  Dynamics 

simulations have also been carried out to investigate ion-surface collisions [112, 113].  

Although our modified MALDI TOF instrument was successfully combined with 

SID to explore fast dissociation processes, the study of small molecules was complicated 

by MALDI matrix interference.  Recently, the Wysocki group has reported ionization via 

silicon nanoparticle-assisted laser desorption/ionization (SPALDI) [48, 49].  SPALDI 
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has been successful in generating molecular ions from analytes ranging in size from small 

organics such as N(CH3)4
+
 to peptides without matrix assistance and with much lower 

laser fluence than MALDI or laser desorption/ionization (LDI).  

N(CH3)4
+
 has received much attention due to characteristic dissociation patterns.  

CH4 elimination takes place through two reaction pathways: a direct elimination by 

rearrangement of N(CH3)4
+
 and consecutive losses of CH3 and H.  Dissociation kinetics 

of N(CH3)4
+
 have been studied by different methods such as SID in a triple quadruple 

instrument [91], CID in a sector instrument [171] and by RRKM calculations [172].  In 

the present study, N(CH3)4
+
 and N(CD3)4

+
 were selected as model systems for SPALDI 

SID TOF experiments with peak shape analysis.  The molecular ions are generated by 

SPALDI or LDI and activated by a single collision with a surface and the peak shapes of 

resulting fragment ions are analyzed to interpret fragmentation kinetics.  

 

4.2 Experimental and Materials 

A modified Proflex with SID device by Gamage et al. was explained in Section 

2.1.1 [92].  The difference between the previous apparatus and that used in this thesis is 

that the delayed extraction scheme previously used in the SID ion extraction region was 
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not used in the present experiments.  This change was made because uniform and 

consistent extraction electric fields are desired for the peak shape analysis model.  For 

the peak shape analysis model, a first-order unimolecular decay model with consecutive 

reactions was applied for convolution to study the direct CH3 loss and consecutive H loss 

of N(CH3)4
+
.  

The preparations of the surface and derivatized silicon powder for SPALDI were 

described in Section 2.2.1 and 1.2.4 respectively.  2-(perfluorodecyl)ethanethiol (FSAM, 

CF3(CF2)9(CH2)2SH, C12F10) was used for most of work in this chapter.  Hydrocarbon 

SAM surfaces used hexadecanethiol (HSAM, CH3(CH2)15SH, C16) and the results were 

shown in Section 4.4.2.  N(CH3)4
+
 was purchased as the hydroxide from Sigma-Aldrich 

(St. Louis, MO) and dissolved in 25 % wt methanol.  N(CD3)4
+
 was purchased from 

Cambridge Isotope Laboratories Inc. (Andover, MA) as the chloride.  N(CH3)4
+
 or 

N(CD3)4
+
 at a concentration of 100 pmol/L was mixed with derivatized silicon particles 

in a 1:1 ratio of isopropanol/H2O and was deposited on a commercial MALDI plate.  For 

LDI, N(CH3)4
+
 or N(CD3)4

+
 at a concentration of 100 pmol/L was deposited directly on 

the MALDI plate.  For SPALDI and LDI, samples were directly irradiated by the N2 

laser (VSL337i, Laser Science Inc., Newton, MA), whose maximum energy is 150 J, 
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operated at a repetition rate of 3 Hz for both ionization methods.  For each example 

shown here, spectra from at least 200300 laser shots were averaged to reduce noise. A 

fixed 9 kV was used for ion acceleration and the surface voltages were varied to modulate 

collision energy or turn precursor ions towards the detector without collision. 

 

4.3. Surface-Induced Dissociation (SID) of N(CH3)4
+
 

RRKM results and previously reported experiments show that CH4 loss is 

dominant at very low internal energies, but that the rate of CH3 elimination increases 

faster than that of CH4 loss with increasing energy.  CH4 elimination takes place through 

two reaction pathways: a direct elimination by rearrangement of N(CH3)4
+
 and  

consecutive losses of CH3 and H.  Experimental results show that the increase of CH4 

loss at high energies occurs through the consecutive reaction rather than by 

rearrangement.  Detailed experiments and calculations found that CH3 loss is more 

dominant above 400 kJ/mol internal energy than CH4 elimination and at higher internal 

energies CH3 loss is always faster than CH4 elimination by rearrangement.  N(CD3)4
+
 

was shown to have the same reaction paths as N(CH3)4
+
 [171]. 
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Scheme 4.1 Dissociation pathways of N(CH3)4
+
.  Adapted from [172]. 

 

4.3.1 SPALDI SID of N(CH3)4
+
 

Studies were performed on the MALDI SID TOF instrument to determine 

compatibility of N(CH3)4
+
 with LDI and SPALDI.  In this MALDI SID TOF instrument, 

LDI of N(CH3)4
+
 without silicon powder requires 50−60 % of the total laser intensity 

(50−40 % attenuation) and MALDI of small peptides such as YGGFLR and bradykinin 

require about 65−80 % laser intensity (35−20 % attenuation) to generate precursor ions.  

By contrast, SPALDI of N(CH3)4
+
 requires only 5 % laser intensity (95 % attenuation), 

which is very low compared to LDI and MALDI.  After the success of the initial 
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experiments, N(CH3)4
+
 generated by SPALDI was subsequently subjected to SID.  To 

obtain strong fragment ion signals for peak shape analysis, intense parent ion beams are 

required prior to the surface collision, so 25 % laser intensity (75 % attenuation) was used 

for the SPALDI experiments.  Before dissociation of the parent ion, it is important to 

confirm that only N(CH3)4
+
 is desorbed from the source.  Voltages higher than 9 kV, 

which is the source acceleration voltage, were applied to the surface to turn incoming 

ions to avoid hitting the surface.  In this experiment only the precursor ion was observed 

as shown in Figure 4.1(a), confirming the absence of other ions that might have been 

generated at the source.  LDI of N(CH3)4
+
 showed the same result (data not shown).  

After this confirmation, surface voltages were lowered to cause collisions between 

incoming ions and the surface. 

SPALDI SID TOF of N(CH3)4
+
, which is shown in Figure 4.1(b)-(d), yielded 

different dissociation pathways as a function of collision energy.  With a change in 

laboratory collision energy of the ions there was a change in the internal vibrational 

energy deposition, which led to observation of variations in the fragmentation timescale 

and dominant fragment ions.  The fact that the dissociation of N(CH3)4
+
 varies as a 

function of internal energy demonstrates that the dissociation is unimolecular and 
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consistent with previously reported data [91, 171].  Figure 4.1(b) shows the first 

fragmentation channels are CH3 loss and CH4 loss.  The CH4 loss might be from 

rearrangement dissociation of CH4 or CH3 cleavage followed by H loss.  Reducing 

collision energies to less than 15 eV generated CH3 loss predominantly in this given 

observation time window, but the fragment ions at even lower collision energies are 

difficult to measure because of the lower dissociation rates at these energies which lie 

outside of the observation timeframe of this instrument.  If a low enough collision 

energy was given to produce an ion internal energy of less than 400 kJ/mol, and a longer 

observation time window was provided, CH4 loss should have been detected 

predominantly according to previous studies [172].  The spectrum shown in Figure 

4.1(c) was observed at 6 eV higher SID collision energy than that in Figure 4.1(b), and 

shows a preference of overall [CH3 + H] loss over CH3 loss.  Figure 4.1(d) at 45 eV SID 

energy shows that the parent ion does not survive and multiple dissociation pathways are 

observed at this collision energy.  Figure 4.1 shows that at lower collision energy CH3 

loss is dominant, but additional H loss after CH3 loss becomes more dominant at higher 

collision energy.  This overall [CH3 + H] loss occurs at high internal energy with fast 

dissociation time.  As previously mentioned, CH4 loss by rearrangement occurs at low 



 

 

156 

internal energy with very long dissociation time frame, so CH4 rearrangement is not 

involved in this case.  The signal-to-noise (S/N) ratio and resolution are not as high as 

stated in previously reported experiments [92].  Although delayed extraction would 

improve S/N ratio and resolution, delayed extraction in the surface region was not used, 

so as to keep electric fields static and uniform inside the instrument.  This is important to 

simulate the dissociation and apply peak shape analysis without added complexity. 
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Figure 4.1 SPALDI SID TOF of N(CH3)4
+
 on fluorocarbon SAM (a) parent ion turning; 

(b) SID at 15 eV; (c) SID at 20 eV; (d) SID at 45 eV; (e) best peak fit of (b) corresponds 

to log k1 = 8.1 and log k2 = 8.3. Reproduced with permission from [51]. 
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4.3.1.1 Energy Resolved MS/MS  

Figure 4.2 shows the SID energy resolved MS/MS data indicating the branching 

ratio of each reaction channel shown in Figure 4.1 with the ratios calculated based on 

peak areas.  The areas of each peak representing individual fragmentation channels were 

normalized at each collision energy and the relative areas of fragmentation channels were 

compared.  CHx is the sum of both CH3 and [CH3 + H] losses because at higher collision 

energies, the CH3 loss product continues to dissociate, leading to a net loss of CH4 and 

the resolution of the experiment is not sufficient to separate these peaks well at higher 

collision energies.  At even higher collision energies, the precursor ion loses multiple 

carbon units and C2Hy and C3Hz are used to describe these peaks corresponding to further 

fragmentation.  The peaks are not identified by numbers of hydrogens due to low 

resolution.  Consistent with Figure 4.1, as the collision energy increases more 

dissociation occurs and the lower m/z fragments become dominant.  Figure 4.2 clearly 

shows that fragmentation patterns vary significantly and systematically with different 

collision energies, which is characteristic of unimolecular decay. 
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Figure 4.2 Energy resolved MS/MS curve of N(CH3)4

+
 based on Figure 4.1. Reproduced 

with permission from [51]. 

 

4.3.1.2 Peak Shape Analysis 

Peak shape analysis was carried out for the CH3 and subsequent H losses at the 

collision energy of 15 eV and the result is shown in Figure 4.1(e).  At 15 eV, the surface 

arrival distribution obtained by replacing the surface with the floating detector was 25 

nsec at full width of half maximum (FWHM).  A Gaussian distribution with mean value 

of 25 nsec and standard deviation value of 7 was used for the surface arrival distribution.  

Similar mean and standard deviation values which were measured by the floating detector 
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for different collision energies were used for later peak fittings.  Because the formal CH4 

loss is really two consecutive reactions involving CH3 and H losses, rate expressions for 

first order consecutive unimolecular dissociation were considered.  Plots with different 

dissociation rate constants k were used for convolution with the arrival time distribution 

to fit to the experimental results and log k1 = 8.1 for CH3 loss and log k2 = 8.3 for 

subsequent H loss provided the best fit.  The fastest dissociation reaction that the 

instrument can measure is 2 ns due to the maximum rate of the digitizer, which 

corresponds to log k = 8.7 and slowest reaction measurable for N(CH3)4
+
 is about 170 

nsec, corresponding to a log k of 6.8.  The obtained match of log k = 8.1 confirms that 

the CH3 loss takes place within the time window of SID TOF instrument and the peak 

shape analysis model gives a reasonable dissociation rate. 

The obtained log k = 8.1 can be compared with the RRKM curve from the work 

of Hudson et al. [172].  At a decay rate of log k = 8.1, the ion internal energy is roughly 

570 kJ/mol which is about 5.8 eV as shown in Figure 4.3.  This 5.8 eV includes the 

initial energy deposition from the ionization process and the translational energy (T) to 

internal vibrational energy (V) conversion during the surface collision.  If the initial 

energy deposition during ionization is neglected, one would calculate that 41 % of the 
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translational energy is converted to the internal vibrational energy for a 15 eV collision.  

The energy conversion of fluorocarbon SAM surfaces has been reported to reach about 

18−30 %, suggesting that ionization probably contributes some initial internal energy 

into the ion packet [157, 173, 174].  The initial energy deposition of SPALDI has been 

estimated as about 2.7−3.6 eV for substituted benzylpyridinium ions [49].  Considering 

the midpoint of this range of initial energies, it can be concluded that about 18 % of 

translational energy was converted into internal vibrational energy on a fluorocarbon 

surface, which is consistent with previous results.  A source energy of ~ 3 eV is 

reasonable, given that CH3 loss from N(CH3)4
+
 has an appearance energy about 3.2−3.4 

eV [171, 172] and the acceleration field in the ion source defines the source dissociation 

time (~ 1 s) such that 5 eV would be required to see source fragmentation and none was 

detected (see Figure 4.1(a)) [172].  
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Figure 4.3 RRKM-calculated dependence of rate on energy for the losses of •CH3 and 

CH4 from N(CH3)4
+
. Adapted from [172]. 

 

4.3.2 LDI SID of N(CH3)4
+ 

As mentioned above, SPALDI requires less laser intensity than LDI [49], which 

can lead to lower internal energy deposition during the ionization process.  If an ion has 

high internal energy prior to SID, only a small amount of additional energy is required to 

overcome the energy barrier for dissociation.  To investigate this effect further, LDI SID 

was compared to SPALDI SID and the results are shown in Figure 4.4.  A 5 eV collision 
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for LDI SID ions give a similar SID spectrum to a 15 eV collision for SPALDI SID and 

10 eV for LDI SID compares well to 20 eV for SPALDI SID.  A CH3 loss at 5 eV of LDI 

SID gives log k = 8.1 with a consecutive H loss with a log k = 8.0 by peak shape analysis.  

The peak fit is shown in Figure 4.4(d) and is similar to the result for 15 eV SPALDI SID 

shown in Figure 4.1(e).  As shown in Figure 4.4, LDI SID needed about 10 eV less 

collision energy to observe the same dissociation phenomenon, which verifies that LDI-

produced ions are relatively “hotter” and SPALDI is a “cooler” ionization process.  

Because LDI deposits more internal energy to the ion, less collision energy is required to 

fragment the ion within the same time window.  Earlier results by the Wysocki group 

confirmed that SPALDI deposits less internal energy than MALDI as well [48].  

Therefore, the use of SPALDI for kinetics studies is promising. 
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Figure 4.4 LDI SID TOF of N(CH3)4
+
 on fluorocarbon SAM (a) SID at 5 eV; (b) SID at 

10 eV; (c) SID at 16 eV; (d) best peak fit of (a) corresponds to log k1 = 8.1 and log k2 = 

8.0. Reproduced with permission from [51]. 
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4.4 Surface-Induced Dissociation (SID) of N(CD3)4
+
 

Dissociation kinetic studies with SPALDI and LDI can be performed with other 

molecules to further verify the applicability of the SID TOF instrument.  It was 

previously reported that N(CD3)4
+
 undergoes dissociation pathways that parallel those of 

N(CH3)4
+
 [171].  Deuterated N(CH3)4

+
 can be used to obtain larger peak separations 

because deuterium is heavier than hydrogen making the flight time difference between 

CD3 and [CD3 + D] greater. 

 

4.4.1 SID of N(CD3)4
+
 on Fluorocarbon SAM Surface

 

The SID results for N(CD3)4
+
 formed by LDI and SPALDI  are shown in Figure 

4.5 and Figure 4.6, respectively.  Dissociation of deuterated molecules requires higher 

energy than hydrogenated molecules due to the kinetic isotope effect.  Both LDI (Figure 

4.5) and SPALDI SID (Figure 4.6) spectra showed that N(CD3)4
+
 needs higher collision 

energies to reach the same extents of dissociation as N(CH3)4
+
.  Again, ions formed by 

SPALDI need higher SID energies than those formed by LDI to show the similar extents 

of dissociation for the same compound.  The baseline is fully resolved and a log k value 

of 7.9 was obtained for CD3 loss and 8.4 for consecutive D loss at 9 eV SID with LDI as 
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shown in Figure 4.5(d).
 

 

Figure 4.5 LDI SID TOF of N(CD3)4
+
 on fluorocarbon SAM (a) SID at 9 eV; (b) SID at 

16 eV; (c) SID at 21 eV; (d) best peak fit of (a) corresponds to log k1 = 7.9 and log k2 = 

8.4. Reproduced with permission from [51]. 
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Figure 4.6 SPALDI SID TOF of N(CD3)4
+
 on fluorocarbon SAM (a) SID at 27 eV; (b) 

SID at 34 eV. Reproduced with permission from [51]. 

 

4.4.2 SID of N(CD3)4
+
 on Hydrocarbon SAM Surface

 

The peak shape modeling can also be applied to explore the influence of surface 

type on dissociation rate.  Reactive ion scattering spectrometry (RISS) has been applied 

to study a variety of surfaces [175].  Hydrocarbon SAM surfaces are known to have 

lower energy conversion efficiency than fluorocarbon SAM surfaces [173, 174].  LDI 

SID TOF of N(CD3)4
+
 for collision with a hydrocarbon surface is shown in Figure 4.7; 

the best fit dissociation rate for CD3 loss was log k1 = 7.8 and subsequent D loss was log 

k2 = 8.3.  Compared with Figure 4.5(d), to have similar extents of dissociation and log k 
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values, the hydrocarbon surface requires higher SID collision energy, which confirms that 

hydrocarbon surfaces have lower energy conversion efficiency than fluorocarbon surfaces.  

However, the surface studies using this approach are still at an early stage, and further 

studies are required for various surface types.
 

 

Figure 4.7 LDI SID TOF of N(CD3)4
+
 on hydrocarbon SAM (a) SID at 23 eV; (b) best 

peak fit of (a) corresponds to log k1 = 7.8 and log k2 = 8.3. Reproduced with permission 

from [51]. 

 

4.5 Conclusions 

The feasibility of surface-induced activation in a TOF instrument was reported 

previously.  In this work, an SID TOF system was used to study the dissociation kinetics 
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of N(CH3)4
+
 and N(CD3)4

+
.  Fast dissociation channels of N(CH3)4

+
 and N(CD3)4

+
 were 

investigated with a peak shape analysis model.  Although this experiment had lower 

resolution than previously reported experiments due to the intentional lack of a delayed 

extraction pulse at the surface, the fragment ion peaks were resolved enough to apply the 

peak shape model for CH3 (CD3) loss and subsequent H (D) loss at low collision energies.  

Observed dissociation patterns followed previously reported trends for unimolecular 

dissociation.  Fast dissociation of CH3 (CD3) was successfully observed within the time 

window of the SID set-up within hundreds of nanoseconds.  The obtained dissociation 

rate was reasonably well matched with reported RRKM calculations considering initial 

ion source energy deposition and T→V energy conversion efficiency of the FSAM 

surface.  SPALDI gives less internal energy deposition than MALDI and LDI, which is 

an advantage for experimentally determining more accurate dissociation rates and energy 

transfer from the surface.  Additionally, this research confirmed differences in energy 

deposition for different surface types.  In the future, kinetics of dissociation of larger 

molecules such as peptides will be investigated by this SID approach. 
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CHAPTER 5. DISSOCIATION KINETICS OF C60
+
 AND C70

+
 

 

5.1 Introduction 

Previously a bench-top MALDI-TOF instrument, Bruker Proflex (Section 2.1.1), 

with surface-induced dissociation (SID) capability was used to investigate fast 

dissociation kinetics. Combined with silicon nanoparticle assisted laser desorption 

ionization (SPALDI), small ions such as N(CH3)4
+
, and N(CD3)4

+
 were successfully 

studied (Chapter 3) [51].  After several years’ operation, Proflex had severe problems 

with the 1 GHz digitizer (LeCroy 9350, LeCroy Corporation, Chestnut Ridge, NY) and 

the operating computer (OS9, a customer made computer built by Bruker).  The 

computer failed and was no longer supported by the manufacturer.  The digitizer was 

not replaceable either.  Therefore the SID set-up was inserted into another commercial 

MALDI-TOF instrument, a Bruker Reflex III (Section 2.1.2), with modifications to the 

design.  This commercial instrument has better ion optics to guide ion beams more 

efficiently and is equipped with a 2 GHz digitizer which allows measurement of 

dissociation reactions in a few nanosecond time scale.  The N2 laser of Reflex III has 

broader range of laser fluence (maximum of 400 J/pulse) while Proflex has a 150 
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J/pulse N2 laser.  With these advantages, the modified commercial MALDI-SID-TOF 

can provide higher performance for fast dissociation reaction studies. 

 

5.2 Bruker Reflex III Modification 

Several research groups have performed SID experiments in a TOF mass 

spectrometer.  The Wysocki group uses a horizontally movable SID device [51, 92].  

Some groups use a movable reflectron backplate as the SID surface [176-178].  Other 

approaches include using a fixed surface while extracting ions with pulsed extraction 

[179] or collecting ions with a large diameter detector [167] or with a position-

changeable detector [180].  The horizontal movable device used in Proflex was appli

ed to the Bruker Reflex III for SID modification with minimal design changes. 

 

5.2.1 Modification of the SID Setup 

The original schematic of Reflex III and the SID device are explained in Section 

2.1.2 and Section 2.1.1 respectively.  Since the reflectron is mounted on the conflat 

flange and is connected to the high mass detector, the reflectron had to be removed to 

make enough space for introduction of the SID assembly.  The SID set-up is mounted on 
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a 6-inch conflat flange which is the size of the Proflex TOF.  The Reflex III has a 10-

inch diameter flange.  A 10-inch to 6-inch zero-length reducer (MDC Vacuum Products, 

LLC, Hayward, CA) was used to connect the SID assembly and the Reflex III TOF.  

The reflectron and the high mass detector were stored in a 10-inch chamber with argon 

purging to reduce moisture. 

 

Figure 5.1 Schematic diagram of MALDI SID TOF modified from Bruker Reflex III. The 

reflectron set-up was removed and replaced with SID set-up, which is in the box with 

dotted line and is interchangeable with a floating detector. 

 

The original SID assembly had two ring electrodes.  Two electrodes have 

independent high voltage supplies (Figure 2.2).  In the Proflex, we used the last 
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electrode of the reflectron to maintain the field free region (FFR) in TOF (Section 1.3.1).  

The reflectron assembly in Reflex III was removed during instrument modification, so a 

new grounded ring electrode was added to the original SID assembly to maintain FFR 

(Figure 5.2).  The new ring electrode has a Ni grid (90% transmission, BMC Industries 

Inc., St Paul, MN).  No further modification was implemented other than removal of a 

grid at the ring electrode (HV ring electrode) in front of the surface.  

 

 

Figure 5.2 Schematics of the modified surface assembly. One macor spacer and one 

grounded ring electrode were added in front of the old assembly.  
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5.2.2 SIMION Modeling 

SIMION 8.0 (Idaho National Engineering and Environmental Laboratory, Idaho 

Falls, ID) is a PC based ion simulation program.  SIMION enables calculation of three 

dimensional electrostatic fields and the trajectories of ions through those fields.  

SIMION is capable of assigning ions with kinetic energy and spatial distribution in the io

nization source.  SID instrumentations have been successfully achieved with the 

SIMION simulations [92, 181].  In this project, modified SID-TOF characterization/ 

optimization is performed with SIMION.  The SID assembly was drawn to a 1:2 scale.  

The potential array of ion source was provided from Bruker Daltonics (courtesy of Dr. 

Mel Park).  All the simulations were carried out using a Pentium level laptop computer. 

The role of the added grounded ring electrode was investigated with SIMION 

simulation (Figure 5.3).  The simulations confirm ion trajectories in the main TOF 

chamber of Reflex III.  In the simulations, the ion flies with initial kinetic energy with 

9.5 keV and the surface setup has a potential of 10 kV.  Ions enter into the surface 

assembly with 2.1 deg normal to the surface.  The simulation without the ground ring 

electrode (Figure 5.3(a)) shows electric field penetration into the field free region.  Ion 

flight paths are very different between the two simulations.  The trajectory in the 
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simulation without the ground electrode is altered by the penetrated electric field.  The 

flight times, important to peak shape studies, are also altered by the same field.  The 

importance of the added ground electrode is confirmed with SIMION simulations.   

 

 

Figure 5.3 Ion flight paths (a) without and (b) with the grounded ring electrode. Meshed 

lines stand for the electric field strength.  
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SIMION was used to find the optimal tuning condition for precursor ions turning 

without surface collisions.  In the simulation, one hundred ions were distributed with 

spatial distributions of 1 mm and angular distributions of 40 deg.  Dual stage extraction 

in the ionization chamber (IS1 and IS2) was used.  The source acceleration voltage of 20 

kV was applied to IS1 and 16.4 kV was used for IS2.  The acceleration potential of 20 

kV was chosen because it was a normal operation potential before the instrument 

modification.  Lens electrode had 7.5 kV.  The surface had 21 kV to return the 

incoming ions and 11 kV was applied to the HV ring electrode.  In this condition, the 

ions were focused within the diameter (25 mm) of the detector (Figure 5.4).  For the 

actual experiments, because of the possible electric arcing, it is safe to start with low 

acceleration potential.  Different acceleration voltages (IS1) were also used for 

simulation.  Voltage changes on the rest of the system were required due to the change 

in acceleration voltages.  Various voltage combinations were simulated to find the 

optimal focusing conditions for each new acceleration voltage.  When the IS2 voltage 

was about 80 % of IS1 voltage and the HV ring electrode voltage was about 50 % of the 

surface voltage, ions are well focused to the detector. 
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Figure 5.4 (a) Optimum condition of parent ion turning; (b) Enlarged view of the ion 

source; (c) Enlarged view of the surface assembly; (d) 3-dimensional view of the ion 

source (IS1 = 20.0, IS2 = 16.4, Lens = 7.5, HV ring electrode = 11.0, Surface = 21.0, 100 

ions, cylinder radius 1, elevation 20deg, -0.4 deg step, KE 1eV). 
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5.2.3 Mass Calibration of for the Modified Reflex III 

Proper mass calibration is very important to mass spectrometer.  In TOF, the 

flight time of the ion of interest is related to the mass of the ion (Equation 1.1 and 1.2).  

Using SIMION simulation and basic equations for TOF, the flight time for certain mass 

to charge (m/z) of an ion can be predicted.  With wide range of m/z, from small cations 

(e.g. Na
+
) to large peptides (e.g. ACTH (18-39)) (Table 5.1), the calibration of flight time 

is used for calculation of mass.  The relationship between flight time and mass is shown 

in Equation 5.1 where a and b are constants.  

bmat         Eq. 5.1 

The flight time also depends on the acceleration potential.  Acceleration 

potentials of 10 kV, 15 kV, 17 kV, 20 kV, and 23 kV were used for calibration.  A 

voltage of 0.5 kV higher than the acceleration potential at the source was applied to turn 

precursor ions towards the detector without colliding with the surface.  The results 

obtained with 15 kV are summarized in Table 5.1 and Figure 5.5.  From the linear 

regression, the square of correlation coefficient, R
2
, value is 1.0000 and the calibrations 

of other acceleration potentials show the same results.  The modified TOF shows the 

expected relationship between the flight time and the mass of ions.  Bz and Py denote 
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benzyl and pyridinium, respectively.  CHCA is α-cyano-4-hydroxy-cinnamic acid, a 

well-known MALDI matrix (Figure 1.3).  Three-letter amino acid code such as Arg is 

used and one-letter code is used for LDIFSDFR (m/z = 1012.5).  The amino acid 

sequence of angiotensin I is Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu (m/z = 1296.7), 

angiotensin II is Asp-Arg-Val-Tyr-Ile-His-Pro-Phe (m/z = 1046.5), angiotensin III is Arg-

Val-Tyr-Ile-His-Pro-Phe (m/z = 931.5), and ACTH (18-39) is Arg-Pro-Val-Lys-Val-Tyr-

Pro-Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe (m/z = 2465.2). 

All the peptides were purchased from Sigma-Aldrich (St. Louis, MO) with highest purity 

available. 
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Table 5.1 Flight times of various ions at 15kV source acceleration voltage. 

 

Ionic 

Weight (Da) 

Square root 

of ionic 

weight 

Flight 

Time (s) 

Na
+
 22.990  4.795  6.33  

K
+
 38.964  6.242  8.25  

N(CD3)4
+
 − CD3 68.130  8.254  11.00  

N(CD3)4
+
 86.172  9.283  12.30  

BzPyOMe – Py 121.065  11.003  14.57  

BzPyCl35 – Py 125.016  11.181  14.79  

Cs
+
 132.905  11.528  15.26  

CHCA – H2O 172.040  13.116  17.38  

CHCA 190.050  13.786  18.27  

BzPyOCH3 200.108  14.146  18.74  

BzPyCl35 204.058  14.285  18.90  

BzPyCl37 206.055  14.355  19.00  

Arg-Gly 232.140  15.236  20.18  

N(C4H9)4 242.285  15.565  20.62  

Arg-Asp-Ala 361.183  19.005  25.15  

(CHCA)2 H
+
 379.093  19.470  25.79  

Cs(CsI)
+
 392.715  19.817  26.21  

Angiotensin III 931.515  30.521  40.42  

LDIFSDFR 1012.510  31.820  42.15  

Angiotensin II 1046.542  32.350  42.88  

Angiotensin I 1296.685  36.010  47.72  

(Pro)14-Arg 1533.858  39.164  51.90  

ACTH (18-39) 2465.199  49.651  65.80  
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Figure 5.5 Flight times of various ions at 15kV source acceleration voltage based on 

Table 5.1 

 

5.3 Surface-Induced Dissociation of C60
+
 and C70

+
 

Fullerenes, C60 and C70, are well-known cage-like chemical structures composed 

entirely of carbon atoms (Figure 5.6).  Fullerenes have been studied extensively with 

mass spectrometry.  Photoionization [182, 183] and electron impact ionization (EI) 

[184] were used to generate radical cation of fullerenes.  High energy CID [185-187], 
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SID [93, 125, 188-190], and photodissociation [191, 192] were used to study dissociation 

mechanisms.  Molecular dynamics simulation [193] and RRKM calculation [194] were 

also carried out.  From the experimental and computational results, fullerenes are known 

to require high energy to cause fragmentation due to the rigidity of their structures.  The 

well-established fragmentations and consecutive dissociations make C60 and C70 a good 

model system for the modified SID TOF instrument.  Both C60 and C70 were purchased 

from Sigma-Aldrich (St. Louis, MO) and used without further purification.  Fullerenes 

were dissolved into toluene and then deposited onto the MALDI plate.  Laser 

desorption/ionization (LDI) was used as the ionization method.  FSAM (C12F10) was 

used for the collision surface. 

 

Figure 5.6 Structures of fullerenes, (a) C60 and (b) C70. Reproduced with permission from 

[93]. 
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5.3.1 Dissociation Pathways 

C60
+
 and C70

+
 require very high collision energies for their fragmentation because 

of their high stability.  The Smalley group used a series of UV lasers for C60
+
 and C70

+
 

photodissociation [191].  Both fullerenes lose only even number of carbon units, 

resulting in C2n
+
 fragment ions.  It is proposed that by losing even numbers of carbons, 

fullerenes can retain their cage like structures.  With increasing laser power, more even 

numbered carbons were removed from C60
+ 

and C70
+
.  When the number of carbon 

cluster becomes smaller than 30, only odd numbers of carbon units appeared in fragment 

ions.  Photodissociation study showed that fullerenes exhibit significantly different 

dissociation pathways with changing input energy.  High energy CID [185-187] 

confirmed the same feature as photodissociation. 

SID also has been used for the study of C60
+
 and C70

+
, a task that SID is well 

suited for because of its convenient control of collision energies [93, 125, 188-190].  

Beck and coworkers used highly oriented pyrolytic graphite (HOPG) surfaces for SID of 

C60
+
 and, at the collision energy of 200 eV, the sequential loss of two carbon units was 

observed [188].  Above SID energy of 400 eV, the odd numbers of carbon fragment ions 

were observed in patterns similar to the photodissociation experiments by the Smalley 
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group.  They also attempted SID on silicon, but even at 700 eV collisions, 

fragmentations were not observed [93].   It is believed that neutralization happened 

during the silicon surface collision.  The Wysocki group used C60
+
 and C60

2+
 with 

fluorocarbon SAM (C12F10, FSAM) and hydrocarbon SAM (C16, HSAM) [125].  With 

FSAM, both C60
+
 and C60

2+
 underwent dissociations at the laboratory SID collision 

energy of 250 eV.  With HSAM, C60
2+

 was neutralized and C60
+
 did not undergo 

dissociation.  It is known that HSAM has high ion neutralization and low kinetic to 

internal energy conversion efficiency than FSAM [173, 174].  Because of these differing 

properties, the choice of the surface is very important for dissociation of fullerenes. 

 

5.3.2 Instrument Optimization 

SID experimental conditions were optimized with C70
+
 and C60

+
.  C70 was 

deposited on the commercial sample plate made for Bruker Reflex III.  IS1 and IS2 

(Figure 5.4) voltages determine the position of the focal plane which is the plane where 

the ions are focused downstream after leaving the source region [52].  The collision 

surface was placed inside the TOF close to the last ring electrode of the reflectron in the 

original configuration.  Therefore, the IS1 and IS2 voltages for normal operation before 



 

 

185 

the modification (20kV and 16.4V, respectively) were directly applied to SID mode as a 

starting point in the optimization process.  The dimension of the reflectron assembly and 

the SID device are very different.  The reflectron has a stack of ring electrodes with an 

84 mm inner diameter, while the SID assembly has a 25 mm inner diameter ring electrode.  

For the normal operation mode, the voltage of 9.9 kV was applied to the lens, but for the 

SID mode, various lens voltages were applied to vary beam size and to find out the 

optimum conditions.  The HV ring electrode in the SID setup, which can help focus ions 

beams from the surface to the MCP detector (Figure 5.4), was also tuned during the 

optimization process. 

Ion beam trajectories are also affected by the alignment of the SID device.  In 

this experiment, the azimuthal angle is defined by the ion source, the collision surface, 

and the MCP detector.  An azimuthal angle of zero degree means that the surface is 

specular to incoming and outgoing ion beams and parallel to the mounted conflate flange.  

The original reflectron is specular between the incoming ion beam from the ion source 

and outgoing ion beam to the detector.  The incoming and outgoing angles are 4 degree 

to the surface normal, respectively, which is same as azimuthal angle of zero.  The ion 

signal of a precursor ion was maximized at azimuthal angle of zero as expected.  It has 
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been observed that fragment ions by SID are scattered at a wide range of angles [162, 

195].  The fragment ions have different trajectories compared to that of the precursor 

ion, because a substantial fraction of the momentum parallel to the surface is lost during 

the collision process [189].  To manipulate the different trajectories, many approaches 

have been reported to overcome this challenge: a horizontally movable SID device [51, 

92, 189], a movable reflectron backplate as the SID surface [176-178], collecting ions 

with a large diameter detector [167] or collecting ions with a position-changeable 

detector [180].  As mentioned earlier, the horizontal movable device was used in this 

experiment and various azimuthal angles were investigated to find out fragment ions 

beams.  

Figure 5.7 shows the azimuthal angle dependences for the ion collection.  This 

experiment was carried out with SID voltage of 150 eV.  A voltage of 10.7 kV was 

applied to the HV ring electrode.  Azimuthal angles have been varied from 0.45 degree 

to 1.79 degree.  For 0.45 degree, it means that the incoming ion is 4.45 degrees normal 

to the surface and the outgoing ion beam is 3.55 degrees normal to the surface.  It is 

clear that as the angle changes different fractions of the precursor and fragment ions are 

collected.  The optimum azimuthal angles vary from sample to sample.  Generally, 
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lighter fragment ions need higher azimuthal angles, but the angles are too large, the 

precursor ion signal disappears.  The collection efficiency for ion beam is largely 

dependent on the size of the detector.  Increasing the range of ion collection requires a 

larger MCP detector and it is beyond the goal of this project.  
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Figure 5.7 SID spectra of C70
+
 at different azimuthal angles. (a) 0.45 degree; (b) 0.90 

degree; (c) 1.34 degree; (d) 1.79 degree (see text for details). (IS1 = 20.0 kV, IS2 = 16.4 

kV, Lens = 10.5 kV, HV ring electrode = 10.7 kV). 
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Another important parameter is the voltage applied to the HV ring electrode. 

Figure 5.8 illustrates the dependence of fragment ion collection for C70
+
 on the HV ring 

electrode voltages.  With an SID voltage of 237 eV and azimuthal angle of 1.43 degree, 

the HV ring electrode voltage was changed from 9.5 kV to 11.0 kV.  For 10.0 kV and 

10.5 kV, lighter fragment ions, C52
+
 to C58

+
 were collected more efficiently.  As the 

voltages increase, the ratio between the precursor ion and the fragment ions are smaller.  

At higher voltages, lighter fragment ions reach the detector while the precursor ion 

deviates.  Therefore a wide range of combination between the azimuthal angle and the 

HV ring electrode voltage was examined.  Even though the peak ratios can be different, 

the kinetic method depends on the peak shape of the fragment ion, not on the abundance 

of it.  Peak shape analysis is valid with variation in peak intensities.   
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Figure 5.8 SID spectra of C70
+
 at different HV ring electrode voltages. (a) 9.5 kV; (b) 10.0 

kV; (c) 10.5 kV; (d) 11.0 kV (IS1 = 20.0 kV, IS2 = 16.4 kV, Lens = 10.5 kV, azimuthal 

angle = 1.43 deg). 
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5.3.3 Surface-Induced Dissociation of C70
+
 

Figure 5.9 shows SID spectra for C70
+
 in the SID collision energy range of 

100325 eV.  A voltage of 10.0 kV was applied to the HV ring electrode and an 

azimuthal angle of 1.43 degree was used.  Spectra obtained at SID energies of 150 eV 

and 237 eV are shown in Figure 5.7 and Figure 5.8 (where HV ring voltage and 

azimuthal angles are different, see above).  Because C70 resists fragmentation, even at 

the collision energy of 100 eV, only the precursor ion was observed.  At the collision 

energy of 125 eV, only the even number carbon unit loss (C58
+
) was observed (Figure 5.9 

b).  With increasing collision energies, smaller fragment ions (e.g. C60
+
, C62

+
, etc) were 

observed (Figure 5.8 and Figure 5.9 d).  At the collision energy of 325 eV, odd number 

of carbon fragment ions, (e.g. C19
+
) were observed, which is similar to C60

+
 [186, 187, 

190, 191].  Noise becomes worse at higher collision energies, lowering the signal-to-

noise ratio.  There are two possible reasons for this: i) Scattering angles of high energy 

ions might be different from those of low energies.  ii) High energy collision damage the 

self-assembled monolayer.  After running with 300−400 eV collisions, experiments at 

the 100−200 eV collision regime could not produce the original quality.  Upon 

changing to freshly prepared surface, the spectra return to the original quality.  This 
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suggests that the surface is being damaged in high energy collisions.  Because of the 

increased wear of the SAM surface caused by high energy collisions, there are limits to 

the collision energies that may be used on these surfaces.  
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Figure 5.9 LDI SID TOF of C70
+
 on fluorocarbon SAM (a) SID at 100 eV; (b) SID at 125 

eV; (c) SID at 175 eV; (d) SID at 325 eV (IS1 = 20.0 kV, IS2 = 16.4 kV, Lens = 10.5 kV, 

HV ring electrode = 10.0 kV, azimuthal angle = 1.43 deg). 
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Figure 5.10 shows the SID energy resolved MS/MS data indicating the branching 

ratio of each reaction channel with the ratios calculated based on peak areas.  As 

mentioned earlier, the ion collection depends on several experimental parameters and it is 

hard to collect all the ions.  Even though not all the ions are collected, the branching 

ratio shows a trend to the dissociation mechanisms of C70
+
.  C68

+
 ions appear at 125 eV 

while higher collision energies increase the lower m/z fragment ions.  The fragmentation 

patterns in Figure 5.10 shows that higher energy collisions give dissociation products 

previously known to require higher energy to produce.  This trend is consistent with a 

unimolecular decay mechanism and also for variable energy transfer, products that 

require more internal energy increase with increasing SID collision energy.  

There have been debates on the mechanism of fullerene dissociation.  Carbon 

unit losses can occur through sequential dissociation (Section 1.5.1.2) or parallel 

dissociation (Section 1.5.1.3) [186-188, 190, 191].  The Smalley group found that an 

internal energy of 4 eV is needed to remove two carbons from fullerenes [191].  At 

surface collision of 325 eV, which is 200 eV higher energy than the one necessary for the 

emission of the first two carbons (125eV), small and odd numbers of carbon fragment 

ions are observed.  Considering 18−30% energy transfer efficiency of FSAM [157, 173, 
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174], about 36−60 eV more internal energy was deposited into the ion.  This increase 

(36−60 eV) is small for the appearance of small and odd numbers of fragment ions 

according to the results from Smalley group.  Same phenomenon, the appearance of odd 

numbers of fragment ions at an energy lower than expected, was observed with high 

collision CID [187].  Fragment ions with 30−40 carbons are not present either, which 

have to be present for sequential dissociation.  Therefore parallel mechanism explains 

small and odd number ions better than sequential dissociation.  The fraction of large 

fragment ions (e.q. C68
+
 and C66

+
) are increasing with increasing surface collision 

energies.  C68
+
 increases with smaller fragment ions, C66

+
 and C64

+
, which is very 

different from another subsequent dissociation such as N(CH3)4
+
 (Figure 4.2).  It is hard 

to conclude parallel dissociation and sequential dissociation for large and even numbers 

of fragment ions (e.q. C66
+
).  
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Figure 5.10 Energy resolved MS/MS curve of C70
+
 based on Figure 5.7, 5.8 and 5.9. 

 

Peak shape analysis was carried out for the 2C and 4C losses at the collision 

energy of 125 eV and 175 eV (Figure 5.11).  A Gaussian distribution with a mean value 

of 85 nsec and standard deviation value of 30 was used for the surface arrival distribution.  

The fastest dissociation reaction that the instrument can measure is 0.5 ns due to the 

maximum rate of the digitizer and slowest reaction measurable for C70
+
 is about 443 nsec, 

corresponding to a log k of 6.4.  Dissociation rate of C70
+
 at 125 eV is related to log k of 
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6.9 (Figure 5.11 (a)).  The obtained log k of 6.9 confirms that the 2C loss takes place 

within the time window of the SID TOF instrument and the peak shape analysis model 

gives a reasonable dissociation rate.  The 4C loss was modeled with both parallel 

dissociation and sequential dissociation mechanisms.  The parallel dissociation gave 

dissociation rates of log k1 = 6.8 for 2C loss and log k2 = 7.1 for 4C loss.  Sequential 

dissociation gave dissociation rates of log k1 = 7.0 for 2C loss and log k2 = 7.4 for 

concerted 2C loss.  Using the parallel dissociation, log k was smaller at 175 eV than that 

of at 125 eV, which is against the fundamental principle of kinetics, where reaction rate 

increases with the internal energy of the ion.  Therefore, in the 125-175 eV SID regime, 

sequential dissociation is the most likely suitable for the dissociation of C70
+
.  
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Figure 5.11 LDI SID TOF of C70
+
 on fluorocarbon SAM (a) best peak fit of Figure 5.9 (b) 

corresponds to log k1 = 6.9; (b) best peak fit (using parallel dissociation) of Figure 5.9 (c) 

corresponds to log k1 = 6.8 and log k2 = 7.1; (c) best peak fit (using sequential 

dissociation) of Figure 5.9 (c) corresponds to log k1 = 7.0 and log k2 = 7.4. 
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5.3.4 Dissociation Kinetics of C60
+
 

Figure 5.12 shows SID spectra for C60
+
 in the collision energy range of 150−400 

eV.  A voltage of 8.5 kV was applied to the HV ring electrode and azimuthal angle of 

1.43 degree was used.  At 150 eV surface collision energy, even number of carbon unit 

losses (C56
+
 and C58

+
) were observed (Figure 5.12 (a)).  Smaller fragment ions (C50

+
, 

C52
+
 and C54

+
) and larger even number carbon units losses appeared when increasing the 

collision energy to 275 eV (Figure 5.12 (b)).  At a high SID energy of 400 eV SID, odd 

number carbon fragment ions, (e.g. C19
+
) were observed, which is a similar trend to C70

+
.  

The signal-to-noise ratio becomes worse at 350−400 eV collision energies.  C60
+
 

requires higher collision energy than C70
+
 to have similar dissociation pattern due to its 

structural stability, which is reflected in high energy CID results [187].  Peak shape 

analysis was carried out for the 2C and 4C losses at the collision energy of 150 eV 

(Figure 5.12(e)).  The slowest reaction measurable for C60
+
 is about 410 nsec, 

corresponding to a log k of 6.4.  Sequential dissociation, used for C70
+
 in this energy 

regime, was used for peak fitting.  Dissociation rates of log k1 = 7.5 for 2C loss and log 

k2 = 7.7 for concerted 2C loss.  These values are within the time limit of the instrument.  
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Figure 5.12 LDI SID TOF of C60
+
 on fluorocarbon SAM (a) SID at 150 eV; (b) SID at 

275 eV; (c) SID at 350 eV; (d) SID at 400 eV; (e) best peak fit of (a) corresponds to log k1 

= 7.5 and log k2 = 7.7 (IS1 = 23.0 kV, IS2 = 17.8 kV, Lens = 13.5 kV, HV ring electrode  

= 10.7 kV, azimuthal angle = 1.43 deg). 
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The two carbon loss from C60
+
 has been studied using RRKM calculations [184, 

194].  Peak shape analysis gave log k value of 7.5 at 150 eV collisions.  For an ion to 

have a log k = 7.5, the internal energy can be within 40−70 eV depending on the 

calculations (Figure 5.13).  Considering energy transfer efficiency (18−30%) of FSAM 

[157, 173, 174], 150 eV surface collision can deposit 27−45 eV energy into C60
+
.  

Internal energy deposition by LDI is not known, but LDI inputs more energy than 

MALDI or SPALDI [51].  MALDI deposits up to 4 eV energy into ions [50].  

Therefore, during surface collision and the LDI process (assuming about 5 eV added 

during ionization), 32−50 eV can be added to C60
+
, which is in good agreement with the 

RRKM results.  The peak shape analysis model gives a reasonable dissociation rate for 

C60
+
 dissociation. 
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Figure 5.13 Calculated reaction rate k for 2C loss from C60
+
. Activation energies of E = 

5.2 and 7.1 eV were used respectively. Reproduced with permission from [184]. 

 

Energy resolved tandem mass spectrum of C60
+
 is shown in Figure 5.14.  Each 

dissociation trends are very similar to those of C70
+
 (Figure 5.10).  Large fragment ions 

((e.q. C58
+
 and C56

+
) increase with increasing collision energies until the energy reaches 

300 eV.  With energies higher then 300 eV, C56
+
 becomes more dominant than C58

+
.  

The fraction of C56
+
 increases with that of smaller fragment ion, C54

+
, and starts to 

decrease at the same energy.  If 6C loss happens via 4C loss, there should be an 
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intersection between the C56
+ 

and C54
+
 curves, which is not observed.  It is hard to 

conclude whether parallel or sequential dissociation channels are dominant for C60
+
.  It 

is believed that, as for C70
+
, parallel dissociation is more suitable for high energy SID 

collision. 

 

 
Figure 5.14 Energy resolved MS/MS curve of C60

+
 based on Figure 5.12. 
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5.5 Conclusions 

A Bruker Reflex III instrument was modified with SID capability.  Fullerene ions, 

C60
+

 

and C70
+
, were successfully generated with LDI and fragmented by SID using a 

FSAM surface.  SID generated similar dissociation patterns reported by the activation 

methods, photodissociation and CID.  Such patterns include from lower to higher energy 

collisions: two carbon unit loss followed by higher order even number carbon unit losses.  

At very high collision energies (> 400 eV) small and odd number carbon fragment ions 

appear.  Energy resolved MS/MS curves support parallel dissociation at high SID 

energies while peak shape analysis explains sequential dissociation at about 150 eV 

regime.  Dissociation rate of C70
+
 to C68

+
 was log k = 7.0 and C60

+
 to C58

+
 was log k = 

7.4.  These values are within the time limit of the instrument are consistent with RRKM 

results.  Instrument modification was successful for fast unimolecular dissociation 

studies of C70
+ 

and C60
+
.   
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CHAPTER 6. DISSOCIATION KINETICS OF SUBSTITUTIED BENZYL 

PYRIDINIUM IONS 

 

6.1 Introduction 

The Bruker Reflex III was successfully modified with SID capability and fast 

unimolecular dissociations of fullerenes were successfully obtained (Chapter 5).  

Substituted benzylpyridinium (BzPy) ions have received much attention as thermometer 

ions due to their characteristic dissociation pattern (Scheme 6.1).  Direct cleavage 

between the C–N bond generates a substituted benzylium cation and rearrangement 

reaction generates a tropylium ion [196, 197].  In addition, substituted BzPy ions with 

survival yields are good models for internal energy deposition studies (Equation 1.9): 

SPALDI [49], MALDI [50], ESI [86, 198], desorption electrospray ionization (DESI) 

[199] and CID [85].  The initial energy deposition of SPALDI has been estimated to be 

about 2.7−3.6 eV using substituted benzylpyridinium ions [49] and MALDI with α-

cyano-4-hydroxycinnamic acid (CHCA) matrix about 3.5−3.9 eV [50].  In the present 

study, substituted BzPy ions were selected as model systems for SPALDI SID TOF 

experiments with peak shape analysis.  The molecular ions are generated by SPALDI or 
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MALDI and activated by a single collision with FSAM and HSAM surfaces and the peak 

shapes of resulting fragment ions are analyzed to interpret fragmentation kinetics. 

 

 

Scheme 6.1 Dissociation pathways of the substituted benzylpyridinium ion. R is the 

substituent. 

 

6.2 Materials and Methods 

The modified Reflex III with SID device was explained in Section 5.2 and the 

same instrumental setup was used for this chapter.  For the peak shape analysis model, a 

first-order unimolecular decay model with single step reactions (Equation 1.12) was 

applied for convolution to study the loss of pyridine neutral (Py).  The preparations of 

the surface and derivatized silicon powder for SPALDI were described in Section 2.2.1 
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and 1.2.4 respectively.  Fluorocarbon FSAM (C12F10) and hydrocarbon SAM (C16) 

were used for the collision surfaces.  4-methyl-benzylpyridinium (4-methyl-BzPy), 4-

methoxy-benzylpyridinium (4-methoxy-BzPy), and 4-chloro-benzylpyridinium (4-

chloro-BzPy) were studied with SPALDI and MALDI.  The SAMs and BzPys were 

synthesized by the Chemical Synthesis Facility of the Department of Chemistry, 

University of Arizona.  Each substituted BzPys at a concentration of 100 pmol/L was 

mixed with derivatized silicon particles in a 1:1 ratio of isopropanol/H2O.  The same 

concentration of solution with α-cyano-4-hydroxycinnamic acid (CHCA) was used for 

MALDI experiment.  Both solutions were deposited on a commercial MALDI plate.  

For SPALDI and MALDI, samples were directly irradiated by the N2 laser (VSL337i, 

Laser Science Inc., Newton, MA), whose maximum energy is 400 J, operated at a 

repetition rate of 3 Hz for both ionization methods.  The spectra shown here are 

averaged from 200300 individual laser shots to increase signal-to-noise ratio.  A fixed 

potential of 20 kV at the sample plate was used for ion acceleration and the surface 

voltages were varied to modulate collision energy or turn precursor ions towards the 

detector without collision. 
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6.3 Surface-Induced Dissociation (SID) of Substituted Benzylpyridinium Ions 

The Vertes group performed RRKM calculations on substituted benzylpyridinium 

ions (Figure 6.1) [50].  The loss of pyridine, C-N bond cleavage, is followed for kinetics 

studies.  There are two possible dissociation pathways, direct cleavage and 

rearrangement (Scheme 6.1).  Elucidation of the fragment ion structure is not the goal of 

this project.  Experiments looking into fragment ion structure would require 

ion/molecule reactions with fragment ion [196, 197] or kinetic energy release studies 

[200], which are not probable with this instrument.  Therefore, dissociation kinetic 

studies will be pursued.  Three substituted benzylpyridinium ions (4-OMe-BzPy, 4-Me-

BzPy, and 4-Cl-BzPy) were studied.  From the RRKM calculations, 4-OMe-BzPy shows 

the fastest dissociation rate followed by 4-Me-BzPy and 4-Cl-BzPy [50]. 
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Figure 6.1 RRKM rate coefficients for substituted benzylpyridinium ions (2-methyl (■), 

3-methyl (●), 3-methoxy (▼), 4-methoxy (▲), 4-chloro (★), 4-flouro (☆), and 4-methyl 

(♦)) as a function of internal energy. Reproduced with permission from [50]. 

 

6.3.1 SPALDI SID on Fluorocarbon SAM 

Studies were performed on the MALDI SID TOF instrument to determine 

compatibility of substituted benzylpyridinium ions with MALDI and SPALDI.  In this 

MALDI SID TOF instrument, MALDI of BzPy ions require 10−20 % of the total laser 
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intensity (90−80 % attenuation) and SPALDI of BzPy ions require only 1−5 % laser 

intensity (99−95 % attenuation) for ion desorption.  Among the substituted BzPy ions, 

4-Me-BzPy will be discussed.  Before dissociation of the parent ion, it is important to 

confirm that only the 4-Me-BzPy ion is desorbed from the source.  Voltages higher than 

20 kV, which is the source acceleration voltage, were applied to the surface to turn 

incoming ions to avoid hitting the surface.  In this experiment only the precursor ion was 

observed as shown in Figure 6.2(a), confirming the absence of other ions that may have 

been generated at the source.  After this confirmation, surface voltages were lowered, 

allowing collisions between incoming ions and the surface. 

SPALDI SID TOF of 4-Me-BzPy was obtained with an azimuthal angle of 0.54 

degree and a HV ring electrode voltage of 10 kV.  The neutral pyridine loss became 

more dominant with increasing collision energy (Figure 6.2(b) and 6.2(c)).   The fact 

that the dissociation of 4-Me-BzPy varies as a function of internal energy demonstrates 

that the dissociation is unimolecular and consistent with previously reported data [49, 50].  

SID at energies lower than 8 eV is difficult to measure because of the lower dissociation 

rates at these energies which lie outside of the observation timeframe of this instrument.  

Peak shape analysis was carried out for the pyridine loss at the collision energies of 8 eV 
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and 12 eV.  A Gaussian distribution with mean value of 25 nsec and standard deviation 

of 9 was used for the surface arrival distribution.  Similar mean and standard deviation 

values that were measured by the floating detector at different collision energies were 

used for later peak fittings.  Because the pyridine loss is a single step reaction, a rate 

expression for first order single step unimolecular dissociation was considered (Equation 

1.13).  Plots with different dissociation rate constants, k, were used for convolution with 

the arrival time distribution to fit to the experimental results.  Log k = 7.4 for 8 eV SID 

and log k = 7.6 for 12 eV SID provided the best fit.  The slowest reaction measurable for 

4-Me-BzPy is about 207 nsec, corresponding to a log k of 6.7.  The obtained 

dissociation rates confirm that the pyridine loss takes place within the time window of 

SID TOF instrument. 

The obtained dissociation rates can be compared with the RRKM curve from the 

work of Luo et al. [50].  At a decay rate of log k = 7.4, average the ion internal energy is 

about 4.5 eV as shown in Figure 6.1.  This 4.5 eV includes the initial energy deposition 

from the ionization process and the translational energy (T) to internal vibrational energy 

(V) conversion during the surface collision.  The energy conversion efficiency of 

fluorocarbon SAM surfaces has been reported to reach about 18−30 % [157, 173, 174].  
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The initial energy deposition of SPALDI has been estimated as about 2.7−3.6 eV for 

substituted benzylpyridinium ions [49].  Considering the midpoint of this range of initial 

energies, it can be concluded that about 15 % of translational energy was converted into 

internal vibrational energy on a fluorocarbon surface.  The RRKM curves reach a 

plateau and remains constant in this internal energy range, so correct conversion from the 

dissociation rates to the internal energy is difficult.  Taking into account experimental 

error, 15% efficiency is consistent with the previously reported values [157, 173, 174]. 
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Figure 6.2 SPALDI SID TOF of 4-methyl-benzylpyridinium ion on fluorocarbon SAM 

(a) parent ion turning; (b) SID at 8 eV; (c) SID at 12 eV; each insert is the best peak fit 

(IS1 = 20.0 kV, IS2 = 16.5 kV, lens = 11.5 kV, HV ring electrode = 10.0 kV, azimuthal 

angle = 0.54 degree). 
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6.3.2 SPALDI SID on Hydrocarbon SAM 

The study of SID of N(CD3)4
+
 shows FSAM has a higher energy transfer 

efficiency than HSAM (Section 4.4).  To further support this conclusion, the SID 

fragment ion of 4-Me-BzPy was collected with HSAM.  An azimuthal angle of 1.07 

degree and the HV ring electrode voltage of 7.3 kV were used.  Peak shape analysis was 

carried out for the pyridine loss at the collision energy of 25 eV.  A dissociation rate of 

log k = 7.8 gave a best fit to the experimental spectrum.  Again, precise conversion from 

the dissociation rates to the internal energy is difficult because of the plateau region of the 

RRKM curve in this energy regime.  HSAM is known to have about 6−17 % of energy 

conversion efficiency [173, 174, 201].  Using the midpoint of this range, 11 % transfer 

efficiency, about 2.8 eV is deposited during collision and 2.7−3.6 eV is added during 

SPALDI process.  These values add up to a total internal energy about 5.5−6.4 eV.  

The dissociation rate of SID with FSAM at 12 eV SID is log k = 7.6 and the dissociation 

rate with HSAM at 25 eV SID is log k = 7.8.  To have similar extents of dissociation and 

log k values, the hydrocarbon surface requires higher SID collision energy, which 

confirms that hydrocarbon surfaces have a lower energy conversion efficiency than 

fluorocarbon surfaces.   
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Figure 6.3 SPALDI SID TOF of 4-methyl-benzylpyridinium ion on hydrocarbon SAM (a) 

parent ion turning; (b) SID at 25 eV and insert is the best peak fit (IS1 = 20.0 kV, IS2 = 

16.4 kV, lens = 12.8 kV, HV ring electrode = 7.3 kV, azimuthal angle = 1.07 degree). 

 

6.3.3 MALDI SID on Fluorocarbon SAM 

In Chapter 4, SPALDI deposited less internal energy than LDI.  The Wysocki 

group also showed that SPALDI deposits less energy than that of MALDI [49].  The 

internal energy deposition of MALDI was revisited with the relative kinetic method.  
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Depending on the substituent, the benzylpyridinium ions shows different dissociation 

rates (Figure 6.1).  Dissociation of 4-OMe-BzPy, 4-Me-BzPy, and 4-Cl-BzPy generated 

in MALDI were explored with FSAM.  An azimuthal angle of 0.63 degree and the HV 

ring electrode voltage of 9.8 kV were used.  CHCA matrix was used for MALDI process.  

Peak shape analysis was carried out for the pyridine loss at the collision energy of 8 eV.  

The obtained dissociation rates are log k = 8.1 for 4-OMe-BzPy, log k = 7.7 for 4-Me-

BzPy, and log k = 7.6 for 4-Cl-BzPy.  According to RRKM calculations, 4-OMe-BzPy 

has the fastest dissociation rate and followed by 4-Me-BzPy and 4-Cl-BzPy.  The results 

from peak shape analysis are well matched with the calculations (inserts of Figure 6.4).  

In addition, the MALDI SID result can be compared with those of SPALDI SID.  The 

initial energy deposition of SPALDI has been estimated to be 2.7−3.6 eV [49] and 

MALDI with α-cyano-4-hydroxycinnamic acid (CHCA) matrix was 3.5−3.9 eV [50].  

The dissociation rate of 4-Me-BzPy of SPALDI SID at 8 eV is 7.4 and MALDI SID at 8 

eV is 7.7.  MALDI deposits more internal energy than SPALDI, which makes the 

dissociation faster with the same collision energy.  The kinetic methods confirms that 

MALDI deposits more internal energy during the ionization process than SPALDI.  
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Figure 6.4 MALDI SID TOF of substituted benzylpyridinium ions on fluorocarbon SAM 

at 8 eV SID (a) 4-OMe-BzPy; (b) 4-Me-BzPy; (c) 4-Cl-BzPy; each insert is the best peak 

fit (IS1 = 20.0 kV, IS2 = 16.5 kV, lens = 11.5 kV, HV ring electrode = 9.8 kV, azimuthal 

angle = 0.63 degree). 
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6.4 Conclusions 

SID TOF system was used to study the dissociation kinetics of substituted 

benzylpyridinium ions.  A fast dissociation channel of pyridine loss was investigated 

with a peak shape analysis model.  SPALDI SID of 4-Me-BzPy with FSAM yields log k 

= 7.4 at 8 eV SID and MALDI SID with the same FSAM and the collision energy yields 

log k = 7.7.  The kinetic method confirmed the higher energy deposition of MALDI than 

SPALDI.  SPALDI SID of 4-Me-BzPy with FSAM was compared with that of HSAM.  

To have a similar dissociation rate, HSAM requires higher collision energy (25 eV vs. 12 

eV of FSAM), this also verifies the higher energy conversion efficiency of FSAM than 

HSAM.  The substituent changes dissociation rate of the benzylpyridinium ions.  

MALDI SID of 4-OMe-BzPy, 4-Me-BzPy, and 4-Cl-BzPy were investigated with FSAM.  

The order of dissociation rates agree well with RRKM calculations.  The kinetic 

methods were successfully applied to the study of fast unimolecular dissociation of 

substituted benzylpyridinium ions. 
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CHAPTER 7. SUMMARY AND FUTURE DIRECTIONS 

 

7.1 Conclusions of Peptide Dissociation Mechanisms with IRMPD/soft-landing 

Chapter 3 presented a study of structures of fragment ions of protonated AGG.  

The experimental IRMPD data and quantum chemical calculations show that protonated 

cyclo-AG, cyclo-VP, and cyclo-HP are diketopiperazine structures, and the b2
+
 ion from 

CID of protonated AGG has an oxazolone structure.  Cyclo-AG retains its cyclic form 

upon protonation and is most likely to be composed of a mixture of different protonated 

sites at alanine and glycine residues.  For the lowest energy diketopiperazine structure, 

protonation at the amide oxygen of valine (diketo CO(Val)) agrees with experimental 

spectra of protonated cyclo-VP.  Similarly, a proton bridged between the imidazole pi 

nitrogen (N(His)) and the adjacent carbonyl oxygen of histidine (CO(His)) (diketo N(His) – 

CO(His)) gives the best agreement with experimental protonated cyclo-HP data.  The 

lowest energy structure, diketo N(His) – CO(His), is 65.2 and 84.2 kJ/mol lower in free 

energies than the non-bridged carbonyl oxygen protonated forms, diketo CO(Pro) and 

diketo CO(His), respectively.   Therefore, the basic side chain of histidine contributes to 

the stability of the diketopiperazine structures when compared to cyclo-VP (absent of the 
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basic side chain).  In contrast, the b2
+
 ion from AGG is an oxazolone with protonation at 

the ring nitrogen as the major structure and protonation at the amine group as the minor 

form.  The 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one has three protonation sites 

and is able to exist as either a (Z) or an (E) isomer.  NMR spectroscopy showed the 

neutral of 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one to be the (Z) isomer.  IRMPD 

spectrum confirms this oxazolone-type ion is protonated at the ring nitrogen of the (Z) 

form.  The combination of IR bands of two rotational conformers of the (Z) form results 

in better agreement with the experimental results.  IRMPD spectroscopy and quantum 

chemical calculations were successfully applied to the studies of peptide dissociation 

mechanisms. 

Although IR action spectroscopy is very powerful and has been successfully 

applied to ion structural studies, it requires a free electron laser (FEL) and there are only 

two FEL/MS facilities in the world.  Soft-landing combined with IR reflection 

absorption spectroscopy (IRRAS) was used to corroborate IRMPD spectroscopy.  When 

ions are landed, electron transfer from the surface and water vapor may occur, causing 

neutralization.  The landed molecules are in solid-phase and have intermolecular 

interactions with each other, which is absent in IRMPD experiments.  The quantum 
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chemical calculations were performed with single molecules in vacuum; and, the 

theoretical IR spectra did not agree with that of IRMPD spectroscopy.  Multiple 

molecule calculations show better agreement than single molecule calculations for the 

IRRAS spectra of landed cyclic peptides and the ATR spectra of samples.  The             

4-ethoxymethylene-2-phenyl-2-oxazolin-5-one retained its characteristic C=O stretching 

after soft-landing.  The b2
+
 ion from skimmer−CID of protonated AGG does not match 

with either the theoretical IR spectrum of a diketopiperazine structure or of an oxazolone 

structure.  The soft-landing of protonated intact peptides AG and AGG show similar 

results to that of the b2
+
 ion.  It is believed that the oxazolone structure undergoes its 

ring opening by hydrolysis and changes its structure to a linear peptide.   

 

7.2 Conclusions of Dissociation Kinetics with Bruker Proflex 

The implementation of surface-induced dissociation (SID) to study the fast (sub-

microsecond) dissociation kinetics of peptides in a MALDI-TOF instrument has been 

reported previously. Silicon nanoparticle assisted laser desorption/ionization (SPALDI) 

allows the study of small molecule dissociation kinetics for ions formed with low initial 

source internal energy and without MALDI matrix interference.  The dissociation 
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kinetics of N(CH3)4
+
 and N(CD3)4

+
 were chosen for investigation because the dissociation 

mechanisms of N(CH3)4
+
 have been studied extensively, providing well-characterized 

systems to investigate by collision with a surface.  With changes in laboratory collision 

energy, changes in fragmentation timescales and differences in dominant fragment ions 

were observed, verifying that these ions dissociate via unimolecular decay.  At lower 

collision energies, methyl radical (●CH3) loss with a sub-microsecond dissociation rate is 

dominant, but consecutive H loss after CH3 loss becomes dominant at higher collision 

energies.  These observations are consistent with the known dissociation pathways.  

The dissociation rate of CH3 loss from N(CH3)4
+
 formed by SPALDI and dissociated by 

an SID lab collision energy of 15 eV corresponds to  log k = 8.1.  Laser desorption 

ionization (LDI) and SID at 5 eV showed the same log k value.  The results obtained 

with SPALDI SID and LDI SID of N(CH3)4
+
 confirm that a) the dissociation follows 

unimolecular decay as predicted by RRKM calculations, b) the SPALDI process deposits 

less initial energy than LDI, which has advantages for kinetic studies, and c) fluorocarbon 

self-assembled monolayers convert about 18% of laboratory collision energy into internal 

energy.  N(CD3)4
+
 undergoes dissociation pathways and kinetics that parallel those of 

N(CH3)4
+
.  LDI SID of N(CD3)4

+
 for collision with different surfaces shows that a 
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hydrocarbon surface requires higher SID collision energy than a fluorocarbon surface to 

accomplish similar extents of dissociation and log k values.  This confirms that 

hydrocarbon surfaces have lower energy conversion efficiency than fluorocarbon surfaces.  

SID TOF experiments combined with SPALDI and peak shape analysis enable the 

measurement of dissociation rates for fast dissociation of small molecules without matrix 

interference. 

 

7.3 Conclusions of Instrument Modification and Dissociation Kinetics with Bruker 

Reflex III 

After several years’ operation, the Bruker Proflex had severe problems with the 

digitizer and the operating computer.  Because those parts were not replaceable, the SID 

set-up was moved into another commercial MALDI-TOF instrument, a Bruker Reflex III.  

This commercial instrument has better ion optics, is equipped with a faster digitizer, and 

has a UV laser with a broader range of laser fluence than that of the Proflex.  The 

previous SID set-up in the Proflex was placed after the reflectron electrodes.  In the 

Reflex III, however, there is no available space after the reflectron electrodes, so the SID 

set-up replaced the reflectron.  A new ground electrode was added to the SID set-up and 
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an HV ring electrode in front of the surface works as an electrical lens to guide precursor 

and fragment ions.  SIMION simulations were performed to predict the flight paths of 

different ions and to estimate optimum voltage conditions.  For flight time 

measurements, a voltage of 0.5 kV higher than the acceleration potential at the source 

was applied to turn precursor ions towards the detector without colliding with the surface.  

A variety of ions – ranging from small ions such as Na
+
 to large peptide ions such as 

ACTH (18-39) – returned to the detector at expected flight times for various acceleration 

potentials. 

After the calibration of flight times corresponding to the mass-to-charge ratios of 

ions, SID experiments were carried out by lowering surface voltages relative to the ion 

acceleration voltage.  Fast statistical unimolecular dissociations of substituted 

benzylpyridinium ions, C60
+
 and C70

+
, were studied.  LDI was used for C60 and C70 and 

SID experimental conditions were optimized with C70
+
. The dual stage source voltages 

for normal operation before the modification (20 kV and 16.4 kV, respectively) were 

directly applied to SID experiments as a starting point in the optimization process.  

Various lens voltages were applied to vary beam size and to determine the optimum 

conditions.  The HV ring electrode in the SID setup, which can help focus ion beams 
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from the surface to the MCP detector, was also tuned during the optimization process.  

Ion beam trajectories are also affected by the alignment of the SID device.  The fragment 

ions have different trajectories compared with that of the precursor ion; various azimuthal 

angles of the SID setup were also investigated to find fragment ions.  It is observed that 

as the azimuthal angle and the HV ring electrode voltage change different fractions of the 

precursor and fragment ions are collected.  The optimal azimuthal angles and the HV 

ring electrode voltages vary from sample to sample. Therefore a wide range of 

combination between the azimuthal angle and the HV ring electrode voltage should be 

used for the experiments. 

In parallel with the previous N(CH3)4
+
 results and works done by various research 

groups, C60
+
 and C70

+
 show various fragmentation pathways with increasing collision 

energy and different reaction paths dominate at different collision energies.  SID of 

fullerenes was achieved using a FSAM surface.  Two-carbon (2C) unit loss first appears 

(at around 125 eV SID) and then even number of carbon unit losses follow.  At very high 

collision energies (> 325 eV for C70
+
 and > 400 eV for C60

+
) small and odd numbers of 

carbon fragment ions appear.  Two different dissociation mechanisms: sequential 

dissociation and parallel dissociation were investigated.  Energy resolved MS/MS 
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curves support parallel dissociation at high SID energies.  For the dissociation of C70
+
, 

large fragment ions such as C68
+
 increased in parallel with smaller ions, C66

+
 and C64

+
, 

which is very different from subsequent dissociation seen for ions such as N(CH3)4
+
.  In 

addition, the odd numbered fragment ions appeared at energy lower than expected for 2C 

loss.  Higher energy dissociation is explained by the parallel mechanism, while the peak 

shape analysis explains sequential dissociation at about 150 eV range.  The dissociation 

rate of C70
+
 to C68

+
 was log k = 7.0 and C60

+
 to C58

+
 was log k = 7.4.  These values are 

within the time limit of the instrument and are consistent with RRKM results.  

Instrument modification of a MALDI-TOF mass spectrometer with SID capability 

allowed successful studies of fast unimolecular dissociation studies of fullerenes. 

Dissociation kinetics of substituted benzylpyridinium ions were studied with 

different surfaces and ionization methods.  Neutral pyridine loss was investigated with 

the kinetic approaches described above.  For the studies involving dissociation of 4-Me-

BzPy on different surfaces, desorption with SPALDI, was used.  FSAM SID at 12 eV 

gave log k = 7.6 and HSAM SID at 25 eV gave log k = 7.8.  To have similar 

dissociation rate, HSAM required higher collision energy than FSAM.  FSAM has 

higher energy conversion efficiency than HSAM.  For examination of the influence of 
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different ionization methods, dissociation of 4-Me-BzPy with FSAM was used.  At 8 eV 

SID on FSAM, SPALDI SID provided log k = 7.4 and MALDI SID provided log k = 7.7.  

The kinetic approaches used here confirmed the higher internal energy deposition of 

MALDI over SPALDI.  For studies of the influence of different substituents on 

fragment rates, MALDI SID of 4-OMe-BzPy, 4-Me-BzPy, and 4-Cl-BzPy were 

investigated with FSAM.  The dissociation rate of 4-OMe-BzPy was fastest and that of 

4-Cl-BzPy was slowest.  The order of dissociation rates agreed well with RRKM 

calculations.  The kinetic approaches used here were successfully applied to the study of 

fast unimolecular dissociation of substituted benzylpyridinium ions. 

 

7.4 Future Directions 

Soft-landing combined with IRRAS was successfully applied for molecular 

structural studies.  In the future, some modifications of the experimental and 

instrumental setups might improve the efficiency of this project.  The amount of landed 

material depends on ion transmission from the ion source to the surface.   XPS or mass 

spectrometers, which have good sensitivity, could be employed for the detection of 

landed molecules.  IR spectroscopy gives good structural information but also requires a 
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relatively large amount of sample for detection.  For some trials, IR measurements failed 

because sample concentrations were too low on the surface.  With the same surface used 

in the IR measurements, MALDI experiments were carried out by depositing CHCA 

matrix directly on the surface and the molecular ion peak was successfully detected.  Ion 

transmission for soft-landing should be improved with an ion funnel.  If the transmission 

increases, the chance of deposition will be increased as well.  Another possible 

modification is to perform in-situ IR measurements, which give the advantage of 

obtaining IR spectra without venting the instrument.  It also can provide real-time 

measurements of deposition.  An optical table and IR spectrometers are required, but 

since the Extrel 4000 mass spectrometer has two optical windows in the chamber already, 

the instrument modification can be minimized.  The glass windows need to be changed 

to CaF2 windows for IR transmission.  The surface setup needs to be rotated 

horizontally, which enables angle changes for IRRAS measurements.  Quantification of 

the soft-landed materials by IR will help to determine the shortest time required for the 

minimal detectable amount.  Using optical constants determined from the transmission 

spectra of bulk material, simulated spectra can be generated.  Comparison of 

experimental IRRAS spectra with the simulation would allow estimation of the thickness 
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of landed species and a minimal detectable amount can be determined.  Neutralization 

mechanisms of landed samples can be tested with varying SAM chain length.  Shorter 

chain SAMs (e.g. C10) will have a higher chance of electron tunneling from the surface 

to the landed ion compared with longer chain SAMs (e.g. C27).  Orientation of terminal 

groups of SAM can affect PM-IRRAS spectra of landed species.  The even and odd 

numbered chain of SAMs have different orientations.  Soft-landing on C16 and C17 

SAM can be used to study the effects of orientation of the SAM on IR measurements.  

Because all the experiments were performed on gold surfaces, Surface Enhanced Raman 

Spectroscopy may give complementary results to IR spectroscopy.  

There are many options to improve the SID TOF experiments.  Resolution 

improvements can be considered.  Because the reflectron was removed, a possible option 

is to use delayed extraction in the ionization source.  It is known that delayed extraction 

improves resolution and the Reflex III offers 200 s, 400 s, and 600 s delayed 

extraction.  To use delayed extraction, it is important to know the initial velocity 

distribution of the ions of interest.  Ions travel in the temporary FFR of the source during 

the delayed time, which means, not the acceleration voltage, but the potential at where 

ions have moved will be applied to the ions.  Therefore, the collision energies have to be 



 

 

230 

redefined by knowing the exact acceleration voltage after the time of delay.  The 

observation time windows can be varied too.  In this setup, from the ground electrode to 

the surface is 15 mm.  With 20 kV at the surface, the time window limit for N(CH3)4
+
 is 

132 ns (log k = 6.88) and for C70
+
 is 443 ns (log k = 6.35).  The distance from the ground 

electrode to the surface can be lengthened by adding more ceramic spacers; and, using 

lower voltages to the surface will make the observable time longer.  Assuming the 

distance becomes 25 mm (equal to 2 ceramic spacers) and 10 kV potential is applied at 

the surface, the time window for N(CH3)4
+
 becomes 310 ns (log k = 6.51) and for C70

+
 

becomes 1044 ns (log k = 5.98).  Slower dissociations may be investigated.  The 

dissociation mechanisms of peptide ions are another challenge.  A shattering mechanism 

has been proposed for peptide ions, which has not been observed in our research group.  

This SID TOF instrument has a capability to measure submicrosecond dissociation and it 

will elucidate the fast unimolecular dissociation of peptides.  Many peptides and other 

molecules have been attempted after the instrument modification: angiotensin I, 

angiotensin II, angiotensin III, YGGFLR, CDPGYIGSR, LDIFSDFR, P14R, desR1-

bradykinin, desR9-bradykinin, bradykinin, valinomycin, 18C6 crown ether, TMPP-

LDIFSAF, TMPP-LAIFSDF, dendrimer (diaminobutane propylenamines, DAB(PA)8), 
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biphalin, DPDPE (cyclic peptides), insulin, acetyl-AAAAK, acetyl-AAAAAAK.  No 

peptide fragment ions have been observed yet.  There are possible reasons for lack of 

detection of product ions.  Because of the time windows of the SID setup 

(submicrosecond order), rearrangement reactions (b and y ion channels) might not be 

observed in this instrument.  Small immonium ions from direct cleavage will be 

observed, but compared with the mass of precursor ions; these small ion fragmentation 

channels might have very different ion trajectories.  This can lead to instrumental 

discrimination.  The distance between the surface and the detector is 490 mm in the 

Proflex, while it is 820 mm in Reflex III.  Both instruments have a 25 mm diameter 

MCP detector, which means that the Reflex III has less ion collection capabilities than 

that of the Proflex.  Simply based on tangent calculation, to have the same collection 

capability, the diameter of the MCP in the Reflex III has to be at least 40 mm.  A 40 mm 

MCP mounted on a conflat flange is commercially available and it can easily replace the 

current detector.  Some modifications on the Reflex III should improve its performance 

and enable the detection of fast unimolecular dissociation of peptide ions.   
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APPENDIX A. COMPUTATIONAL EXPLANATION FOR SIDE CHAIN EFFECTS OF 

AGAXAAR 

 

This appendix contains results from the molecular mechanics calculations 

performed to explain the side chain effect of AGAXAAR.  The collision induced 

dissociation experiments of doubly charged AGAXAAR (X = Ala, Val, Ile, Leu, amino 

butyric acid (Abu), t-butyl glycine (Tle)) have been carried out in this group previously.  

The structures of Abu and Tle are shown in Figure A.1.  It was found that some peptide 

residues (-branched Val and Tle) have enhanced cleavages at their C-terminal amide 

bonds in comparison to N-terminal [202].  It is believed that the presence of side 

branching is important for enhanced cleavage.  Molecular mechanics calculations using 

MacroModel 8.1 (Schrödinger, LLC., New York, NY) are used to explore all the possible 

conformers in order to explain peptide fragmentation with the mobile proton model 

which was developed by the Wysocki and other research groups.  
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Figure A.1 Structure of (a) amino butyric acid and (b) t-butyl glycine 

 

Because the experimental results were collected from doubly charged peptides, 

two protons were added to the most basic sites – the amino group of the N-terminus and 

the side chain of Arg.  A conformational search of 100,000 steps was carried out to for 

each peptide and the Merck molecular force field was used for Monte Carlo Molecular 

Mechanics (MCMM).  Script files were used to analyze the results (atomic distance and 

dihedral angle).  The scripts were listed in the final part of this appendix.  The mobile 

proton model is widely accepted for peptide dissociation [203, 204].  In this model, the 

proton is initially located on basic sites (e.g. N-terminus, Lys, Arg) and then can migrate 

to labile peptide bonds to promote dissociation.  Cannon et al. used distance information 

between the proton and labile peptide bonds to explain enhanced cleavage [205].   
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Two parameters were analyzed in this appendix to explain the enhanced cleavage 

of AGAXAAR.  One is distance between the N-terminus and the labile peptide bonds 

being cleaved.  A proton added to Arg is not considered due to very high basicity of its 

side chain.  A proton added to the N-terminus is typically considered to be a mobile 

proton.  For this model, no peptides are considered basic or acidic peptide residues 

except arginine, so the gas-phase basicity of the remaining bonds will be similar. So, it is 

postulated that if the distance between the proton and a particular bond is closer than 

another, proton transfer will be easier for the closer bond.  Average distances between 

the proton and labile bonds are calculated among conformers, which are within 50 kJ/mol 

range from the lowest energy conformer.  Results are summarized in Table A1.  CO is 

the carbonyl group on the C-terminus and NH is the N-terminal amino group of the 

peptide residue.  The number is the order of the peptide residue.  Since it is 

AGAXAAR, 2 is glycine, 4 is the X amino acid, and 7 is arginine.  Based on the 

assumption above, the distances to CO(4) and to NH(5) are important.  There is a 

notable trend where Tle has the shortest distance, followed by Val and Ile.  Additionally, 

it should be noted that Ala and Abu have the longest distances.  Average distance results 

follow the previous assumption, but the fact that the standard deviations are almost 1 is 
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an important feature that limits the confidence of these results.  So using only distance 

does not fully explain enhanced cleavage observed experimentally. 

 

Table A.1 Average distance and standard deviation between the mobile proton and labile 

peptide bonds. Units are in angstroms.  

 X=Ala X=Abu X=Ile 

CO(2) 4.17 ± 0.64 4.23 ± 0.74 4.41 ± 0.86 

CO(3) 2.51 ± 1.46 2.85 ± 1.59 3.93 ± 1.66 

CO(4) 3.10 ± 1.03 2.89 ± 1.06 2.25 ± 1.00 

CO(5) 1.96 ± 0.89 1.88 ± 0.71 1.95 ± 0.73 

CO(6) 3.86 ± 1.89 3.38 ± 1.73 3.73 ± 1.86 

CO(7) 3.89 ± 2.50 3.78 ± 2.24 3.85 ± 2.19 

NH(3) 4.10 ± 0.60 4.15 ± 0.55 4.40 ± 0.53 

NH(4) 3.93 ± 0.68 3.92 ± 0.62 3.96 ± 0.46 

NH(5) 3.64 ± 0.43 3.63 ± 0.37 3.54 ± 0.32 

NH(6) 3.80 ± 0.57 3.75 ± 0.45 3.80 ± 0.48 

NH(7) 4.15 ± 0.94 4.01 ± 0.76 4.18 ± 0.87 

 

 X=Leu X=Tle X=Val 

CO(2) 4.33 ± 0.79 4.23 ± 1.00 4.35 ± 0.94 

CO(3) 3.87 ± 1.65 4.40 ± 1.48 4.03 ± 1.64 

CO(4) 2.45 ± 1.15 2.11 ± 0.97 2.24 ± 1.06 

CO(5) 2.09 ± 0.91 2.14 ± 0.97 2.07 ± 0.94 

CO(6) 4.22 ± 1.97 4.47 ± 1.94 4.01 ± 1.99 

CO(7) 3.73 ± 2.43 3.91 ± 2.37 4.23 ± 2.49 

NH(3) 4.47 ± 0.63 4.61 ± 0.64 4.47 ± 0.60 

NH(4) 4.07 ± 0.58 4.07 ± 0.52 4.01 ± 0.53 

NH(5) 3.59 ± 0.36 3.59 ± 0.39 3.58 ± 0.35 

NH(6) 3.87 ± 0.58 3.89 ± 0.55 3.84 ± 0.54 

NH(7) 4.29 ± 1.04 4.36 ± 1.06 4.35 ± 1.05 
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Dihedral angle information can be used to explain peptide structure.  The 

Ramachandran plot is a combination of the two dihedral angles (,) related to each 

peptide bond’s orientation [206].  The angle rotation about the bond between the 

nitrogen and the -carbon is called phi () and between the -carbon and the carbonyl 

carbon is psi ().  -strand structures have  < 0 and  > 0.  Right–handed -helix 

structures have  < 0 and  < 0 and left-handed -helixes have  > 0 and  > 0.  The 

dihedral angle analysis between residue X and Ala is summarized in Figure A.2 and Table 

A.2.  Because MCMM is carried out for a single molecule in vacuum, 4
th

 quadrant ( > 

0 and  < 0) is allowed, which is not typically permitted in solution phase conformers.  

Ala and Abu, with less branched side chain, have higher percentages in the 4
th

 quadrant.  

The first quadrant is the most populated for Ala and Abu, while the 2
nd

 is for Ile, Val, and 

Tle at the enhanced cleavage site.  From the angle distribution, Ala and Abu also occupy 

the disfavored 4
th

 quadrant.  Leu, Val, and Tle should commonly form -strands and it is 

known that t-butyl side chain can destabilize helical structure [207].   With regard to 

distance information, 4
th

 residue labile bonds in the 2
nd

 quadrant will have a shorter 

distance to the N-terminus then bonds in the other three quadrants.  With dihedral angles 

and distance analysis, conformational searches show similar trends to experimental 
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results.  The problem of high standard deviations will need to be addressed and 

corrected in order to use calculations to explain the result with more confidence.  From 

these results, it is clear that further investigations are required to fully understand the 

relationship between dihedral angle and peptide cleavage.   

 

Table A.2 Percentage of occupation and average distance and standard deviation of 

conformers in each quadrant in Figure A.2.  

  > 0,  > 0  < 0,  > 0  < 0,  < 0  > 0,  < 0 

Ala 
61.7% 

3.35 ± 0.98 

11.3% 

2.02 ± 0.80 

2.5% 

2.87 ± 1.06 

24.5% 

2.96 ± 0.89 

Abu 
43.8% 

3.46 ± 0.95 

35.7% 

2.15 ± 0.85 

4.1% 

2.08 ± 0.77 

16.3% 

3.19 ± 0.66 

Leu 
28.2% 

3.39 ± 1.02 

51.1% 

1.68 ± 0.50 

17.3% 

3.32 ± 1.03 

3.4% 

1.83 ± 0.80 

Ile 
30.8% 

3.37 ± 0.77 

64.9% 

1.70 ± 0.48 

3.9% 

2.40 ± 1.44 

0.3% 

2.25 ± 1.55 

Val 
31.3% 

3.17 ± 0.91 

61.8% 

1.68 ± 0.49 

5.2% 

3.42 ± 1.81 

1.7% 

2.13 ± 1.11 

Tle 
8.4% 

3.37 ± 0.78 

83.2% 

1.83 ± 0.73 

8.3% 

3.56 ± 0.95 

0.1% 

1.97 ± 0.95 
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Figure A.2 Ramachandran plot of doubly charged AGAXAAR. (a) Ala; (b) Abu; (c) Leu; 

(d) Ile; (e) Val; (f) Tle.  
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A.1.1 Fortran Language for Distance Calculation between Two Atoms 

 

program distance 

implicit none 

 

integer :: i,j,k,l,n_atoms 

double precision, allocatable, dimension(:,:) :: atoms 

double precision :: d 

 

allocate(atoms(n_atoms,3)) 

 

open(unit=12, file='tmp1',status='old') 

 

read(12,*) n_atoms ! total number of atoms 

read(12,*) i       ! atom 1 

read(12,*) j       ! atom 2 

 

do k=1,n_atoms 

 read(12,*) l,atoms(k,1), atoms(k,2), atoms(k,3) 

 if (l.ne.k) write(*,*) "we have a problem!!!!" 

enddo 

 

!write(*,*) atoms(k,1), atoms(k,3), atoms(i,3) 

!write(*,*) atoms(k,1), atoms(k,3), atoms(j,3) 

 

 

d=(atoms(i,1)-atoms(j,1))**2+(atoms(i,2)-atoms(j,2))**2+(atoms(i,3)-atoms(j,3))**2 

d=sqrt(d) 

 

write(*,*) d  

 

end program distance 
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A.1.2 Fortran Language for Average and Standard Deviation Calculation for Distance 

Calculation Results 

 

program average 

 implicit none 

 

 integer :: i,j,k,m,n 

 integer :: io 

 integer :: NumConfs 

 double precision :: stdev, dsum, d, avg 

 double precision, allocatable, dimension(:,:) :: matrix 

 double precision, allocatable, dimension(:)   :: vector 

 character (len=24) :: filename1, filename2, filename3, outputname 

  CHARACTER(LEN=10) :: TT 

  CHARACTER(LEN=5)  :: TZ 

  CHARACTER(LEN=8)  :: TD 

 

 write(*,*) 'Type filenames:' 

 read(*,*) filename1 

 read(*,*) filename2 

 read(*,*) filename3 

 open(21,file=filename1,status='old') 

 open(22,file=filename2,status='old') 

 open(23,file=filename3,status='old') 

 

! determine the number of conformers 

 NumConfs = 0 

 

 do 

  read(21,*,iostat=io) d 

  if (io > 0 ) then 

     write(*,*) 'Check file, something wrong!' 

  else if (io < 0) then 

     write(*,*) 'NumConfs=',NumConfs 
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     goto 100 

  else 

     NumConfs = NumConfs + 1 

  end if 

 end do   

 

100 close(21) 

 

open(21,file=filename1,status='old') 

                                 

! generate a 3 x NumConfs matrix 

 

allocate(matrix(3,NumConfs),vector(NumConfs)) 

 matrix=0.0d0 

 vector=0.0d0 

  do i=1,NumConfs 

   read(21,*) matrix(1,i) 

   read(22,*) matrix(2,i) 

   read(23,*) matrix(3,i) 

  enddo 

 

! find minima for each raw  

 

do i=1,NumConfs 

 

 vector(i)=min(matrix(1,i),matrix(2,i),matrix(3,i)) 

 

enddo 

 

write(*,*) 'Type oxygen or nitrogen number with extension (ex N3.txt):' 

read(*,*) outputname 

outputname = 'minH-' //outputname 

 

 open(30,file=outputname,status='New') 
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 call DATE_AND_TIME(DATE=TD,TIME=TT,ZONE=TZ) 

 write(30,*) 'date: ', TD   

  

 dsum  = 0.0d0 !reset distance 

 stdev = 0.0d0 !reset distance 

   

 do i=1,NumConfs 

     dsum = dsum + vector(i) 

 end do 

 

avg=dsum/real(NumConfs) 

 

 do i=1,NumConfs 

  stdev = stdev + (vector(i) - avg)**2.0d0 

 enddo 

 stdev = stdev/real(NumConfs) 

 stdev = sqrt(stdev) 

 

 write(30,*) '' 

 write(*,*) 'Average of minima:',avg 

 write(30,*) 'Average of minima:',avg 

 write(*,*) 'Stdev of Avg:',stdev 

 write(30,*) 'Stdev of Avg:',stdev 

 write(30,*) 'Number of Confs:',NumConfs 

 write(30,*) '' 

 write(30,*) 'Minima of each raw' 

 write(30,*) '' 

  do i=1,NumConfs 

   write(30,*) vector(i) 

  enddo  

 

end program 
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A.1.3 Fortran Language for Dihedral Angle Calculation among Four Atoms 

 

program angle 

implicit none 

 

integer :: i,j,k,l,m,n,n_atoms 

double precision, allocatable, dimension(:,:) :: atoms 

double precision :: d12,d13,d14,d23,d24,d34,P,Q,A 

double precision :: Xab,Yab,Zab,Xbc,Ybc,Zbc,Xcd,Ycd,Zcd,u1,u2,u3,v1,v2,v3,st,ct,B 

 

allocate(atoms(n_atoms,3)) 

 

open(unit=12, file='tmp1',status='old') 

 

read(12,*) n_atoms ! total number of atoms 

read(12,*) i       ! atom 1 

read(12,*) j       ! atom 2 

read(12,*) m       ! atom 3 

read(12,*) n       ! atom 4 

 

 

do k=1,n_atoms 

 read(12,*) l,atoms(k,1), atoms(k,2), atoms(k,3) 

 if (l.ne.k) write(*,*) "we have a problem!!!!" 

enddo 

 

!write(*,*) atoms(k,1), atoms(k,3), atoms(i,3) 

!write(*,*) atoms(k,1), atoms(k,3), atoms(j,3) 

!write(*,*) atoms(k,1), atoms(k,3), atoms(m,3) 

!write(*,*) atoms(k,1), atoms(k,3), atoms(n,3) 

 

d12=(atoms(i,1)-atoms(j,1))**2+(atoms(i,2)-atoms(j,2))**2+(atoms(i,3)-atoms(j,3))**2 

d12=sqrt(d12) 

d13=(atoms(i,1)-atoms(m,1))**2+(atoms(i,2)-atoms(m,2))**2+(atoms(i,3)-
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atoms(m,3))**2 

d13=sqrt(d13) 

d14=(atoms(i,1)-atoms(n,1))**2+(atoms(i,2)-atoms(n,2))**2+(atoms(i,3)-atoms(n,3))**2 

d14=sqrt(d14) 

d23=(atoms(j,1)-atoms(m,1))**2+(atoms(j,2)-atoms(m,2))**2+(atoms(j,3)-

atoms(m,3))**2 

d23=sqrt(d23) 

d24=(atoms(j,1)-atoms(n,1))**2+(atoms(j,2)-atoms(n,2))**2+(atoms(j,3)-atoms(n,3))**2 

d24=sqrt(d24) 

d34=(atoms(m,1)-atoms(n,1))**2+(atoms(m,2)-atoms(n,2))**2+(atoms(m,3)-

atoms(n,3))**2 

d34=sqrt(d34) 

 

P=d12*d12*(d23*d23+d34*d34-d24*d24) + d23*d23*(d34*d34+d24*d24-d23*d23) + 

d13*d13*(d23*d23-d34*d34+d24*d24) - 2*d23*d23*d14*d14 

Q=(d12+d23+d13)*(d12+d23-d13)*(d12-d23+d13)*(d23+d13-

d12)*(d23+d34+d24)*(d23+d34-d24)*(d23-d34+d24)*(d34-d23+d24) 

A = P / sqrt(Q) 

 

Xab=atoms(i,1)-atoms(j,1) 

Yab=atoms(i,2)-atoms(j,2) 

Zab=atoms(i,3)-atoms(j,3) 

Xbc=atoms(j,1)-atoms(m,1) 

Ybc=atoms(j,2)-atoms(m,2) 

Zbc=atoms(j,3)-atoms(m,3) 

Xcd=atoms(m,1)-atoms(n,1) 

Ycd=atoms(m,2)-atoms(n,2) 

Zcd=atoms(m,3)-atoms(n,3) 

 

u1=(Yab*Zbc-Zab*Ybc)/(d12*d23) 

u2=(Zab*Xbc-Xab*Zbc)/(d12*d23) 

u3=(Xab*Ybc-Yab*Xbc)/(d12*d23) 

v1=(Ybc*Zcd-Zbc*Ycd)/(d23*d34) 

v2=(Zbc*Xcd-Xbc*Zcd)/(d23*d34) 
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v3=(Xbc*Ycd-Ybc*Xcd)/(d23*d34) 

 

st=(Xab*v1+Yab*v2+Zab*v3)/d12 

ct=u1*v1+u2*v2+u3*v3 

B = st/ct 

 

if (A.ge.0 .and. B.ge.0) then  

A=-acos(A)*180/3.141592 

elseif (A.le.0 .and. B.le.0) then 

A=-acos(A)*180/3.141592 

else 

A=acos(A)*180/3.141592 

endif 

 

write(*,*) A 

 

end program angle 
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APPENDIX B. CARTESIAN COORDINATES OF OPTIMIZED b2
+
 IONS 

 

This appendix contains results from the quantum chemical calculation to 

determine the structures that produce the best IR spectral match with the IRMPD and 

PM-IRRAS spectrum. Both geometry optimizations and frequency calculations were 

performed at B3LYP/6-311++G(d,p) level and Gaussian 03 (Gaussian, Inc., Wallingford, 

CT) was used for all the computations. 

 

Ala-Gly: diketo neutral (Figure 3.14) 

C          1.32530       -1.22745        0.13599 

N         -0.06455       -1.55617       -0.14989 

C         -0.79621        0.71644        0.41368 

N          0.56680        1.08427        0.01972 

H          1.97809       -1.76378       -0.55312 

H          1.61203       -1.52156        1.15471 

C         -1.80283        1.69288       -0.19015 

H         -0.88778        0.75562        1.50998 

H         -0.30150       -2.51864       -0.35033 

H          0.78893        2.07007       -0.03568 

C          1.64217        0.25409       -0.01883 

O          2.78908        0.63875       -0.16556 

C         -1.13112       -0.73167        0.02885 

O         -2.28513       -1.10665       -0.08683 

H         -2.81238        1.40610        0.10069 

H         -1.60837        2.70785        0.16734 

H         -1.74021        1.68511       -1.28053 
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Ala-Gly: diketo CO(Ala) (Table 3.1, Figure 3.1) 

C         -1.11632       -1.26422        0.44664 

N          0.32142       -1.46589        0.18467 

C          0.70537        0.89031       -0.37242 

N         -0.73379        0.94982       -0.56172 

H         -1.29571       -1.31953        1.52335 

H         -1.66980       -2.07130       -0.03410 

C          1.21498        1.76922        0.79692 

H          1.18220        1.22834       -1.30164 

H          0.70562       -2.40143        0.30958 

H         -1.12020        1.82694       -0.89185 

C         -1.66169        0.06018       -0.08381 

O         -2.84994        0.25635       -0.09005 

C          1.14573       -0.53252       -0.17364 

O          2.39818       -0.88374       -0.31635 

H          2.30485        1.75222        0.87602 

H          0.91119        2.80066        0.61263 

H          0.78393        1.44613        1.74611 

H          2.97023       -0.16816       -0.63164 

 

Ala-Gly: diketo CO(Gly) (Table 3.1, Figure 3.1) 

C          1.23374       -1.28863        0.02688 

N         -0.16791       -1.55743       -0.19235 

C         -0.85819        0.74824        0.41854 

N          0.58111        1.04950        0.17342 

H          1.83246       -1.76078       -0.76044 

H          1.60113       -1.68032        0.99001 

C         -1.73090        1.74182       -0.34551 

H         -1.01939        0.86484        1.49577 

H         -0.43753       -2.51683       -0.37573 

H          0.85246        2.03214        0.15954 

C          1.52354        0.17777        0.01883 

O          2.74382        0.63483       -0.10843 



 

 

248 

C         -1.21292       -0.70605        0.07114 

O         -2.36703       -1.04934        0.02631 

H         -2.77568        1.51444       -0.13844 

H         -1.53015        2.76514       -0.01902 

H         -1.56781        1.66579       -1.42242 

H          3.40615       -0.05159       -0.27906 

 

Ala-Gly: oxaz neutral (Figure 3.15) 

C         -0.25308        0.17727       -0.12057 

N          0.17349        1.30778        0.26779 

C          1.62352        1.18668        0.36416 

O          0.69950       -0.81330       -0.34429 

C         -1.68403       -0.23536       -0.37586 

H          2.13192        1.89922       -0.29152 

H          1.97622        1.37221        1.38272 

C          1.93782       -0.24178       -0.05512 

O          2.96346       -0.83761       -0.15006 

H         -1.70581       -0.65492       -1.38885 

C         -2.10409       -1.34131        0.60431 

N         -2.63007        0.87023       -0.32577 

H         -2.61805        1.29937        0.59519 

H         -2.36592        1.59897       -0.98128 

H         -3.11285       -1.67329        0.35604 

H         -1.42434       -2.19342        0.55689 

H         -2.10969       -0.96001        1.63000 

 

Ala-Gly: oxaz ring N(oxaz) (Table 3.1, Figure 3.2) 

C         -0.24643        0.04484       -0.16614 

N          0.21700        1.21331        0.17634 

C          1.66690        1.19930        0.30926 

O          0.67729       -0.87256       -0.31029 

C         -1.71074       -0.23655       -0.38184 

H          2.15559        1.87508       -0.39713 

H          1.99493        1.43904        1.32379 
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C          1.99183       -0.24806       -0.02732 

O          2.97944       -0.86355       -0.08858 

H         -1.78649       -0.57209       -1.42389 

C         -2.17244       -1.38761        0.53206 

N         -2.42462        1.02138       -0.17984 

H         -2.91047        1.33321       -1.01239 

H         -3.09895        0.96038        0.57485 

H         -3.20547       -1.63553        0.28569 

H         -1.56041       -2.27903        0.39007 

H         -2.12414       -1.09236        1.58355 

H         -0.43978        1.98583        0.29481 

 

Ala-Gly: oxaz N(amino) (Table 3.1, Figure 3.2) 

C         -0.19507        0.07681       -0.15540 

N          0.16277        1.25860        0.15334 

C          1.61835        1.22068        0.28268 

O          0.72878       -0.88298       -0.28939 

C         -1.63961       -0.29247       -0.39209 

H          2.10196        1.89855       -0.42557 

H          1.94146        1.50325        1.28792 

C          2.00327       -0.22348       -0.01513 

O          3.01731       -0.81048       -0.05334 

H         -1.77481       -0.52912       -1.45009 

C         -2.14596       -1.43767        0.47959 

N         -2.39949        1.00675       -0.12324 

H         -2.98403        0.93519        0.71318 

H         -1.66205        1.73400        0.04483 

H         -3.19101       -1.66314        0.25771 

H         -1.55721       -2.33122        0.26808 

H         -2.03871       -1.20747        1.54310 

H         -2.99332        1.28700       -0.90594 

 

His-Pro: diketo neutral (Figure 3.18) 

N       -2.11286       -0.67408        0.16814 
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C        0.31330       -0.49596        0.24538 

N        0.09947        0.89305       -0.16733 

C       -2.22557        0.75166        0.50987 

H        0.53726       -0.53824        1.32339 

C       -3.59681        1.13211       -0.05916 

H       -2.23801        0.87232        1.60485 

H        0.93627        1.42547       -0.39941 

C       -1.05438        1.58545       -0.00135 

O       -1.17374        2.78194       -0.21616 

C       -0.95063       -1.34686        0.02767 

O       -0.89281       -2.54179       -0.23577 

H       -3.49558        1.36040       -1.12357 

H       -4.01568        2.01002        0.43073 

C       -4.41944       -0.14978        0.15712 

H       -5.28791       -0.21084       -0.50030 

C       -3.42142       -1.29368       -0.09837 

H       -4.78308       -0.19181        1.18823 

H       -3.44796       -1.65001       -1.13243 

H       -3.57722       -2.15841        0.55008 

C        1.50452       -1.10312       -0.51386 

H        1.54159       -2.16662       -0.27787 

H        1.30230       -1.02214       -1.58710 

C        2.81476       -0.45277       -0.19079 

N        3.02205        0.90091       -0.39154 

C        3.95880       -1.02306        0.30748 

C        4.25955        1.14193       -0.02434 

N        4.87523        0.00575        0.40652 

H        5.82562       -0.07177        0.73242 

H        4.19782       -2.03556        0.58648 

H        4.75355        2.10109       -0.04849 

 

His-Pro: diketo N(His)  CO(His) (Table 3.3, Figure 3.4, Figure 3.6) 

N          1.61219       -0.79062       -0.10582 

C         -0.24350        0.78946       -0.20564 
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N          0.77162        1.78920        0.10872 

C          2.55456        0.26068       -0.53933 

H         -0.52080        0.83234       -1.27099 

C          3.89395       -0.22343        0.02673 

H          2.59973        0.26766       -1.63787 

H          0.47302        2.74332        0.26859 

C          2.12092        1.65308       -0.11141 

O          2.90331        2.56937        0.00703 

C          0.30556       -0.62902        0.05661 

O         -0.44124       -1.56803        0.39571 

H          3.97813        0.07662        1.07445 

H          4.73882        0.20233       -0.51139 

C          3.78200       -1.75167       -0.10984 

H          4.45864       -2.28280        0.55922 

C          2.30935       -2.06222        0.20613 

H          4.02056       -2.05736       -1.13187 

H          2.14385       -2.29916        1.25971 

H          1.89320       -2.87494       -0.39024 

C         -1.50190        1.10844        0.64346 

H         -1.29794        0.85509        1.68817 

H         -1.66432        2.18809        0.60774 

C         -2.77972        0.45850        0.20935 

N         -2.90702       -0.91395        0.10014 

C         -4.00676        0.98186       -0.08789 

C         -4.14531       -1.23158       -0.25085 

N         -4.83621       -0.09002       -0.36708 

H         -5.81349       -0.02976       -0.62049 

H         -4.35861        1.99885       -0.11431 

H         -4.53071       -2.22367       -0.41792 

H         -2.03550       -1.49412        0.23964 

 

His-Pro: diketo N(His)  N(His) (Table 3.3) 

N          1.51250       -0.80477       -0.32457 

C         -0.18763        0.54128       -1.41656 
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N          0.22346        1.60530       -0.47939 

C          2.34875        0.40074       -0.19699 

H          0.25971        0.70340       -2.40670 

C          3.32116        0.03509        0.93178 

H          2.91305        0.56510       -1.12838 

H         -0.13232        2.53577       -0.68176 

C          1.52943        1.66412        0.01652 

O          1.96434        2.65517        0.55264 

C          0.29840       -0.83085       -0.90079 

O         -0.40175       -1.82926       -1.00989 

H          2.85402        0.23895        1.89926 

H          4.24249        0.61270        0.87982 

C          3.52675       -1.47489        0.72059 

H          3.88701       -1.97830        1.61760 

C          2.14680       -1.99387        0.28347 

H          4.26042       -1.64677       -0.07133 

H          1.54020       -2.33299        1.12807 

H          2.19373       -2.80820       -0.44048 

C         -1.71350        0.54284       -1.60298 

H         -2.02779        1.53320       -1.95225 

H         -1.96618       -0.16762       -2.38965 

C         -2.49084        0.16827       -0.37999 

N         -2.17417        0.62697        0.89148 

C         -3.58874       -0.62614       -0.22143 

C         -3.02501        0.13250        1.79170 

N         -3.89603       -0.62743        1.12699 

H         -4.65979       -1.13415        1.55549 

H         -4.14971       -1.19998       -0.93825 

H         -3.01278        0.31264        2.85355 

H         -1.35665        1.20383        1.07951 

 

His-Pro: diketo N(His)  CO(Pro) (Table 3.3) 

N          2.21230        0.48129        0.26308 

C         -0.08699        1.13255        0.84207 
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N         -0.15324       -0.20397        1.42346 

C          1.92360       -0.95234        0.44580 

H         -0.40678        1.86105        1.58671 

C          2.54570       -1.59359       -0.79701 

H          2.46467       -1.31014        1.33678 

H         -1.03680       -0.46017        1.84816 

C          0.47546       -1.23402        0.76864 

O         -0.08839       -2.29976        0.54234 

C          1.33603        1.50613        0.39733 

O          1.57931        2.66257        0.09956 

H          1.88541       -1.45566       -1.65870 

H          2.72072       -2.66132       -0.67091 

C          3.84239       -0.77431       -0.95018 

H          4.21987       -0.78103       -1.97245 

C          3.47932        0.65509       -0.48378 

H          4.62261       -1.19421       -0.31115 

H          3.29781        1.34597       -1.30880 

H          4.24541        1.09699        0.15557 

C         -0.98689        1.24054       -0.44055 

H         -1.13540        2.29479       -0.67606 

H         -0.43711        0.81011       -1.28535 

C         -2.31830        0.56075       -0.36579 

N         -2.48063       -0.82510       -0.26448 

C         -3.58235        1.07075       -0.45306 

C         -3.77493       -1.13559       -0.28831 

N         -4.46073        0.00326       -0.40402 

H         -5.46955        0.06571       -0.45403 

H         -3.92118        2.08706       -0.56007 

H         -4.19221       -2.12683       -0.21828 

H         -1.72679       -1.51884       -0.12386 

 

His-Pro: oxaz ring N(oxaz) (Table 3.3, Figure 3.4, Figure 3.6) 

N          2.21230        0.48129        0.26308 

C         -0.08699        1.13255        0.84207 
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N         -0.15324       -0.20397        1.42346 

C          1.92360       -0.95234        0.44580 

H         -0.40678        1.86105        1.58671 

C          2.54570       -1.59359       -0.79701 

H          2.46467       -1.31014        1.33678 

H         -1.03680       -0.46017        1.84816 

C          0.47546       -1.23402        0.76864 

O         -0.08839       -2.29976        0.54234 

C          1.33603        1.50613        0.39733 

O          1.57931        2.66257        0.09956 

H          1.88541       -1.45566       -1.65870 

H          2.72072       -2.66132       -0.67091 

C          3.84239       -0.77431       -0.95018 

H          4.21987       -0.78103       -1.97245 

C          3.47932        0.65509       -0.48378 

H          4.62261       -1.19421       -0.31115 

H          3.29781        1.34597       -1.30880 

H          4.24541        1.09699        0.15557 

C         -0.98689        1.24054       -0.44055 

H         -1.13540        2.29479       -0.67606 

H         -0.43711        0.81011       -1.28535 

C         -2.31830        0.56075       -0.36579 

N         -2.48063       -0.82510       -0.26448 

C         -3.58235        1.07075       -0.45306 

C         -3.77493       -1.13559       -0.28831 

N         -4.46073        0.00326       -0.40402 

H         -5.46955        0.06571       -0.45403 

H         -3.92118        2.08706       -0.56007 

H         -4.19221       -2.12683       -0.21828 

H         -1.72679       -1.51884       -0.12386 

 

Val-Pro: diketo neutral (Figure 3.17) 

N          0.65453        1.29947       -0.83488 

C         -1.25038        0.59257        0.49501 
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N         -0.93963       -0.75525       -0.00717 

C          1.29172       -0.00866       -0.64651 

H         -0.95107        0.68107        1.55028 

C         -2.77990        0.65970        0.39061 

H          1.88618       -0.21444       -1.53971 

C          2.23414       -0.05822        0.59210 

C         -0.51279        1.69460       -0.26014 

O         -0.94689        2.83315       -0.32398 

C          0.21936       -1.10567       -0.61351 

O          0.41500       -2.21218       -1.09862 

C         -2.11693       -1.64077       -0.00540 

H          1.17073        2.02939       -1.30649 

C          2.92988       -1.42035        0.71842 

C          3.27000        1.07346        0.53367 

H          1.61240        0.09778        1.48351 

H          3.92777        1.02976        1.40555 

H          3.90082        0.98088       -0.35779 

H          2.80385        2.06129        0.52405 

H          3.56855       -1.43168        1.60583 

H          2.21993       -2.24454        0.79543 

H          3.56392       -1.61596       -0.15225 

H         -3.06079        0.95975       -0.62242 

C         -3.20294       -0.79090        0.67442 

H         -3.20602        1.38557        1.08187 

H         -3.20665       -0.97708        1.75263 

H         -4.19973       -1.02166        0.29625 

H         -2.37441       -1.90146       -1.03654 

H         -1.89769       -2.57052        0.52291 

 

Val-Pro: diketo CO(Val) (Table 3.2, Figure 3.3, Figure 3.5) 

N          0.63872        1.33750       -0.82562 

C         -1.28771        0.62116        0.49189 

N         -0.94448       -0.73267       -0.03116 

C          1.28741        0.04848       -0.61889 
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H         -0.98726        0.65615        1.54554 

C         -2.81465        0.65003        0.37394 

H          1.87959       -0.16446       -1.51710 

C          2.25320       -0.00686        0.61385 

C         -0.54069        1.73198       -0.24913 

O         -0.98382        2.85359       -0.30931 

C          0.20712       -1.00554       -0.54700 

O          0.38456       -2.22587       -1.00742 

C         -2.12457       -1.65181       -0.00495 

H          1.16165        2.06669       -1.29338 

C          2.89945       -1.39031        0.77210 

C          3.31926        1.08840        0.47889 

H          1.65067        0.20427        1.50528 

H          3.98330        1.06325        1.34491 

H          3.93578        0.93459       -0.41291 

H          2.88349        2.08796        0.43420 

H          3.60710       -1.37346        1.60267 

H          2.17744       -2.18146        0.99185 

H          3.47136       -1.67035       -0.12069 

H         -3.10023        0.94635       -0.63837 

C         -3.21372       -0.80529        0.67018 

H         -3.25164        1.36773        1.06535 

H         -3.21954       -0.98964        1.74707 

H         -4.20218       -1.05416        0.28589 

H         -2.36662       -1.91168       -1.03773 

H         -1.86428       -2.56429        0.53121 

H          1.26513       -2.35441       -1.38769 

 

Val-Pro: diketo CO(Pro) (Table 3.2) 

N          0.64606        1.29180       -0.73269 

C         -1.30790        0.53931        0.49317 

N         -0.94481       -0.79888        0.04396 

C          1.30487       -0.03994       -0.61262 

H         -1.09907        0.67701        1.56838 
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C         -2.83572        0.59811        0.26333 

H          1.83870       -0.19691       -1.55157 

C          2.31872       -0.05451        0.56768 

C         -0.50110        1.58663       -0.21123 

O         -0.89770        2.83366       -0.29325 

C          0.23892       -1.14311       -0.54155 

O          0.46074       -2.24651       -0.99106 

C         -2.11150       -1.71237        0.02769 

H          1.16274        2.04334       -1.18417 

C          3.05904       -1.39801        0.62621 

C          3.31264        1.11171        0.45335 

H          1.74293        0.06768        1.49481 

H          4.03827        1.05746        1.26673 

H          3.87399        1.06284       -0.48552 

H          2.83511        2.09353        0.52469 

H          3.74751       -1.39123        1.47361 

H          2.38382       -2.24542        0.74181 

H          3.64702       -1.56185       -0.28120 

H         -3.04960        0.83227       -0.78413 

C         -3.25347       -0.84868        0.58640 

H         -3.33421        1.33041        0.90227 

H         -3.33902       -0.97791        1.66791 

H         -4.21596       -1.10277        0.14433 

H         -2.28939       -2.03942       -0.99935 

H         -1.90908       -2.59700        0.63140 

H         -1.79381        2.96554        0.05106 

 

Val-Pro: oxaz ring N(oxaz) (Table 3.2, Figure 3.3, Figure 3.5) 

C          0.15365        0.15632       -0.22292 

N         -0.87921       -0.49798        0.23278 

C         -2.01952        0.41163        0.44658 

O         -0.07601        1.46223       -0.33955 

C          1.51100       -0.33954       -0.64544 

C         -3.17947       -0.32199       -0.23716 
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H         -2.20703        0.52496        1.52133 

C         -1.48443        1.72664       -0.06723 

O         -1.94775        2.79066       -0.22457 

C          2.63272        0.48099        0.08376 

N          1.57491       -1.78815       -0.53549 

H          1.56735       -0.06541       -1.70685 

C          2.63454        0.24410        1.60009 

C          3.99476        0.16721       -0.54553 

H          2.40923        1.53603       -0.09949 

H          2.07562       -2.19660       -1.31474 

H          2.03486       -2.08707        0.31776 

H          4.76508        0.79137       -0.08823 

H          4.28645       -0.87512       -0.39098 

H          4.00064        0.36975       -1.62002 

H          3.39741        0.86708        2.07063 

H          1.67871        0.50066        2.06864 

H          2.87330       -0.79233        1.85951 

C         -1.33269       -1.92260        0.15848 

C         -2.87691       -1.78757        0.15225 

H         -0.92177       -2.36668       -0.74253 

H         -0.95340       -2.47305        1.01747 

H         -3.33031       -2.49541       -0.54073 

H         -3.27607       -1.99871        1.14647 

H         -4.14915        0.02514        0.11554 

H         -3.13262       -0.17581       -1.31910 

 

4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one: neutral (Z) (Figure 3.19) 

C          5.75739       -0.05211        0.16684 

H          6.02100       -0.70171        1.00429 

H          6.26302        0.90741        0.30228 

H          6.12441       -0.50600       -0.75626 

C          4.26298        0.17530        0.10177 

H          3.87360        0.61354        1.02198 

H          3.97794        0.81775       -0.72978 
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O          3.64017       -1.12896       -0.07866 

C          1.26997       -0.43799       -0.07063 

C          1.13528        1.03357       -0.06909 

N         -0.02299       -0.99602       -0.05701 

C         -0.84018       -0.00709       -0.02985 

C         -2.29872       -0.05360        0.00257 

C         -2.94947       -1.29685        0.01348 

C         -3.05594        1.12550        0.02261 

C         -4.33650       -1.35431        0.04399 

H         -2.35455       -2.20154       -0.00200 

C         -4.44612        1.05873        0.05324 

H         -2.55302        2.08399        0.01371 

C         -5.08909       -0.17764        0.06390 

H         -4.83483       -2.31701        0.05240 

H         -5.02704        1.97376        0.06852 

H         -6.17189       -0.22657        0.08758 

O         -0.24736        1.24080       -0.03080 

O          1.89765        1.95997       -0.10683 

C          2.33063       -1.29605       -0.09743 

H          2.07722       -2.35073       -0.14160 

 

4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one: N-protonation (Z) (Table 3.4, Figure 

3.10) 

C          1.38359        0.82463       -0.00613 

C          0.73785        2.12114        0.00592 

C         -0.83350        0.45968       -0.00054 

C         -2.13205       -0.15827       -0.00040 

C         -2.27306       -1.56032       -0.01123 

C         -3.27430        0.66581        0.01054 

C         -3.53794       -2.12345       -0.01090 

H         -1.40864       -2.21510       -0.01997 

C         -4.53567        0.08872        0.01078 

H         -3.16182        1.74221        0.01867 

C         -4.66868       -1.30031        0.00009 
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H         -3.64982       -3.20041       -0.01921 

H         -5.41559        0.71975        0.01925 

H         -5.65609       -1.74679        0.00028 

O         -0.70095        1.77093        0.00832 

O          1.08627        3.24694        0.01292 

C          2.71901        0.58567       -0.01220 

N          0.35656       -0.13559       -0.00910 

H          0.51149       -1.13406       -0.01645 

O          3.18676       -0.63853       -0.01865 

C          4.65520       -0.81712       -0.04583 

H          5.01158       -0.39160       -0.98618 

H          5.06515       -0.25298        0.79455 

C          4.94589       -2.29352        0.06048 

H          4.50949       -2.84343       -0.77524 

H          6.02801       -2.44242        0.03547 

H          4.56878       -2.70483        0.99849 

H          3.40701        1.42825       -0.01017 

 

4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one: N-protonation (E) (Table 3.4, Figure 

3.10) 

C         -1.26751       -0.19627       -0.04748 

C         -1.03912        1.23698       -0.04802 

C          0.96372        0.12781       -0.01585 

C          2.38957       -0.07340        0.00595 

C          2.94723       -1.36696        0.01506 

C          3.22989        1.05616        0.01859 

C          4.32310       -1.52274        0.03673 

H          2.32193       -2.25327        0.00500 

C          4.60670        0.88653        0.04033 

H          2.79814        2.04858        0.01157 

C          5.15298       -0.39722        0.04947 

H          4.75418       -2.51600        0.04359 

H          5.25485        1.75392        0.05025 

H          6.22893       -0.52500        0.06639 



 

 

261 

O          0.44381        1.33594       -0.02786 

O         -1.70296        2.20834       -0.06042 

C         -2.45887       -0.85747       -0.05773 

H         -2.48311       -1.94804       -0.06421 

N          0.00934       -0.79815       -0.02646 

H          0.18696       -1.79221       -0.01913 

C         -4.84466       -0.98573       -0.15003 

H         -4.94067       -1.29995       -1.19154 

H         -4.74490       -1.86388        0.49332 

C         -5.97556       -0.08403        0.28058 

H         -5.85536        0.23181        1.31804 

H         -6.03341        0.80022       -0.35578 

H         -6.91723       -0.63153        0.19391 

O         -3.59092       -0.21422       -0.05320 

 

4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one: CO-protonation (Z) (Table 3.4, Figure 

3.10) 

C          1.32427        0.62333       -0.09195 

C          0.70060        1.87813        0.03076 

C         -0.79482        0.27956       -0.02500 

C         -2.15965       -0.19032       -0.00210 

C         -2.38933       -1.57519       -0.09224 

C         -3.24191        0.69866        0.10486 

C         -3.68956       -2.05681       -0.07484 

H         -1.54830       -2.25204       -0.17464 

C         -4.53918        0.20257        0.12105 

H         -3.07074        1.76515        0.17365 

C         -4.76468       -1.17110        0.03164 

H         -3.86886       -3.12277       -0.14412 

H         -5.37507        0.88641        0.20320 

H         -5.77873       -1.55286        0.04484 

O         -0.60032        1.71174        0.07492 

C          2.69171        0.41904       -0.17469 

N          0.32099       -0.34250       -0.12071 
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O          1.22995        3.06512        0.09774 

H          0.56076        3.76445        0.17826 

O          3.18954       -0.75858       -0.28609 

H          3.36370        1.27715       -0.14414 

C          5.09535       -1.93822        0.65807 

H          4.92371       -1.55684        1.66632 

H          4.57333       -2.88902        0.54147 

H          6.16643       -2.11972        0.53820 

C          4.65368       -0.94680       -0.39250 

H          5.12679        0.03196       -0.28305 

H          4.80771       -1.31760       -1.40589 

 

4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one: CO-protonation (E) (Table 3.4, Figure 

3.10) 

C          5.46247       -0.73099        0.99746 

H          5.52905        0.24077        1.48996 

H          6.47445       -1.13602        0.91451 

H          4.87889       -1.41085        1.62232 

C          4.88021       -0.60616       -0.39163 

H          5.44242        0.07790       -1.02452 

H          4.77645       -1.56545       -0.90193 

C          1.22055       -0.22161       -0.20398 

C          0.92677        1.16386       -0.09075 

C         -0.90983       -0.02121       -0.06763 

C         -2.34592       -0.12810        0.00817 

C         -2.92709       -1.40826       -0.05137 

C         -3.15751        1.01185        0.13861 

C         -4.30538       -1.53801        0.01954 

H         -2.29318       -2.28017       -0.15231 

C         -4.53688        0.86636        0.20844 

H         -2.71371        1.99789        0.18481 

C         -5.11107       -0.40357        0.14929 

H         -4.75617       -2.52180       -0.02625 

H         -5.16486        1.74300        0.30890 
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H         -6.18799       -0.51104        0.20397 

C          2.47376       -0.77204       -0.31602 

H          2.60447       -1.84911       -0.39801 

N          0.00996       -0.90803       -0.18326 

O          1.67565        2.21754       -0.06256 

O         -0.36368        1.31831       -0.00507 

H          2.61334        1.96528       -0.13873 

O          3.52635        0.00580       -0.33244 
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